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On thermodiffusion of binary mixture in a horizontal channel
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Abstract. The influence of the thermal load distributed unevenly at the walls of a long horizontal
channel filled with a binary mixture on the convective flow is studied based on the constructed exact
solution of the boundary value problem for the Oberbeck-Boussinesque equations. It is established that
the obtained solution reflects the effect of thermal diffusion correctly, demonstrating the accumulation
of a light component near a more heated wall. It is shown that an increase in the horizontal and vertical
temperature gradient on the walls leads to the appearance of inhomogeneities in the temperature and
concentration fields inside the layer.
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Introduction

It is well known that the occurring density gradient in liquids results in arising convection
since the energy of gravity converts to the energy of motion. The density differences can be caused
by heating/cooling of fluid or changing its concentration. It is necessary to note that description
of convection in mixtures is much more complicated problem than the similar tasks related to
homogeneous liquids. The interaction between thermal conductivity and diffusion, taking into
account thermodiffusion effect can lead to complex relationships that need to be identified and
studied. Analysis of regularities of convective motion can be provided by means of construc-
tion and interpretation of exact solutions of boundary value problems for differential equations
describing the heat and mass transfer in liquid mixtures. Despite the intensive development of
numerical methods for solving hydrodynamic problems, the construction of exact solutions does
not lose its relevance. The solutions in closed formulas make it possible to carry out a complex
analysis of parameters affecting the flow, revealing features of motions and dominant factors of
heat and mass transfer.

One of the currently known solution related to the study of heat transfer in homogeneous
liquid is mentioned in monograph of Ostroumov [1] and described in more detailed by Birikh [2].
It is the solution of classical Oberbeck-Boussinesque equations, where the velocity vector has the
horizontal component only. In this case the temperature function depends on the longitudinal
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coordinate linearly. In the last decade the term "Birikh-type solution" refers to the entire class of
solutions of equations of heat and mass transfer models, if it describes the flows in long horizontal
channels, the walls of which are heated with respect to linear law in the longitudinal coordinate
(see Fig. 1). The preprint [3] and paper [4] are devoted to the research of the Birikh-type solution
in various problem statements and geometries of channel, and its nonstationary analogs as well.
In [5] and in references therein the examples of utilization of similar to Birikh-type solution for
study of evaporation from two liquids interface can be found.

The present paper concerns with using the Birikh-type solution for the modeling of thermal
diffusion separation in a long horizontal channel filled by binary liquid mixture. This solution
without final formulas is mentioned in [3]. Here, all expressions for velocity, temperature and
pressure functions are obtained for one problem statement (if the both channel walls are heated
with respect to linear law along the horizontal coordinate). The analysis of the influence of the
thermal load of the walls is carried out. It is revealed that the main mechanism of generation
of concentration inhomogeneities is the thermal diffusion effect. This is rather a rare situation,
when at absence of the mentioned effect the field of concentration remains unchanged while
temperature, pressure and velocity reconstruct significantly.

1. The problem statement

At the derivation of the mathematical model describing thermal diffusion separation in a
binary liquid some essential assumptions are taken into account. They are the following:

e the flow is slow enough, its velocity is not great. Moreover, only the horizontal component
of the velocity vector is not zero, the remaining components are neglected;

e heat and mass transfer is described with the help of Fourier’s and Fick’s laws respectively;

e density changes are considered only in the term corresponding to the buoyancy force, the
dependence of density on concentration and temperature is linear.

Summing up the listed assumptions we write the equation of convection based on Navier—Stokes
equations in the Oberbeck—Boussinesque approximation [6]. Furthermore, the balance relation-
ships for temperature and concentration are taken into consideration. The governing system has
the form

1 1
Viyy = — Dy T+ B:C) = —pl,
v p 9(Ah B20) % Dy
uTy = X(Tox + Tyy), (1)
uCy = D(Cypy + ny) + De(Tm + Tyy)a

where u(y) is the horizontal component of the the velocity vector, the functions of temperature T,
concentration C' and the modified pressure up to hydrostatic term p* depend on the both variables
x and y, g is the gravity acceleration, pgy is some reference value of the density of the liquid, v, x
and D is the kinematic viscosity, heat diffusivity and diffusion coefficient respectively. D? < 0 is
the parameter of thermal diffusion, 5; and 2 are the coefficients of thermal and concentration
expansion respectively. If the gradients of temperature and concentration are co-directional
(oppositely directed) the thermal diffusion is called normal (abnormal) [7].

=777 —



Irina V. Stepanova On thermodiffusion of binary mixture in a horizontal channel. ..

Let the values 6 and L represent temperature and the scale of the width of the layer respec-
tively. Using the following dimensionless variables
x Y v

x:Z, y:Za U:W%

) ) 8, (2)
N S (2]
" hoghoL” 0 516

we rewrite equations (1) in the nondimensional form
Uyy = Pz T+C:pya
1
GruT, = o (T +Tyy), 3)
1

GruC, = S [Coz + Cyy — Y(Tow + Tyy))s

the symbols hat and asterisk are omitted, Gr = gB3,0L3/v? is the Grashof number, Pr = v/ is
the Prandtl number, Sc = v/D is the Schmidt number, ¢ = —BD?/(1 D) is the separation
ratio. Further on the boundary conditions for system (3) are posed and discussed.

1.1. Boundary conditions

The scheme of flow is shown in Fig. 1. We consider the motion of binary mixture between
two rigid walls heated with respect to linear law in the horizontal direction for the temperature
distribution. In this case the boundary conditions for the temperature function are

T|y—0 = A1z + By, T|y=1 = Azx + By, (4)

where A;, B;, i = 1,2, are the given constants. They correspond to horizontal and vertical
gradients of distribution of thermal load on the walls.

Yy

uw=20 T = Agx + Bo Cy — YTy =0
1 1
J u(y) dy = q, [C(z =0,y)dy = Co :
0 0
T
0 u=2~0 T = A1z + By Cy — YTy =0

Fig. 1. Problem geometry and boundary conditions

For the function of velocity we have no-slip conditions. Therefore, the flow rate ¢ through a
cross section of the layer is assumed to be known. In such a way the following relations for the
velocity function are fulfilled

1
Uly=0 =0, Uly=1 =0, / udy = q. (5)
0

For the function of concentration the conditions of the flux absence taking into account
thermal diffusion effect are

(% - ¢%> ‘yzo -0 <% - w%) ’yzl - o
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It is well known that when we deal with the boundary-value problem for an elliptic equation
with the Neumann conditions (as the last equation in (3) with conditions (6)), then the question
on closing the problem is open [8]. We need some additional condition for the exhaustive defi-
nition of all integrating constants. We use the condition for average concentration in the cross
section z = 0, expressing by

/ C(z y)dy = Cp. (7)

Equations (3) with conditions (4)—(7) are the closed boundary-value problem. Its solution is
constructed and discussed further.

2. Exact solution of the posed boundary-value problem

One of the exact solution of system (3) with conditions (4)—(7) can be found if the functions
of temperature and concentration depend on the variable z with respect to linear law as well
as the temperature on the walls (see (4)). This assumption gives an opportunity to integrate
equations (3) and retrace the solution satisfying to conditions (4)—(7) in the closed form. The
functions of velocity, temperature, concentration and pressure are

(a+ )yt (es+ea)y®  esy?
U= 21 + 6 + 9 + cgY, (8)
GrPry?® rtiyt oy t3y?  tay
< W) s 9
(c1y + c3)z + 5 51 50 T +3 + cry + cs 9)
G 3 ,y4 y3 y2
C = (cay + ca)z + ((Sc ki + UPrty) 5o + (Schy +¥Prta) L=+ (Scky + yPrs) 4o+

Scks +YPrt
+ (Sckq + ¢Pr t4)% %M) + coy + c10, (10)
+ c2)y? Gry* v
p= %+(C3+C4)y+c5}$+ ((SCk1+(¢+1)Prt1)56
yS y2 Yy
+ (Scky + (¥ + 1)Prt2)35 (Scks + (v + 1)Prt3)% + (Scks+ (¢ + 1)Prt4)E+
Scks + (1 + 1)Prt ?
4= (1/; ) 5) +<C7+CQ)%+(CS+CIO)?J+CH' (11)
The following notation for ¢; and k;, i = 1,...,5, is used
o latala , (etaa (ot
T 2T 6 24
=0 % = S0 y coer, 15 = cocy
(1 +ca)en (st c)er | (ar+ce2)e
kl - 24 9 kQ - 6 + 24 ) (]‘2)
kg = 05202 + %’ ks = 765204 + cgca, ks = cgey.
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Constants ¢;, i = 1,...,10, are found by means of boundary conditions (4)—(7) and have the
form

cp = Ag — A1, C2 = 1/1(142 *Al), C3 = A17

=g w(jfl(fl A‘Q)"‘j)mq) A — 1) = Ax(t+ 1) + 720

o = 3¢(A;O— Ay) (7A12—B3A2) B %4 12,

o = 1/J(A130— Az) n 3A1(;B2Az n % + 6, (13)
07132*31*$ %+%+%+%+t§5, cg = Bu, ¢y = ey,

10 = Cy — % _ % Sc kyq J5r61/JPrt1 n Sc ko 4551/1Prt2 n Scks 42~01/1Prt3+

Scky+YPrty  Scks+ YPris
10 4 ’

The constant c; remains unknown. It is a feature of all stationary problems in convection of
liquids. The pressure function is defined up to one constant [9]. The obtained solution is the
generalization of the Birikh solution for the case of studying a binary mixture flow.

3. Analysis of influence of temperature gradients on flow
with the help of the constructed exact solution (8)-(13)

At the beginning of this study some essential remarks should be given.

1. If we put ¢ = 0, i.e. the thermodiffusion effect is excluded from the consideration, then
simple calculations using formulas (10), (12) and (13) lead to C' = Cy. It means that the
thermal diffusion effect is the main generator that builds up the concentration inhomo-
geneities. Further the case ¢ = 0 is left out of account.

2. Influence of flow rate ¢, gravity intensity g and layer thickness L on the flow was studied
in [11]. It was concluded that when the separation ratio ¢ # 0, the heterogeneity of
the concentration field was more pronounced at the large layer thickness, zero flow rate
and in the conditions of hypergravity action (a hundred times more than Earth gravity
g =9.8m/s?).

3. If Ay = A, then the constants c¢j, co and ¢4 vanish in formulas (13). It leads to the
function of concentration (10) does not depend on z, and factor outside the z in the
function of temperature (9) does not contain the variable y. It makes difficult the physical
interpretation of the constructed solution. Further the case A; = A, is out of consideration.

Influence of temperature gradients A;, B;, ¢ = 1,2, is considered further in this paper. The
following geometrical and physical parameters of the flow are used for analysis of action of the
horizontal and vertical temperature gradients on the flow:
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e The layer width L = 0.003 m, the gravity g = 9.81 m/s?, the characteristics temperature
difference 6 = 20 °C, the flow rate Q@ = 10=° kg/(m - s) (¢ = QupoGr = = 0.516 - 107° is
the nondimensional analog of @), the nondimensional variable = varies in the interval (0,
20).

e The Prandtl number Pr=27.83, the Schmidt number Sc=5234, the separation ratio 1»=0.24
and the Grashof number Gr=957.55 correspond to physical parameters for ethanol-water
mixture with the concentration of the ethanol Cy = 0.7. The data for the calculations of
these constants are taken from [10] and from the previous point of this list.

e The distribution for the temperature at the upper wall does not change. It is
T|y=1 = Asx + By = 0.00015z + 0.5

in the nondimensional variables for all considered configurations. The temperature distri-
bution on the lower wall is

T|y:0 = AlfL' =+ Bl = (A2 —+ AA)QC -+ B2 + AB,

where AA and AB are used further for the estimate of influence of horizontal and vertical
temperature gradients on the thermal diffusion process.

The first point of the analysis is the investigation of action of changing AA on convection in
the channel. We use B; = 1, the values of AA are given in the first column of Tab. 1. There
are changes of the concentration and temperature functions in the second and third columns
of Tab. 1 respectively. The values of AC and AT are found as difference between maximum
and minimum values of the corresponding functions in the computational domain (y € [0,1],
x € [0,20]). It can be observed that intensification of the thermal load of the lower wall leads to
increasing of values AC and AT. It should be emphasize that small variations of AA correspond
to small variations of temperature and concentration differences.

Table 1. Estimate of influence of horizontal temperature gradient on changes of concentration
and temperature

AA AC AT
0.00012  0.12561 0.527
0.001575 0.12751 0.534
0.00195  0.12952 0.542

The fields of ethanol concentration and mixture temperature are shown in Fig. 2 b,c for the
values of AA = 0.0012. It can be seen that the ethanol accumulates close to more heated lower
wall. It is in a good agreement with the velocity profiles (Fig. 2 a), where increasing of the velocity
values near the lower wall is observed. The solid, doted and dashed curves in Fig. 2 a correspond
to different values of AA from Tab. 1. The growth of thermal gradient in the horizontal direction
results in enrichment of more heated region by the light component. It explains increase of the
velocity of the convective motion with respect to intensification of thermal load.

The second point of the analysis is the effect of vertical temperature gradient on the motion.
As in the previous case the table with changes of AB, AC and AT is drawn up (see Tab. 2).
The value of A; equals to 0.00135 for all AB in this study.
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Fig. 2. The velocity profile (a) for different values of AA: the solid curve corresponds to
AA =0.0012, the dot curve is for AA = 0.001575 and the dash curve is for AA = 0.00195.
Fields of concentration (b) and temperature (¢) for AA = 0.0012, B; =1

Table 2. Estimate of influence of vertical temperature gradient on changes of concentration and
temperature

AB AC AT
0.25 030 1.253
0.5 0.36 1.503
0.75 042 1.753

It is necessary to note that the values of AB do not influence velocity. It can be confirmed
with the help of expression (8) and corresponding constants from (13). There are no B;, i = 1,2,
in these formulas. Thus, the velocity remains the same for every value of AB, the velocity profile
can be seen in Fig. 2a for A; = 0.00135. The profiles of concentration and temperature at
x = 10 are given in Fig. 3 a,b for different values of AB given in the first column of Tab. 2. As
in the table as by means of figure it can be followed that the growth of the vertical temperature
gradient leads to increasing of concentration and temperature differences. Therefore, the profiles
of T" and C coincide, the ethanol tends to the lower wall y = 0, where the temperature is higher.
This configuration corresponds to normal thermodiffusion effect [10].

¢ - T
0784 _ AB =025 "
0763 e AB = 0.5 -

0.747 T AB =075

0.724

0.74
0.68
0.66
0.64
0.62

Fig. 3. The concentration profile (a) and temperature profile (b) in section « = 10 for different
values of AB: the solid curve corresponds to AB = 0.25, the dot curve is for AB = 0.5 and the
dash curve is for AB = 0.75
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Conclusion

The study presented in the paper is the final step of the exhaustive investigation of exact
solution of the Birikh type describing convective motion in a binary liquid mixture in a long
flat horizontal channel. Based on the constructed solution, it is possible to reveal the area of
parameters where the solution does not exist from the point of view of mathematics (parameters
that turn the denominator of the formula for ¢4 in (13) to zero), or has no physical meaning
(the concentration goes beyond the interval (0,1)). This conclusion emphasizes worth of exact
solutions, because the solution constructed in the closed formulas allows simultaneous analysis
of all factors influencing the flow.

The action of the thermal load linearly depending on the longitudinal coordinate at the
channel walls has been analyzed. It is shown that the transverse temperature gradient does not
affect the fluid velocity, but significantly effects the appearance of temperature and concentration
inhomogeneities. At the same time an increase in the longitudinal temperature gradient on the
walls results in an intensification of the velocity and has little effect on the redistribution of
temperature and concentration in the layer. The presented paper together with another paper
of the author [11], is a completed study of the effect of all variable system parameters (liquid
flow rate, layer thickness, gravity action and thermal load on the walls) on the thermal diffusion
separation of a binary mixture in a channel in stationary case. Further development of the study
is the stability analysis of the obtained solution and the solution of corresponding nonstationary
problem. The first results in investigation of the nonstationary problem can be found in [12].

This work is supported by the Krasnoyarsk Mathematical Center and financed by the Ministry
of Science and Higher Education of the Russian Federation in the framework of the establish-
ment and development of Regional Centers for Mathematics Research and Education (Agreement
no. 075-02-2022-873).
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O Tepmomuddys3un 6mHapHOIT cMecn B rOpM30HTAJIbHOM
KaHaJie ¢ HEOTHOPOIHbIM HArPEBOM CTEHOK

HNpuna B. CrennanoBa
MNucruryT Bhraucinresnsaoro mogenuposanns CO PAH
Kpacnosipck, Poccuiickas @eneparus

Awnnorauusi. Ha ocHOBE TOCTPOEHHOIO TOYHOIO PeIeHMs KPaeBoi 3ajaqun njist ypaBHeHuit Obepbeka-
Byccunecka wmccimemoBaHo BiMsSIHME TENJIOBONW HATPY3KH, PAaCHpEIEeHHOW HEPABHOMEDHO HA CTEHKAX
[IPOTSI>KEHHOI'O0 TOPU30HTAJILHOIO KaHAJA, 3aIll0JHEHHOIO OGUHAPHON CMeChio, Ha KOHBEKTUBHOE TEYEHUE.
YcTaHOBJIEHO, UTO MOJTyYEHHOE PEIIeHNe KOPPEKTHO MOIeTUpyeT 3hdeKT TepMmoandpy3un B cMecu Boia-
9TAHOJI, TOKA3BIBasl CKOIIJIEHUE JIETKOTO TI0 TJIOTHOCTH KOMIIOHEHTa BO3Jjie Oostee Harperoii crenku. [loka-
3aHO, YTO YBeJIMYEHUE NOPU30HTAIBLHOIO U BEPTUKAJIBHOI'O I'PAJIMEHTA TEMIIEPATYDPbI HA CTEHKAX BJI€YET
MOSIBJIEHE HEOTHOPOIHOCTEN TOJIell TeMIIepaTypbl U KOHIIEHTPAIIMA BHYTPHU CJIOSI.

KirouesBsle cioBa: ypasuenus O6epbeka-Byccunecka, Tounoe perienne, GuHAPpHAs CMECh, KOHBEKIHUSI,

TepMo i Dy3UOHHOE pa3IeIeHue.
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