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Abstract. The unidirectional motion of two viscous immiscible incompressible liquids in a flat channel
is studied. An unsteady temperature gradient is set on the bottom solid wall, and the upper wall is
a free boundary. Liquids contact on a flat interface. The motion is caused by the combined action
of thermogravitational and thermocapillary forces and a given total unsteady flow rate in the layers.
The corresponding initial boundary value problem is conjugate and inverse, since the pressure gradient
along the channel is determined together with the velocity and temperature field. An exact stationary
solution was found for it. In Laplace images, the solution of the non-stationary problem is found in
the quadrature forms. It was established that if the temperature on the bottom wall and the flow rate
stabilize with time, then the motion goes to a stationary state with time. This fact indicates the stability
of the stationary solution with respect to unidirectional unsteady perturbations. The calculation results
showing various methods of controlling motion by setting the temperature on the wall are given.
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It is well known that in a nonuniformly heated pure liquid medium there occurs a motion
which is called convection. Under the condition close to zero gravity, the inhomogeneity of the
temperature field affects the flow from the region of little to the region of large surface tension
due to a spontaneous decrease of the interface free energy between two liquid media or the free
boundary (Marangoni effect, see the detailed review in [1]). Observation of thermocapillary
motion due to interfacial tension gradients in terrestrial conditions is very difficult, since gravita-
tional convection becomes the dominant form of motion. However, in recent years in connection
with the development of modern technologies, new problems have arisen in which it is neces-
sary to take into account the thermocapillary effect in terrestrial conditions. For example, in
laser annealing of semiconductors or in laser processing of materials with fusion, which is used
to alloy the surface layer of metal [2]. In this case, relatively long thin layers of melt (of the
order of several micrometers) appear on the surface of materials, in which, according to [3, 4],
thermocapillary forces dominate over gravitational forces. Knowledge of the laws of thermal
convection in liquid layered systems is of interest for understanding the hydrodynamics and heat
and mass transfer processes when applying multilayer coatings, in thermal stabilization systems
of power plants or cooling electronic devices, in the processes of growing single crystals and films,
etc. [5]. It is known that the solution of R.V.Birikh [6] describes a stationary convective flow
in a strip. For the first time, its generalization to the case when the longitudinal temperature
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gradient depends on time was proposed by V.V.Pukhnachev in [7], as well as [8]. A similar
generalization the solution of the problem of the motion of two immiscible liquids with a flat
interface allows [9]. In the monograph [10], the problems of unidirectional motion of a viscous
heat-conducting fluid in a flat horizontal channel in a field of gravity acting across the channel
are studied. At the same time, an unsteady temperature field is set on a fixed solid wall, and
the upper boundary can be a solid wall, either insulated or not, or a free boundary. The present
work is devoted to the study of the unidirectional thermogravitational motion of two immiscible
viscous liquids in a flat horizontal channel. In this case, an unsteady temperature field, which is
linear in the longitudinal coordinate, is set on the lower solid wall and the upper wall is a free
boundary. The system of Oberbek—Boussinesq equations is taken as a mathematical model. A
detailed conclusion and analysis of the main assumptions that lead to this system are available
in many works, for example, in [7].

1. Statement of problem

We consider a system of two incompressible immiscible liquids with an interface y = 0. The
parameters of the fluid that moves in the strip —h; < y < 0, —00 < = < oo are denoted by
index “1”7, and the parameters of the fluid moving in the strip 0 < y < hs will be denoted by
index “2”; pj, vj, Wy, X4, B; are densities, kinematic viscosities, dynamic viscosities, thermal
diffusivity and volume expansion coefficients, respectively. Further on, it is assumed that these
parameters are positive constants. Let x and y denote the horizontal and vertical coordinates,
gravity with acceleration g acts in the negative direction of the y axis. Substitution of a solution
of the form [8]

Uj :wj(yat)v Gj = _a‘j(y7t)x+Tj(y7t)a p; = _bj(y7t)x+Pj(y7t)a .7 = 172 (1)
into the Oberbek—Boussinesq system leads to the equations
a5t = Xj%yy>
bjy = pj9bja;,
1
Wit = VjWjyy + — bj, (2)
Pj
Tje = X Tjyy + ajwy,
Pjy = p;98;T;-
In (1) u; is the projection of the velocity vector on the x axis, §; is temperature, p; is pressure
deviation from hydrostatic one. Next, we consider the problem only for determining the velocity
field, that is, the problem for w; and a;. The functions T); will be the solution of the conjugate

problem similar to the problem for a;. Using the known functions a; and T}, the functions
bj(y,t) and P;(y,t) are reconstructed by quadratures from the second and fifth equations of (2)

Yy
bi (4:1) = p;9b; / a; () dz + Cy(2),
’ 3)
Piy.t) = pgb; / Ty(2.t) dz + Poy(1).

For the system (2), we can pose various initial-boundary value problems that describe the motion
in a flat channel: one liquid in a channel with solid impermeable walls, a solid wall and a free
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boundary, one or more interfaces, an interface and a free boundary (a part of the statements of
such problems was considered in [8,10]). In this paper, we consider the last case for a specific
problem, namely, when the temperature is set on the solid lower wall y = —h;, and the upper
wall y = ho is free boundary. Since the interface y = 0 at the initial moment of time is assumed
to be horizontal, at any moment of time it will be such [10, p. 41]. The large capillary pressure
(Weber number We > 1) allows us to assume that the free surface y = ho also remains flat [11].

We introduce the characteristic length scales for the first and second layer, these are h; and

ho, for time this is h%xfl and functions wj, a;j, C; these are x;h La= Igﬂuoxml(—hl,t)\ > 0,

J
11X1 h1_3 and write out the conjugate initial boundary value problem for the functions a;(y,t) in
the dimensionless form

alt(yvt) = alyy(yat)v -1 <y <0,
ase(y,t) = WX tagyy(y,t), 0<y<1,

a; (ya 0) = @j0 (y)a (5)
ai(—1,t) = a(t), agy(l,t)+ Bias(1,t) =0, (6)
a1 (O, t) = az (0, t), kaly (0, t) = hagy (0, t) (7)

In (4)(7) h = hi/ha, X = x1/X2, k = ki/ks, Bi = yhoky ' is the Bio number, v > 0 is
the interfacial heat transfer coefficient, and functions a;o(y) and a(t) are known. Relations (7)
follow from the equality of temperatures and heat fluxes at the interface y = 0.

Let us pass to the formulation of the problem for dimensionless velocities w;(y, t)

y
Py wr (g, 1) = wiyy (3. 1) + Ry / a1(z,6) dz + Cr(t), —1<y <0, (8)

0

y

Xh 2Py wat (y, 1) = way, (v, t) + Rag / az(z,t)dz + pxh2Ca(t), 0<y<1, 9)

0
w;(y,0) = wjo(y), (10)
wl(*lat) :07 Xhilwl(o,t) :w2(07t)' (11)
The first condition in (11) is the sticking condition on the lower solid fixed wall y = —1, and

the second is a consequence of the continuity of velocities at the interface y = 0. The dynamic
condition on the interface y = 0 is reduced to two:

way (0, 1) — pxh w1y (0,1) = —Mayay (0,1),  p1(0,t) = p2(0,1). (12)
The last condition, together with representations (1), (3), implies the equalities
Cy(t) = Co(t) = C(t), P1(0,t) = Py(0,1).
Besides, on the free boundary y = 1, from the dynamic condition for tangential stresses it follows
way(1,t) = Magaa(1,t). (13)

Assuming We > 1, from the condition for normal stresses we obtain that the free surface remains
flat. In equations (8), (9) and in conditions (12), (13), dimensionless parameters arise u = 1/ 2,
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P; = v;/x; are the Prandtl numbers, Ra; = gﬂjdh‘;/ujxj are the Rayleigh numbers, Ma; =
= &;ah3/uax2 are the Marangoni numbers.

If C(t) is given, then the statement of the problem for velocities is completed. The aim of
this work is to study the inverse problem, therefore, it is necessary to put another condition is
the total consumption in layers

0 1
X/ wl(z,t)dz+/0 wo(z,t) dz = q(t). (14)

-1

2. Stationary solution

Suppose that a(t) =ag =counst, ¢(t) =qgo=const. We give the form of a stationary solution

a(}(y)a w?(y) and C°= const

Biao

ai(y) = -———(y+1) +a, -1<y<o,
Biay (& (19
a(y) = ——2(Ty+1)+ap, 0<y<1,
5 \h
0 __aoRa1 _E4 _@ 3 _QQ 1<y <
wy(y) = 2 ( 5Y —|—4(1 6)3/) 5 Y + m1y + ma, 1<y <0,
oy _ _GoRaz ( kBi , _Bi) 3\ wxC® o, <y (16)
wy(y) = 21 < 75 Y +4(1 5 )Y ops Yt may +ma, 0<y<l,
C® =6+ hmy
In (15), (16) we introduced the notation
5= (1+Bi)k L Bi,
h
aoh® [Rag Bi k Bi Bi k
=— =2 (3-=2@3+2))+May (1—— ) +Mag (1 — —(1+ =
== [ (T ) v (=3 )+ (- ).
aORa1 3Bi 51 XaoRal 4Bi aoRag Bi k
= 7—4 —_— = _ — — _ — —
02 ==, <5 >+2’ % 20 \°7 % 20 \°" 503
— —603 + X51(1 + /Lh_S) + 3a0Ma1(1 — Bi(5_1) - 6(52)((1 + h_l) + 6qo
! —hx(1+ ph=3) = 3x(1 — ph=2) + 3h~x(h + 1)(h + 2)

m Bi
m2:52+71(h+2), m;g:l}?ml—aoMal(l—é), m4:%m2,

Fig. 1 shows stationary velocity profiles w?(y) depending on the dimensionless flow rate qp.
Hereinafter, the function w®(y) coincides with the functions w?(y), j = 1,2 on their domains of
definition. The calculations show that with an increase in qg, the velocity profile in the first layer
becomes linear, i.e., a Couette flow arises. In the second layer, a Poiseuille flow arises (parabolic
profile). With a decrease in the layers qo, zones of the return flow arise.

Fig. 2 shows stationary velocity profiles for different values of the Bio number. It can be
seen that in the second layer for Bi = 0 (a thermally insulated free surface) the velocity profile
is linear, and with an increase the Bio number it becomes parabolic. The dependence of the

velocity profile in the layers on the dimensionless temperature gradient ag is shown in Fig. 3.
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Fig. 1. Stationary profile of velocities w?(y) depending on the dimensionless flow rate

The case when ag < 0 means that the bottom wall is cooling. So, for ag = 2 a return flow arises
near the interface y = 0, and for ayp = —2 the direction of the current changes to the opposite.
At ag = 0 in both layers the velocities have a parabolic profile and there are no zones of return
flow.
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Fig. 2. Stationary profile of velocities w? (y) depending on the Bio number

Changes of the Marangoni numbers also affect the nature and intensity of the arising currents.
So, a change in the number Ma; affects the direction and intensity of the flow near the interface
y = 0 (see Fig. 4 a), and the number Mas only affects the intensity near the free boundary
(see Fig. 4 b).
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Fig. 3. Stationary profile of velocities w?(y) depending on the dimensionless temperature

J
gradient ag

Fig. 4. Stationary profile of velocities w?(y) depending on the Marangoni numbers Ma; (a)
and May (b)

3. Solution of conjugate problem by the Laplace
transformation method. Analysis of numerical results

To solve non-stationary problems (4)—(7) and (8)—(14) we apply the Laplace transform. As
a result, we arrive to boundary value problems for images A;(y, s) of functions a;(y,t)

Alyy(ﬁ% S) - SAI (y7 S) = —alo(?/)7 -1 < Y < 07 ( )
17
Agyy(y, s) — sxh™?As(y, s) = —xh2ax(y), 0<y<1,

Ai(—1,5) = A(s), Agy(l,s)+Bidy(1,5) =0, 18)
Al(O, S) = A2 (O, S), kAly(O, S) = hAgy(O, S)
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and images W;(y, s) of functions w;(y,t)

y A~
Wiyy(y,s) — sP;lwl(y, s)=— (Pllwlo(y) + Ral/ Ai(z,8)dz + C(s)), —-1<y<O,
0

(19)
SX X
Wayy(y, 5) *hT%WQ(yaP) <h2P wao(y)+ Ra2/OA2(Z s)dz + 3 —=C(s )>, 0<y<1,
Wl(—l,S) = Oa XhilWI(Oas) = WQ(Oa S)a W2y(175) = MalAQ(la 8)7
(20)

0 1
W?y(()) S) - /’('Xh_zwly(07 8) = _MalAl(Oa S)a X/ WZ(?J? S)dy+ W2<ya S)dy = Q(S)
-1 0

When deriving equations (17), (19), the initial data (5), (10) were used. In (18), (20) the A(s)
and Q(s) are images of the given functions a(t) and ¢(¢) respectively (see conditions (6), (14)).
The general solution of equations (17), (19) has the form

Ai(y,s) = by sh /sy + by ch /sy — \i[ /y ao(2)sh/s(y — 2)dz

As(y, 8) = bysh /sy + by ch /sy — \/\; as0(2)sh/s(y — 2) dz
1 (v C(s 1 (21)
Wi(y,s) =dishayy + dachaqy — 071/ fi(z,8)shaqly — z)dz — %(chaly — ;1)7
0

pP2C(s)
S

1 (v
Wa(y,s) = dzshagy + dych oy — ;2/ fa(z,p)shag(y— z)dz— (chagy — 1),
0

Yy
fi(y,p) = Py twio(y) —|—Ra1/ Ai(z,8)dz,  fa(y,s) = 7h2>;2w20(y)+Ra2/ Az(z, ) dz,
0

ap =y/sP1 Y, =/sxPy'hh

The values my, di, k = 1,4, appearing in (21), and function C(s) are determined from the
boundary conditions (18), (20). The type of these values is not presented here because of its
complexity.
Suppose, that lim a(tf) = ap and lim ¢(t) = qo. Using the obtained representations for
t—o0 t—o00

Aj(y,s), W;(y,s) and C’(p), we can prove the limit equalities

A a;(yt) = lim sA4;(y, s) = aj(y),  lim w;(y,t) = lim sW;(y, s) = wj(y), )
lim C(t) = lim sC(s) = C*,
t—o0 s—0
where a;(y), w*(y) and C*® are given by formulas (15), (16).

Using the method of numerical inversion of the Laplace transform, we obtain some results for
the velocities. The case when ¢(t) = 0 (the flow rate is zero and the movement occurs only due
to thermogravitational forces) is considered, and the longitudinal temperature gradient on the
bottom wall is distributed according to the law at) = ag +71e7 72t sin(y3t), where the coefficients
71, y2 are responsible for the amplitude and frequency of the oscillations, respectively. In the case
when a # 0,72 > 0, then, according to equalities (22), the solution converges to the stationary
state (see Fig. 5 a), and for 7o < 0, the limits of the functions at) at ¢ — oo do not exist and
the solution does not tend to the stationary state (see Fig. 5 b). As a(t) discontinuous functions
can also be specified, thereby also influencing the nature of the flow.
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Fig. 5. Profile of dimensionless velocities W;(y) at a(t) = 1 — 5e"%sin(0.1¢) (a) and
a(t) = 2sin(0.1¢) (b)
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Cioucroe ABMKeHWE ABYX HECMEITNBAIOMINXCS YKUJTKOCTEIA
co cBoDOOHOII TpaHuIieii

Enena H. JlememnkoBa
MNucruryT Bhraucanressaoro mogenuposanns CO PAH
Kpacnosipck, Poccuiickas @eneparus

AwnnHoranusi. VI3ydeHo oHOHAIPABICHHOE JBUKEHNE NBYX BI3KUX HECKUMAEMBIX KHUIKOCTEH B ILJIOC-
KoM KanaJjie. Ha HU>KHel TBepoil CTeHKe 3aJiaH HEeCTAllMOHAPHbBIA I'PAJMEHT TEeMIIEPATYDbI, & BEPXHsIs
CTeHKa — CBOOOJHAsT rpaHuIia. 2AKUIKOCTH KOHTAKTHUPYIOT IO IIJIOCKOHM MOBEPXHOCTH pa3siesa. JlBuke-
HIE BBI3BAHO COBMECTHBIM JIEMCTBUEM TEPMOTDABUTAIMOHHBIX U TEPMOKAMMIISPHBIX CHJI U 3aJAHHOTO
06II1ero HECTAIMOHAPHOTO pacxona B cjiosaXx. COOTBETCTBYIONIAs HAYAIbHO-KPaeBas 3a/1a9a sABJISeTCS CO-
MPsTKEHHON 1 0OPATHOM, MOCKOJBKY T'PAIUEHT JIaBJIEHUs BIOJb KaHAJA JOJXKEH HAXOJIUTHCS BMECTE C
moJsileM CKOopocTeil m Temmeparyp. s mHee HaiileHO TOYHOE CTAIMOHApHOE perneHune. B m300parkeHums X
o Jlamracy perieHne HecTarOHAPHOM 3aJ@4du HAXOJWTCS B BUIE KBAJAPaTyp. YCTAHOBJIEHO, YTO €C-
JIM TeMIIepaTypa Ha HUXKHEH CTeHKE W PAaCXOJ] CTAOWMIM3UPYIOTCS CO BPEMEHEM, TO JBUKEHHE BBIXOIUT
Ha CTAIMOHAPHBIA PEXKUM C POCTOM BPEMEHHU, UTO FOBOPUT 00 yCTONYUBOCTH CTAIMOHAPHOIO PEIIEHUS
OTHOCUTEJILHO OHOHAIIPABJIEHHBIX HECTAIOHAPHBIX BO3MyIleHuil. [IpuBeieHbl pe3yabTaTbl pacueros,
MMOKA3bIBAIOIINE PA3JIHYHBIE CIOCOOBI YIPABJIEHUs JBUXKEHUEM C TOMOIIBIO 3aJaHUs TEMIIEPATYPHI Ha
CTEHKE.

KiroueBsle ciioBa: TepMOKAINIIISIPHOCTD, IOBEPXHOCTH pasiesa, ypaBuenus Obepbexka—Byccunecka.
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