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We obtain a priori estimates of the solution in the uniform metric for a linear conjugate initial-boundary
inverse problem describing the joint motion of a binary mizxture and a viscous heat-conducting liquid in
a plane channel. With their help, it is established that the solution of the non-stationary problem with
time growth tends to a stationary solution according to the exponential law when the temperature on the

channel walls stabilizes with time.
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1. Problem formulation

Many natural and anthropogenic phenomena are described by models of thermal convection.
The thermoconcentration flow occurs in inhomogeneously heated multiphase systems with an
interface between phases or with a free surface between the liquid and the gas. The role of
interfacial convection is great both on small scales, where volumetric effects, such as buoyancy,
are insignificant, and under conditions of weightlessness, where the gravitational mechanisms of
convective motion are weakened or absent [1-3].

We consider two layers of immiscible liquids between horizontal flat plates. The X axis
is directed horizontally, the Y axis is vertically upward. Equations of rigid boundaries are
y = 0, y = ly. The equation of the interphase surface is y = l1(z,t). The two-dimensional
convective fluid flows are described by the Navier-Stokes equations in the Oberbeck-Boussinesq
approximation. We introduce the dimensionless independent variables & = x/l19, n = y/l10,
= ut/l3,, u; = plouluj(aelAG)(_l) is the characteristic velocity, P} = llon(aelAO)(_l) is the
modified pressure, 07 = 0; /A is the characteristic temperature. We can take Af = [3,AA,
where AA = 1;1;3<|A20(t) — Ajo(t)] > 0. If Agp(t) = A1o(t), then AA = max max [Aj0(y)] > 0.

C* = B13,C(BYA0) Y is the characteristic concentration of the light component; here v is
the constant kinematic viscosity, /A is the characteristic temperature drop, I3 = max |l1(z, 0)].
Then the Oberbeck-Boussinesq equations are written in the following dimensionless form (the
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sign asterisk is omitted, u;,v; are the velocity components)

Pjo Vi
wjr + M (ujuje + vjujg) + ﬁPjs = oo (ujee + ujnn)

i . c
vir + M (wjvje + 0j05n) + “ Py = L (vjee + Vi) + G505 + 220,
P10 1551 51

Xi
9]'-,— + M (Ujejg + Uajn) = 7; (9]'55 + 0j7171) )

1
Cr + M (u1C¢ + 01Cy) = < (Cee + Oy — ¥(01ee + O1nn))
uje + vjn = 0.

The dimensionless parameters arise in the problem: M = a;Afl10/(p1ov?) is the Marangoni
thermal number, Pr; = v;/x; is the Prandtl number, S = v1/D is the Schmidt number,
Y = —aB$/B? is the separation parameter, v = vy/v; is the kinematic viscosity ratio, D is
the constant diffusion coefficient, oD is the thermal diffusion coeflicient Soret, G; = 9% p1o/1
is the Grashof parameters; ,Bf, B are the constant coefficients of the thermal and concentration
expansion of the media, 35 = 0; We = ¢°/a2;/Af is the Weber number, w = a,3{ /2,3 and
Bo = (p2 — p1)gl3/0" is the Bond number. It is assumed that Bo < 1, We > 1 [4], then l1¢¢ = 0
and the interface can be a straight line only. We assume additionally that the motion in the

layers is creeping (M < 1). In this case the problem (1) becomes linear.
Let us assume that solution of linear systems (1) has the form

uj =U;(n, 7)€, v; =V;(n,7);
0; = A;(n,7)¢% + Bj(n,7), C=H(n,m)&+ E(n, 7);
P; = P;(&,n,1).
Substitution (2) in system (1) reduces it to the following equations

A

X3 X3
iT = ZTJAJ’TW Bjr = =2 (24; + Bjy) ;
1 V1

1 1
H, = § (Hnn - wAlnn) , FBr= § (2H + EWI - ¢(2A1 + Blnn)) ;
Vi

. ﬂc.
4! Q; Bi
Vin==Uj, (21 =(0.n), Q2= (1L,n)).

The functions P;(&,n, 7) have representations

v, 2 v, By
pl.OPj - (]Ujﬂn -Uj > - +hi(r.n),  hjng = Vigy + G3Bj + ZLG1E = Vj..
P50 1 2 V1 By

Boundary conditions on solid walls are
U1(0,7) =0, Usx(l,7)=0, A1(0,7)=A1o(7), A2(l,7)= Ag(7);
B1(0,7) = B1o(7), Ba(l,7) = Bao(T);
H,(0,7) —¢A1,(0,7) =0; E,(0,7) —v¥B1,(0,7) = 0.
Conditions on the interface for n = 1 [4] are
Ur=Us, pUsy—Ui,y=—-24A1—2wH, Ai=As, A, =FkAs,,
By = By, By, =kBs,, H,—11%Ay,=0, E,—¢B,=0;
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In additionally
1 !
/ Ui(z,7)dz =0, / Us(z,7)dz = 0. (4)
0 1

Here we have introduced the notation p = pag/p10, | = lo/lio > 1, p = pv, k = ko/k1. We
supplement the problem with the initial conditions

Uj<y’0) =0, ‘/J(y70) =0, Aj(ya()) = A(J)(y)a
B;(y,0) = Bj(y), H(y,0)=H"(y), E(y,0)=E"(y).

The initial conditions for the velocities are taken to be zero, since we are interested in motion
under the action of surface forces and buoyancy forces.

The integral conditions (4) are consequences of the immobility of the n = 1 interface and the
mass conservation equations, since from the last equation (3)

n !
Vi = 7/ Ui(z,7)dz, Vo= 7/ Us(z,7)dz (5)
0 n

and Vl(l,’i') = V2(177—> =0.

We note the peculiarity of the problem posed: it is inverse, since the functions R;(7) must
be determined together with A;(n,7), B;j(n,7), U;(n, 7). First, we define the function A, then
we determine H and Uj, the functions E, B; do not affect the velocity field, and the vertical
velocities V; in the layers are found from the equalities (5). By the representation (2), the
temperature on the walls has a minimum at { = 0 (z = 0) for Ajo(7) > 0, or a maximum for
Ajo(T) <0, or they alternate. Due to the Marangoni effect, the liquid and mixture can move in
different directions.

2. A priori estimates of the function A;(7,7n), H(7,n)

The problem for functions A;(n, 7) is separated. It has the form

1
A=Ay, 0<n<l, 7€l[0,T],
P?”l (6)
Agy = ——Agpy, 1<n<l, 7€[0,T);

PTQ
A1(1,7) =Ax(1,7), A1,,(1,7) = kAg,(1,7);
Al(O,T):Al()(T), AQ(Z,T):AQQ(T).

In addition,
Ar (7% 0) = A(1)(77>7 A2(777 0) = Ag(n)v (8)

where Ajo(7), 7 € [0,T] and A%(n),0 <n <1, A3(n), 1 <n < are the known functions.
The matching conditions for solutions of problem (6)—(8) are satisfied:

AQ(1) = A9(1), A9, (1) = kA3, (1), Ai(0) = AY(0), Ax(l) = A3(D).
We replace the unknown functions
Al(naT) :Zl(an)+A10(T)(n_1)23 0 <7)< ]-,
— Ago(T)(n — 1)? 9)
o) =Tt + 2T 1<
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Then the functions Zj (n, ) are solutions of the conjugate initial-boundary-value problem

_ 1 — 2A
Aty = A + 220 ) - 1)? =
" " (10)
1 —
57"417]7]+‘f1(7777—)7 0<7]<]-a TE[OaT]a
P’I‘l
= v o— 2v A0 (T) , (1) —1)°
y | Y =
P T 12PN (1) (11)
ELZQW??+f2(naT)7 1<77<la TE[O7T]7
P’r‘g
Z1(177-) = ZQ(L T)7 Zln(laT) = kZQ'r?(laT)7 Zl(OaT) = 07 Z2(177-) = Oa (12>
_ —0
A1(n,0) = AY(n) — A1(0)(n — 1)* = A, (n),
 AO0)m-1 _ o (13)

Ay(n,0) = Ag(n) w = Ay(n).

The prime denotes differentiation with respect to 7 in the right-hand sides of equations (10), (11).

We multiply equation (10) by PriA;, equation (11) by kv—'PryA,, integrate them over the
domains of definition and add the results. Taking into account the boundary conditions (12), we
obtain the identity

d 1 . li 1 o l o
EW(T) + / Ai?dn + k/ A;ndn = Pry / f1Aidn + ku_lPrg/ faAadn, (14)
0 1 0 1

kP’/‘Q l—2
A . 1
5 [ Az (15)

1 l 1 l
/ Zfdn+/ Aodn < My (/ Zindn+k/ Ag,}dn>
0 1 0 1

with a finite minimal positive constant M; depending on k and [, then the left-hand side of (14)
is greater than or equal to

Pr Ty
Wir) = 5 [ A ran+

Since [5]

aw 1 . 1 v

The right-hand side of (14), using the Holder inequality, does not exceed

1
(2P7’1 /0 f12d77>

From (16), (17) we obtain the inequality

W) < <¢WO + % /O ’ G(T)e‘”dt)z ¢—267, (18)

Wo = P;l/ol (Z?(n))an+ kl;fz /1[ (Zg(n))Zdn,

1/2

! 1/2
+ <2k1/1Pr2/1 f22dn> VW (T) = G(T)VW (7). (17)
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where the initial values Z(l) (n), Zg(n) are defined by the equalities (13).
It turns out that one can obtain the estimates | A;(n,7) |. To do this, note that along with
(14) there is also another identity for the problem (10)—(13)

1 l
| An ek [
0 1

1 l
= P’I’1 / flzh-d?’} + kV71P7'2 / fQZQTdT],
0 1

1 l
— — 1d
Prq / A?Tdn + kvt Pry / A;dr] +
0 1 2 dT

from which it follows that

17 li 1 - 2 l - 2
/ Ademk/ A;dng/ (2%,) dn+k/ (43,) dn+
0 T 11 0 T l !
+Pry / / fdndr + kv='Pry / / f3dndr = F(7)
0 0 0 1

with F'(7) bounded on [0,7T]. Since

(19)

9 n__ _ s I_ _
(nr) =2 / Ay (0, 7) Ay (mom)dn, Ad(mr) = —2 / A, (1, 7) Ay (7, 7).
0 n

using the Holder inequality, the definition of the function W () (15), the estimate (19) and
substitutions (9) we obtain

1/4
A7) <] A(o) |+ (oW OFD) "
y 1/4
| A0.7) <] Aanlo) |+ (Gp WOF))

uniform in 7 € [0,1] and n € [1,1] respectively. In (20) the quantity F(7) is given by formula
(19) and W (r) is estimated from above by the right-hand side of (18). Therefore, the quantities
| Aj(n, ) | are bounded for 7 € [0, T}, if they are Ajo(7) and A%, (7), j = 1,2.

Further, we need estimates of the derivatives 1 uniform in A;,(n, 7). To this end, we differen-
tiate with respect to 7 the equations (6) and the boundary conditions (7), assuming the existence
of A%(7). Then the problem for the functions A;. coincides exactly with the problem for A;
with changed initial data A, (n,0) = A9, /Pri, As-(n,0) = vA3, /Pry, and the right-hand
sides of the last two boundary conditions (7) are A}y(7), A5y (7). Therefore, we obtain estimates
of the form (20):

1/4
| s (1,7 1<) Aol | + (ﬁhwl(ﬂFl(T)) , .
5 1/4 1
| A, €] A7) |+ (pe R

where Wi (7) satisfies the inequality (18) with Ajo(7) replaced by A%q(7), Ajo(T) by Afy(7).
A similar change must be made in the expression for F(7) to obtain Fj(7) (more precisely, in
the functions f;(n, ) from (10), (11)). In addition, the initial data in Wi and F;(7) should be

replaced by PrflA?nn — A%5(0)(n—1)? and VPrg_lAg,m — Aby(0)(1 —1)72(n — 1), respectively.
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We introduce the substitution Hy = H — 1 A; to obtain an estimate of the functions H (7, 7).
Then H;(n,7) is a solution of the initial boundary value problem

1
HlT:§H1WW_¢AlT7 0<77<17 T E [O7T];

Hi(n,0) = H)(n) =AY (n) = H)(n), 0<n<1; (22)
Hy,(0,7)=0, Hy,(1,7)=0, 7€][0,T].

The problem for the known A;,(n,7) and HY(n) has the solution [6]

/m n&%w//h&umm—mm (23)

S

\/>Z{ [ j:zn)]_exp[_S(miwn)Z]}

From the representation (23) and the boundedness of A;,(&, 1) (estimate (21)), it follows
that |Hy(n,7)| is bounded for all n € [0,1] and 7 € [0,T]. |H(n,7)| is also bounded because
H = Hy + ¥ A; and by (20). In addition, the derivative H,(n, ) is continuous and bounded for
n € [0,1], 7 € [0, T].

S n2m2
Gn,&,7)=1+ 22 cosnmn cosnwé exp <— 7-) —

3. A priori estimates of the functions U;(7,n) and R;(7)

We consider the problem for the definition of functions U;(n,t), R;(T):

n
Uy — Uty = 201/ (Ai(z07) + H(z 7)) dz + Bu(r), 0<y<1, (25)
0
7
VUan_UQT :2G2/ AQ(Z,T)dZ+R2(T)7 1<n<l, (26)
1
Ui(n,0)=0 (0<n<1), Uxn0)=0 (1<n<l), (27)
U1(17T) = UZ(laT)a ,uU277(17T) - Ul'r](lvT) = _2141(1)7-) - 2WH(177—)7 (28)
Ul(O,T):UQ(l,T):O, (29)
1 l
/ Ui(z,7)dz =0, / Us(z,7)dz = 0. (30)
0 1

We introduce the notations
n
Fi(n.r) = =261 [ (Au(r) + H(zr)dz, 0<n<1, 7€ [0.7)

0

n
Fy(np, 1) = —2G2/ As(z,7)dz, 1<n<l, 7€][0,T], (31)
1
F5(r) = -2A:(1,7) — 2wH(1,¢t), T€][0,T],

Fy, F5, F3 are continuous and differentiable on their domains of definition by what has been
proved above.
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Let’s make a replacement
Ur(n,7) = Ui (n,7) = F3(7) (20 = 30 + 1) , (32)

then the second boundary condition (28) becomes homogeneous for the functions Uy (n,7),
Us(n, 7). The conditions (27)—(30) for these functions also remain homogeneous. Equation
(25) for U (n, ) takes the form

Uvyy—Ury = Ra(1)=Fi(n, 7)+6F3(7) (2n — 1) = F4(7) (2773 — 3% + 17) = Ri(7)—F1i(n,7). (33)

In addition, the first initial condition (27) will change U;(n,0) = F3(0)(2n® — 3n? +1n) =
Uio(n). B

We multiply equation (33) by Ui, (26) by pUs, then integrate over n and add the results.
Using homogeneous boundary conditions (27)—(30) for Uy, Uz, we obtain the identity

dEl 172 l ) 17 . l
—+ Ul dz+p | Us,dz= FiUrdz +p | FoUsdz, (34)
dr 0 1 0 1

1 1 l
Ei(r) = 5/0 U?(Z,T)derg/l U22(Z,T)d2’.

Since for U, Uy the following inequalities hold Friedrichs theorem, from (34) we obtain the

inequality
dFE

T + 25E1 < 2G1(T>\/ El, (35)
T

§ = 2min(1, ﬁ), Gi(r) = i? [(/OlFfdz>l/2 + \/ﬁ(/ll F22dz>1/2] :

whence the estimate
T 2 1 [t
Ei(1) < ( E;(0) + / G (m)e™ dﬁ> e”27 E(0) = 5 / Uiodz. (36)
0 0
Hence the norm of the functions Uy (n, 7), Ua(n, 7) in the space Ly is bounded for 7 € [0, 7]
1, ! 2
/ Uidz < 2E4(7), / Uzdz < By (7). (37)
0 1 p
Similarly to (19) we have the inequality

1 l 1 T rl T pl
/Uizdz+u/ ngdzg/ Ufoz(z)dz+// Ffdzd7+p// F2dzdr = Q(r).  (38)
0 1 0 0 JO 0J1

Using (37), (38) and replacing (32), we obtain the estimate
U0, 7)] < ($Ex(r)Q(T)" + 61 Fy (7). (39)

uniform for n € [0,1], 7 € [0, T]. Similarly,
3 1/4
vl < (2B )
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To obtain the estimates |R;(7)|, 7 € [0,T], it is necessary to estimate |U;-(n,7)|. We differ-
entiate equations (25), (26) and conditions (27)—(30) with respect to 7. Taking into account the
notation (31), we obtain a problem for Y;(n,7) = U;-(n,T)

Yinn_ylrz_Flr+er7 0<n<l

(40)
V}/an - Y27- = —FQT + RQT, 1< n < l,
Yl(]-yT) :}6(1;7_)7 ,U,an(l,T)—Yln(l,T) = F3,,
Y1(0,m) =0, Ya(l,7) =0, (41)
/ Yi(z,7) / Ya(z,7) = 0.
The initial data for 7 = 0 for equations (40) follow from (25), (26):
Yi(n,0) = Fi(n,0) — Ri(0) = Y (), Ya(,0) = F2(n,0) — R2(0) = ¥2'(n). (42)

Integrating (25) with respect to n from 0 to 1, (26) from 1 to I, we find the unknown quantities
R;(0) with allowance for (27), (29)

1
0) = / Fi(z,0)z Ra(0) = / Fo(z,0)d (43)
0 _
For the initial boundary value problem (40)—(43), the identity
dE. 1 1 1 !
d—Q +/ Y2dz +/L/ Y2dz :/ F1,Yidz +p/ Fy, Yadz — F3.Y1(1,7), (44)
g 0 1 0 1

1 1
Ey(7) = f/ Yidz + E/ Yidz. (45)
2 Jo 2N
The right-hand side of (44) does not exceed

1
E Fle _|_7/ Yle+

p
2e9

F27'd Z+ = p€2

Y2 dz + F3T / YZdz  (46)
for any 1 > 0, e > 0. Choose €1 < 1, g2 < 2v(l — 1)_2). Using inequalities of Friedrichs for
Y1,Ys, from (45), (46), we derive the inequality

dE,

g + 251 Ey < F(71), (47)

1 1
F(T)ZQZ/O F2dz+ 2p2 Fsz 2+ Fjﬁ

. 2v
51 = min |:151;(l_1)252:| . (48)
We obtain the estimate
Ey(1) < |:E2(0) + / F(t)e%ltdt] e 207 (49)
0

Ey(0) =

N =

/01 (V2(2))* dz + g /11 (V2(2))” dz

- 489 —



Victor K. Andreev, Marina V. Efimova A Priori Estimates of the Adjoint Problem Describing. ..

with the functions Y;’(z) from (42), (43). Hence

1 l
2
/ U2 (2,7)dz < 2Bs(7), / U2, (2, 7)dz < Z (). (50)
0 1

We obtain the boundedness of the norms Uj;, on its domains of definition with respect to n for
all 7 € [0,T] by the estimates (20), (21), the properties of the functions Hy(n, 7)(23), Fi(n,7),
Fy5(n, 1), F5(7) (31), inequalities (50).

We multiply equation (25) by 7 — n? and integrate from 0 to 1, after some transformations
we find

Ri(r) = 6 [Ul(l,f) _ /1(2' CUpds /1(z _ ZQ)Fldz] . (51)
Then we multiply equation (26) by 22 — (El + 1)z +1 and int(fgrate from 1 to I, we find
ﬁ [I/(l —)Uy(1,7) — /llz(z —1—1)Usrdz + /11 [ —(1+ 1)z +1] ngz}. (52)
All the terms in the pair parts (51) and (52) are bounded for all 7 € [0,7]. This follows from
the obtained estimates |U;(n, )|, |4;(n, 7)|, |H(n,7)| and their derivatives with respect to 7.

Ryo(1) =

4. The asymptotic behavior of the solution for 7 — oo

The problem (6)—(7), (25), (26), (28)—(30) has a stationary solution [7]; we denote it by
Aj(n), H*(n), U;(n), R;. It corresponds to the boundary data A3, = const, where Aj(n), H*(n)
are linear, U7 (n) are polynomlals of the fourth order, and R are constants. Suppose that the
functions Ajo(7) are defined and continuous with the derivatives Al (1), Ajo(r) for all 7 > 0.
We obtain the conditions under which the solution of the nonstationary problem for y = 0 tends
to a stationary solution and establishes estimates of the rate of convergence with the help of the
obtained a priori estimates A;, A;;, U;, Ujr and formulas (23), (24), (51), (52). To this end, we
introduce the differences

Nj(n,7) = Aj(n,7) = A5(n),  M(n,7) = H(n,7) — H*(n),
Kj(n,7) = Uj(n,7) =Uj(m), Lj(1) = R;(7) — Rj.
The functions N; is the solution of the conjugate problem (6)—(8) with Aio(7) replaced by

)~
Nio(7) = Aro(7) = A3y, Azo(7) into Noo(7) = Ago(7)— A3y, and A%(n) on N (n) = A(n)—As(n).
Therefore estimates of the form (20) are valid for

[N (n, 7| < [Nao(r)] + (8, W (r)F (), (54)

(53)

with ey = (Pry) "', 60 = (k2Pr2)_1. Using the simple inequality (a+b)? < 2(a? +b?), inequality
(18) and the definition of G(7) from (17), we obtain the estimate of

(er%/ [IN10(t )|+|Nzo(t)+|N{o|+|Néo(t)l]e‘”dt> e T, (55)

where (cMm.(13), (18))

1 l
Wo =550 [ [0 = Mo~ V7P + o Pra [ N3 = Naol0)

(n—1)°
(I-1)

G =) = ) - S5 Lr .
VPri Vo5 k31— 1)3Pry Vo' 2
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Therefore, if the integrals

/0 INjo(8) e dt = / Ajo(t) — ASle®dt, / N (1)t = / A )etdr,  (57)

converge, then for all 7 > 0
W(r) < c1e”2°7,  ¢; = const (58)

Further, all constants of the form (56) will be denoted by ca, c3, ... .
For the function F(7) from (19) we have the estimate

[F(r)] < ez + g / [N + N0 + Wio0)* + (Ngo(0))?] (59)

Since the integrals (57) converge, then [Ajo(7) — Ajy| < hj(T)e™°T, |A%o(T)] < pj (1)e™0 with
nonnegative functions h;(7), p;(7) = 0 by 7 — oo and

o0 o0
/ h;(T)dr < o0, / p;(T)dr < o0.
0 0

The boundedness of |F(7)| < ¢4 follows from (59) for all 7 > 0. Considering (53), (54), (58) and
(59) we find

IN;(n,7)| = |A;(n,7) — A(n)| < caqje /2 (60)
for allp € [0,1],(j =1),n € [L,1],(j =2) and 7 > 0. From inequalities (21) we obtain
INjr (0, 7)] = [A4r (0, 7)] < e5¢7°7/2, (61)

Next we proceed to obtain estimate M (n,7) = H(n,7) — H*(n) from (53). First we note that
the mean value of H%(n) can be considered zero:

1
/0 HY(€)dg = 0.

Given this assumption, M represent from (23) and (24) as follows:
1
M(7) = 6Nalnr) + [ [ + () — AN Gl . ) (62)
1 T 1
o [ Wiende=v [ [ N6 mGner - s,

where G(n,&,7) = G(n,&,7) — 1, G(n,&,7) is given by (24). Using inequalities (60), (61) for
j =1, from (62) we obtain the estimate

o (6 7
M) = (7) = H2O)] < e, =min (5.5 ). (63)

In deriving (63) we took into account the inequalities

Cl(OéhOZQ,E)

2
n2o¢16 na2€< : ,

p t* et < O (g, o)
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for ap, >0, k=1,...,4, C',C? are bounded constants, t > € > 0. The estimate of M, is found
from equality

1! —
M = [ [0 - 1°(6) — Y] oo, . e~
’ (64)
w T 1 o
—5/ / N1 (& )G (0, &, 7 — p)dédp.
o Jo
It follows from an equation of the form (22) on M and formula (62), then |M,(n,7) =
= [Hr(n,7)| < croe™7.
We proceed to estimate the functions estimated K,;(n,7), K;-(n,7) from (53). We have the

inequality (39) for Ky, where F3(7) = —2N;(1,7) — 2wM (1, 7), the function E;(7) satisfies the
inequality (36), and Q(7) is determined from (38). In view of (60), (61), (63), (64) we obtain

[K1(n,7)| = |Ur(n,7) — Ui (n)| < croe”**7, wo = min (wy,61).

Here 0, is defined by the equality (48). Similarly, from (32) we obtain |Kz(n, )| = |U2(n, 7)—
~Us(n)| < c11e77, and from (49), (50) we derive estimates |K;,(n,7)] = |Ujr(n,7)| <
< c1145€ 217 provided that condition (57) is satisfied and the integral

/0 |NJo(t)|edt = /0 | A% (1) e dt. (65)

is converges. Thus, if convergence of the integrals (57), (65) takes place, then the nonstationary
solution converges to the stationary one in accordance with the exponential law. The same
applies to the functions R;(7), which defined by formulas (51), (52).

The work received financial support from RFBR (project 17-01-00229).
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AnipmopHBIe OIIEHKMN CONPSXKEHHOI 33424, ONNChIBAIOMIEi

COBMeECTHOe JBHNU>KeHne 2KNnJKOoCTH1 n 6I/IHapHOI71 cMecnu
B KaHaJie

Bukrop K. Auapees
Mapuna B. Edbumosa

WNucruryT Berauciauresbuoro mozgenuposanns CO PAH
Axanemroponiok, 50/44, Kpacrosipck, 660036
Cubupckuii dheepasbHbIil YHUBEPCUTET

Csobopusrii, 79, Kpacuosipck, 660041

Poccus

LA AUHETHOT CONPAHCEHHOT HANANDHO-KPAESOT 06pamHol 3a0a4U, ONUCHIBAOULET, COBMECTIVHOE J8UIHCE-
Hue bUHAPHOT CMECU U BA3KOT MENAONPOGOOHOT IHCUIKOCTIU 68 NAOCKOM KAHANE, TOAYUEHD, ANPUOPHDLE
oueHKy pewerus 6 pasrHomepHolt mempure. C UL NOMOWDBIO YCMAHOBAEHO, HMO PEULEHUE HECTNAYUUO-
HAPHOT 3a0aM4U C POCTNOM BPEMENU CMPEMUMCA K CMAUUOHAPHOMY DEWEHUIO N0 IKCTNOHEHUUAALHOMY
3AKOHY, ECAU MEMNEPAMYDPA HG CMEHKAT KAHAAL CNAOUAUSUPYEMCA CO BPEMEHEM.

Karoueswie caosa: conpasicennasn 3adaqa, obpamnas 3a0a4a, aGnpuopHvle OUEHKU, ACUMMOMUMECKOE NO-
sederue.
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