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THERMAL STRESSES DUE TO THE ACTION OF HEAT SOURCES
IN A VISCOELASTIC SPACE

-~

WITOLD NOWACKI1 (WARSZAWA)

Introduetion

In this paper, we shall be concerned with thermal stresses in a visco-
elastic space due to the action of heat sources. The problem will be
treated as quasi-static, the inertia terms in the equations of equilibrium
being rejected. We shall use the correspondence principle introduced by
E. Sternberg, [1], thus enabling the use of the solutions of the ana-
logous problems for a perfectly elastic body subjected to the action of
a temperature field.

Two ways of solving the problem will be described: first — by means
of the potential of thermoelastic displacement; second — by the method
of V. Z. Mayzel, [2], generalized to viscoelastic problems.

The problem of thermal stresses in an elastic space caused by the
action of a concentrated, linear or plane source of heat will be solved
in detail for three simple models of a viscoelastic body.

1. Basic Equations of the Problem

Let us assume that the viscoelastic medium, of linear character, is
homogeneous and isotropic. Let us assume also that the deformations are
small and that the physical constants (mechanical and thermal) are
independent of the coordinates and the temperature.

The relations between,stress and strain are, [1],
(1.1) P, (D) sij == P,(D) ey}, P,(D)oit=P,(D) (eti—3 a: T),

where oy, Sy, e and e; are the component of the stress tensor, stress
deviator, strain tensor and strain deviator, respectively. Therefore

1 1
(1.2) Sij = 01— 5 8ij Ok, €ij == &ij— & Sij e,
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where 6;; denotes Kronecke f‘ s delta, a;— the coefficient of thermal
dilatation and T — the temperature. The operators P;(D) (i==1, 2, 3, 4)
are represented by the equations, [1],

Ny
(1.3) P;(D)= E ﬂ.i."” D", ai_N,'l # 0,

n=A0
where D"= 0"/0t"is the n-th derivative with respect to time t. The
coefficients al” are independent of the coordinates and the temperature,
and are constants. In the particular case of a perfectly elastic body, the
operators P; (D) become the first terms of the sum (1.3)

=1, a¥=2G, %=1 d¥"=3K,  N=0,

where G is the shear modulus and K — the compressibility modulus of
a perfectly elastic body.

We shall consider quasi-static problems, the inertia terms and the mass
forces being disregarded in the equations of equilibrium.

Therefore:

doy
i14) om =0

The components of strain are given by the equations:

1 [ou; | Owy
{1.5) =g (_'O'Ef + t?:rf)'

Substituting the stresses in the equations of equilibrium (1.4), and ex-
pressing them by means of the Egs. (1.1) and (1.5) in terms of dis-
placements, we obtain the following system of three equations:

(16)  Py(D)Py(D)P*ui + - |2P (D) P, (D) + P, (D)PR(D)I —--#

= 2 P, (D) P, {D) ay g—:{ (i=1,2,3),

where V* is Laplace operator and g = dilatation.

In order to find the particular integral of the system of equations (1.6),
we shall introduce the potential of thermoelastic displacement @ related
to the displacement components by the equations:

o
{1.7) Ui = —— (i=1, 2, 3}.
Bearing in mind that

d dg
PPy = —— ad) 2
V=g R, s pae
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we shall reduce the system of equations (1.6), after integrating it with
respect to x; to the unigue equation:

(1.8) |2 P,(D) Py(D) + P,(D) P,(D)] 7* ® =3 P, (D) P,(D) a T.

Expressing the stresses by means of the function @ and using the Eq. (1.8),
we obtain the following equations for stresses:

(1.9) P,(D) o;j = P,(D) 05 ad—— —dj 7 J(IJ (i==1, 2,3).

For a bounded body, the function @ does not satisfy any boundary
conditions because the assumption (1.7) does not lead to the most general
solution of the Egs. (1.6). -

To the displacements wu;, expressed by means of the relations (1.7),
the displacements u; should be added, thus satisfying the system of homo-
geneous equations (1.68) (or, in other words, for T=0), chosen in such
a way that any boundary conditions are satisfied. In the subsequent con-
siderations we shall confine ourselves to the state of stress in an infinite
viscoelastic space; the stresses a;; expressed by the Egs. (1.9) will be the
stresses in which we are interested.

Let us assume that at the initial time the body was free, in its natural
unstressed state. Applying Laplace transformation to the Eq. (1.8)
and the relations (1.9) we obtain:

(1.10) 72 (s, p) =9 () T (v, p),
az
a11) iy e p) = 2 G ) e — 00 7?) B
where
T (2, p) = J' e P! T (xy, t) dt, @ (xr,p) = f e O (x, t)dt,
0 0

aij (@, p) = ’ e " gy (xr, t) dt.
0

The quantities G (p), ¥ (p) are functions of the parameter p of the trans-
formation:

P = 5 Py(p) Py(p) +P(p) Pi(p)’
It was assumed that:

@I (z,, 0) = 0 for f=1,2,.., max |(Ny+Ny); (N, + Ny,
To—(z,00=0  for y=1,2,...,(N;+N,).

The initial conditions for the functions @ are at the same time the initial
conditions for the displacements u; and the stresses oij.

2G(p) =12,

P,(p)
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Let us observe that the following relations, [3], are valid for a per-
fectly elastic body

~ £ aq"
(1.12) 2o (x,, p) =9,T (xr, p), u?:—a—(p ;
xi

13 (2 p) =26 [ ~A--V‘*) 7z
(1. ) ﬂ‘” Lr,P)= 2 axf B:r, i )

where #,=|(1+)/(1 —»)]a; and G are constants, and » is Poisson's
ratio.
Comparing the Egs. (1.10) and (1.11) we see that:

- (D) ~
(1.14) By, p) =" -é?) & (20, 1),
0
- J(p) ~
(1.15) aij(xr, p) == G(;{g‘; _(P_) G?J-iﬂﬁr» P
(1]

Introducing the functions F(p) and f (p) '

(1.16) Fp= 0@z, o)

b b

and performing the inverse Laplace transformation, we obtain from
the Egs. (1.14) and (1.15):

1 [ 0
Wi Pent= g [ ft—n @Dy,
0
[
(1.18) aijla, t) = : ‘FIZT.—-T} d oV (x, 7)dt
9= Gg, U P

0
It is seen that, owing to the above equations, we can determine the
displacements and the stresses in a viscoelastic body using the solutions
far a perfectly elastic body.
In many cases, it will be more convenient to determine first the
function
!

(1.19) Y(xr, t)= L F(t—n1) 0 O’ (x,, 7) dr,
Py ot

0
and use it to determine the stresses:

/ 2
(1.20) aij (er, 1) = 2(();6&,—60 7| ¥ (r, 0.
i ‘i |

' The functions F (p), f (p) are assumed in a form securing the inverse trans-
formation of these functions.
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Let us consider the following relation between the state of stress and
that of strain, different from (1.1):

! J
(1.21) oy (2, t) == dyy ’ Alt—) (-;?I 0(xr, ) dr +2 J .Htt—r) 4 - i (¢, t) dr,
1] 0 t= 0.
This relation was given by M. A. Bio t, [4], and generalized by D. S. Ber-
ry, [6], to three-dimensional viscoelastic problems. These relations

concern also bodies free up to the initial moment. A(t), u(t) are relaxation
functions which for a perfectly plastic body reduce to L am é's constants.

In the case of thermal stresses, the relations (1.21) should be generalized
to the form:

!
(1.22) oy (xe t) =dy l Alt—7) dd-r lo (x/, 7) — 3 a; T (xr, 7)| dz +
b oy
. 0 ‘
-2 [ w(t—r) 5 |&ij (@, 7) -— ij a¢ T (xr, )| da.
0
Let us perform on these relations Laplace’s transformation. Then,
(1.23) 3y (s, p) =0y pA(p) [0(ar, p) — 3/ T (2, p)] + 2 pi(p) |8y (xr, ) —
— oy o T (2, ).
Expressing the stresses in terms of displacements, substituting in the
equations of equilibrium (1.4) and introducing the potential of thermo-
elastic strain ¢, we obtain the equation
(1.24) 12 ® (), p)=9g(pT T (2, p),
where
3 37 20
g(p) = _ﬂ__@i_f_@? ar
A (p) + 2 ju(p)
The relations (1.23) will be transformed, using the Eq. (1.24), to obtain:

< = 0 >
(1.25) oij (X, p) =2 1 (p)p(d——a-—- — i V*| @ (x/, P).

Comparing the Eq. (1.24) and (1.25) with the Eq. (1.12) and (1.19), we find
that:

(s, p) = géf} @° (zr, p),

)

S

(1.26)

3"1

(1—27) .al‘j (xr, p)= 00 (x, P) P, E(P) = ﬁ (Pla(PJ
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Using the convolution theorem we have:
.!'

(1.28) D (z, 1) = J g(t —17) @° (zr, 7) dx,
ﬂ
II

(1.29) oy(en ) =5 j Bt~ ) 5~ ot (@, ) d.

Sometimes it will be more convement to determine the stresses by means
of the function ¥,

" — 8.2 7
(1.30) G',‘): (SC,-, t) -—-2 (am‘, 0 j 6;,1 V ) q (:rr._, t},
where
‘
(1.31) Y(x, t)= = fh{t—-z) — O° (xr, t) dr.

0

The Egs. (1.28)-(1.31) represent the correspondence principle between the
state of thermal stress in a viscoelastic body and a perfectly elastic body.
Another method of finding the stresses and strains in viscoelastic bodies
is possible, using solutions for a perfectly elastic body. The method which
will be given here will be a generalization to viscoelastic problems of
the known method of V.M. Mayzel, [2].

In this method, we find the displacements of the perfectly elastic body
from the equation:

(1.32) W (2, t) =ar | T(&,1)S0(xr; £)AV (i=1,2,3).
v
This equation is obtained by V. M. Mayzel as a particular case of
E. Betti's theorem of reciprocity of displacements to thermal stresses.
In the Eq. (1.32) u? (x,,t) denotes the displacement component of the
point x, in the direction of the x;-axis, due to the temperature field
T (x,, t). The function S%(x-;¢;) is the Green’s function, and represents
the sum of normal stresses due to a concentrated unit force at the point
£r acting in the direction of the sought for displacement u?, assuming
that the body is in the isothermal state (T =0).
Using Lee's correspondence principle, [6], we can represent the
transformed displacement %u;(x., p) in the viscoelastic body by an analo-
gous integral expression,

(1.33) ui (xr; ) =@ f T(Er, P) SI(IH Er) av (1"_ 112:3)!

where S;(z,;¢,) is a sum of normal stresses at the point &, of a visco-
elastic body in an isothermal state (T'=0), due to the action of a con-
centrated unit'force at the point &, in the direction of the x,-axis.
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It is seen that knowing the function S%xr;¢/), the function §,-(:c,; &)
may easily be found using the correspondence principle for a perfectly .
elastic and a viscoelastic body. Both bodies are in the same isothermal
state. Integrating over the region of the body, we can determine from
the Eq. (1.33) the function %; (x, p) and, after performing the inverse
transformation, the function u:(x,,t). The stresses o¢; will be obtained
from the Egs. (1.1) or (1.22).

2. Thermal Stresses Due to a Concentrated Heat Source

Let an instantaneous heat source act at the origin. It will result in
a temperature field determined by the equation

@) TRO=g L R=@itaitad®,

where x»=14/cp and 1 is the coefficient of heat conduction, p — density
and ¢ — specific heat. Next, @ = W/gc where W is the quantity of heat
produced by the heat source per unit time and volume.

Let us perform on the Eq. (2.1) Laplace’s transformation. We have:

T = Q R
(2.2) T(R,p)= ZonR © :

The solutions of the Eq. (1.12) is, [7]:

(2.3) @° (R, p) H—%‘-Q (1— e—RVPix),

After performing the inverse Laplace transformation we have:

__ %Q [ R 3
(24) @ (R6)= 43Rerf(]/m), erfz ]/_{eﬂ: dn.

G
According to the Eq. (1 19) we have:

Q@

3 —d, t)=L""F(p).
(2.5) W¥(R,t)= ) R F(t— erf 4 mdz F(t)=L"'F(p)
The stresses ¢;; will be determined from the Egs. (1.20):
4 oW 0*Y 1 0¥
(2.6) URR(Rst)="' R OR’ U¢P=Uan"'—“‘. (aRz-l_ R OR)

Let us consider two particular models of a viscoelastic body: the
Kelvin model and the Maxwell model.
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For the Kelvin model we have, [1],

[ Py (D)=1, P,(D)=2Gk(l +t. D),

o | P,(D)=D, P,(D)=3KkD,

where t, = 1/Gg represents the retardation time and #is the viscosity. The
constants Gk, Kx are the shear and compressibility moduli of the Kel-
vin body. For t, —0 the viscoelastic body becomes perfectly elastic,
the moduli Gk, Kx become G, K of the perfectly elastic body.

Bearing in mind that the Egs. (2.7) will be obtained from the Eq. (1.16),

Sel pt+ 1 (1 B
(2.8.1) F(p=9GkKxar - p3Kx+4Gx(1+pt)]  "\p  p+x
where
QKKG,:\ ar o 4Gr+3Kg B=1—ut,.

T 4Gy 3Kk’ "7 4Gkt,
We perform the inverse Laplace transformation
(2.8.2) F(t)=a(1— pe—*)

and substitute the function F(t—7) in the Eq. (2.5). After performing the
operations required we obtain

(2.9) Y(R,t)=— 4QGR|1 —pe—™! — erfc -/_. + BN (R, t, %,)],

where

N(R,t,%,) = ‘12— e—*t

e—IRVxix apfe (_E__ - i;/'xlf) o
Vaut

+ e/RVxix erfc ( L
4t

erfcz=1 —erfz.

It may be shown that the function N (R, t,#,) is real for any real x,.
For the Maxwell model of a viscoelastic body we have:

(2.10) {Px (D)=t;'+D, Py(D)=2GuD,
P, (D)=D, P, (D)= 3KnD,
where t, = 5/Gy is the relaxation time and % — the viscosity.

The constants Gy, Ky are the shear modulus and the compressibility
modulus for the Maxwell body. For t;— co these moduli become G, K
of the perfectly elastic body.

For the Maxwell model we have:

~ b 3K tn 1
2111 Flp)=——, B= g ot
{ (p) p+x2 3 GM ay tn Ha, Ko = 4 GM+3 KM
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Introducing in (2.5) the function

(2.11.2) F (t—1)=be xl—9,
we obtain after performing the operations required
(2.12) Y(R,t)= —b|e~*'— N (R, t, x,)|,
where
N (R, t, %y) = ;— —&l | e RVl erfe (—/.—_l-i —i}/xg_t) +
2 ) 4t

+ e!RVulx erfe (——-'- 05 il/’-‘-s-t)j-

The stresses o;; will be determined from the Eq. (2.6) by performing the
prescribed differentiations on the function ¥. If a continuous heat source
acts at the origin, then, (7],

r};u (R, p) = 4‘)0 Q (11— —R Y pix)

and

(2.13) @°(R,t)== '—Bé—ff {1 —~(1 -+ 2‘;@_) erf —Ri == %f ge‘ "‘"*'"’1, =4 xt.

Vo

The function ¥ for a continuous heat source will be found from the
equation:

Z - _..Q_R e R'____i }? - R
WR,0) = ’F(t )3 l [1-|—2Ra 7 Rl/:nce |
0

Bearing in mind the Eq. (2.8.2), we obtain for the Kelvin model:

=4 xnt,

- Qa ( RB) R RB E — RS
D 1 e ezl ey ox o
(2.14) ¥(R,t)= ~ 4nR 14 f B + ame L

7t A e il L N (R, t, %) — is-el:'f —Ij:—l, =4 xt.

#y #4 # ]./19

For the M ax well model we obtain:

(2.15) Y (R tlz---b -.e“"*-’—N{Rtx)—verf -E: ) = 4 xt.

: 2 4 7R et ]/ﬁ §

Let an instantaneous heat source act at the origin and let the relations
between the state of stress and that of strain be described by the Egs.
(1.22).

Let us assume that the relaxation functions Z(t) and u (t) have the
same relaxation time o™’

(2.16) 1) =25~ w(t)=pge—%.
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Since
Foa - Ay oy P
l(p)_p_l_al .H(P) p__l_au
we have
_ (B4 +2p)
In view of the Eq. (1.31) we have:
t
— Q? —-cc(f—f'p d R :
(2.17) Y(R,t)= 4 Rf a'ﬁ erf 1/4;”(&,
or.
= Q? | p—ext
(218} SU(R, t)——- EH—RIe —N(R, t, G)I
For a continuous source we have:
; Q? —at R
2.19 Y(R,t)=— 1—e* erfc -+ N(R,t,a)l.
@19 @ H=—5o%]| T B

The stresses oy will be obtained from the Eq. (1.30).

Let us determine also the displacements up due to the action of an
instantaneous heat source, using the Egs. (1.33).

Let us determine first the function S°(R, ) for a perfectly elastic
body. In the particular case under consideration, characterized by the
spherical symmetry, SO (R, ) will be treated as a sum of normal stresses
o%ptoly +of" due to the action of a unit load, uniformly distributed
over the sphere of radius p. Let us denote by Uy the displacement cor-
responding to this state. This displacement should satisfy the displacement
equation:

(2.20) d (1 d

dr\g? ar & U"’)) =<

The solution of this equation is Up =AR+ B/R®. Since the displace-
ment Ug should be finite for R=0 and equal to zero for R — oo, there-
fore:

) B -
U,=AR, 0<<R<«p, Ug=k§, o <R<oo.

In view of the continuity of displacement on the sphere R=p we
have A =B.

The quantity A will be determined from the relation
(2.21) [o%k — o%R" |r=e =1
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Bearing in mind that

(2.22) ot =28 l X+ a— )‘w“e

1—2%

we obtain {rom the Eq. (2.21) the relation A=B=[(1—2)/3E][(1+»)/(1-7)].
The dilatation §%* is expressed by the equation:

ox 17275 __dUr_ U
(2.23) 0 g S =7 T2

It can easily be seen that SY is given by the following equations:
149
ll

I SU(R,Q)-—— for 0<R- 0,

(2.24)
|S°(R,Q)==0 for @<R-<o0,

The function S (R, p) for a viscoelastic body will be found by substituting

in place of (14 4)/(1—») =9K/(4 G+ 3K) the quantity

3 P,(p) P, (p)
2 P,(p) Py (p) + P4 (p) Py (p)

in the case of a viscoelastic body in which the equations (1.1) are valid,
or the quantity

= Ik, (p)p

1(:0) +27(p)

for a body where the relations (1.22) are valid.

Performing the inverse Laplace transformation on the Eq. (1.33)
we obtain:

R !

” ; = 0 :
(2.25) U%' (R,t)= %.J o? [[ ki(t -7) o T(o,7)dz|de (1=1, 2).
b 0

For a viscoelastic body for which the relations (1.22) are valid, and
assuming that A(t) =1,e~%, u(t)=p,e~, we obtain from the Eq. (2.25):

Qm3in+2ﬂn)( o R - ie"""""’).

2.26 Up(R, 1) = er
@26)  UR(R = R G2 ud\ T Vot

3. Thermal Stresses Due to the Action of an Instantaneous Linear Heat Source

Let an instantaneous linear heat source act at the origin. This will
result in a temperature field determined by the equation:

(3.1) T(r,t)= 4_:%t ety T p= (2t an.
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The Eq. (1.12) takes the form

200 DY = =
a R L 8, T, ;. K, (ry/p/),

(3.2) dp T Or 2 mrx

where Kg(z) is a modified Bessel s function of the third kind. Solving
the Eq. (3.2) we obtain:

3.3) @ (r,p) = “(ln-r+KU (rV/ /).

Performing the inverse Laplace transformation we obtain

(3.4) Or, t) = Qd, Inr— El (_,w)
2x

4t

where
. :Ie
—Ei(—x)= j v du.
Let us determine the function Y (r, t) from the Eq. (1.19):

(3.5) W(r, t) — Q F{t—— 2) {a t)lnr e*_f'f"’] dr.
ﬂ

The stresses o; will be found from the equation:

2 0¥ daﬁ”
Gor="% or’ Opp = dr3 )
(3.6) Y
aﬁs=—2l7,2.¥'=-—2] F(t—1) 0 T (r, 7)dr.

or

For the Kelvin model of a viscoelastic body we obtain, bearing in
mind (2.8):

v ,t=a9| — (-—— — fe—t — £ a(tn) € _”w
(3.7 ¥t 2ﬂln*r E1 ) fe* Inr e s dr|.

For the Maxwell model we have:

t
— 144 %t

Qb H 1 ’. e -
3.8 ‘P = — —xal rre o= —1) P
( ) (T} t} . le gt b ¢ 0 + 9 1 e *if : dr|.
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4. Thermal Stresses Due to the Action of an Instantaneous Plane Heat Source

Let a plane instantaneous source of heat act in the a», x5 plane. The

temperature field is determined by the equation:

(4.1) Py Ay RETE? § =4 ut.

F g ]
)z

The stresses and strains depend only on the variable x;. Thus, according

to the Eq. (1.11) we have:
14.2] ;}11 = 0, F}'

On the other hand, bearing in mind (1.10),

(4.3)

we find that the stresses o,,, 74, may be expressed by the simple relation:

(4.4) oo = gy =2F (p)pT.

Performing the inverse Laplace transformation we obtain:

4
' 7]
(4.5) Oap == 0Opg =—2 J F(t—1) 5 T (x,, 7)dr.
: 0
For the Kelvin model we have:
Qa

_VI,;

1

(4.6 Ugy = Oyy = :
) weoo ¥V at

Comi _—ﬂM (:L'n t’ %]} = ﬂ

For the Maxwell model we have

i 'Q'g (i_f—lil-a 'T‘ M (I'IJ t'! x‘_’)l L]

4-7 an = T ¥
(4.7) Ogn = Oyy 1\ '|/:'rt

where

M (zy, t; #1,2) = El'fie‘-*""""" erfc (i:rf:g +1 |"J"1,'zt }_

— g X Ry, . % erfe (

!

e—xit
V/ at

% ——1) %, ._,t)‘.
() :

It can be shown that the stresses g, 0y are real functicns il 7, z, are

real, positive or negative. In our case %, =0, », 0.
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Streszczenie

NAPREZENIA CIEPLNE WYWOLANE DZIALANIEM ZRODEL CIEPLA
W PRZESTRZENI LEPKO-SPREZYSTEJ

W pracy rozpatrzono stan naprezenia wywolany w ciele lepko-sprezy-
stym dzialaniem skupionego, liniowego i plaskiego Zrédia ciepla. Zagad-
nienie potraktowano jako quasi-statyczne nie uwzgledmajac czlonow iner-
cyjnych w réwnaniach rownowagi.

Wykorzystano zasade odpowiednio$ci obmyslong przez E. Sternber-
ga dla naprezen cieplnych w cialach lepko-sprezystych, a pozwalajaca
na wykorzystanie wynikéw uzyskanych dla ciat doskonale sprezystych.

Przedstawiono dwie drogi rozwigzania postawionego zagadnienia: za
pomocg potencjalu termosprezystego przemieszczenia oraz za pomoca roz-
szerzonej na zagadnienia lepko-sprezyste metody W. Z. Majziela.

Dla trzech prostych modeli ciala lepko-sprezystego wyznaczono stan
naprezenia. Wyniki uzyskano badZ w postaci zamknietej, badZ w postaci
calek oznaczonych.

PezwMme

TEPMWYECKWE HANPAKEHVMA, BBRISBAHHBIE JAEMCTBMEM MCTOYHUKOR
TEIITA B BA3KO-YIPYI'OM ITPOCTPAHCTBE

PaccmaTpusaerca HanpsKeHHOe COCTOAHME, BBISBAHHOE B BA3KO-YIIPY-
TOM IIPOCTPAHCTBE AEMCTBMEM JIMHEIHOINO M IJIOCKOTO MCTOYHMKA TeInia.
Bonpoc ofcyxpmaercs, Kak KBasu-CTATMYECKYIO 3ajiady, HE YUUTHIBAA
B yPaBHEHMAX PABHOBECHA, MHEPIMOHHBLIX BHIPAIKEHMIA.
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IIpumenaerca npuHUMI coorBercrBeHHocT™n E. llrepubGepra pua
TEPMMYECKMX HANPAXKEHMII B BA3KO-YNPYTMX Tejax, HNarolMii BO3MOZK-
HOCTh JWCIOJIL30BAThL PE3YJLTATEHI, ITOJNy4YeHHBIE IJA abCoOTHO ympy-
TUX TeJI.

IlpeprcraBieHsl Ba METO/A PELUeHNMs 9TOTO BONPOCA MPM IOMOILIM Tep-
MOYTIPYTOro IOTeHIMAJa NepeMelleHMA M TP IIOMOLIM DacUIMPEeHHOTo Ha
BA3KO-ynpyrue npobiemsr meroma B. 3. Majiizeuna.

[ Tpex NpoCTBIX MOAENeil BA3KO-YyIPYroro Teja ONpPeesAerca Ha-
npaxeHHoe cocTodaHMe. ITomyyaroTes Pe3yabTaTel B 3aMKHYTOM BHAE WIH
B BUJIE OIPEACJIEeHHBLIX MHTErpaJos.
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