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The paper presents the results of numerical simulation of non-linear convection regimes of a NaCl
aqueous solution in square and horizontally elongated rectangular cavities with hard and impermeable
boundaries. The vertical boundaries of the cavities are thermally insulated, and the horizontal ones are
maintained at different constant temperatures, which corresponds to heating from below. Calculations are
carried out within the non-stationary approach using of Boussinesq approximation and taking into account
the polynomial temperature dependence of the thermal diffusion coefficient. According to this
approximation, at K, the thermal diffusion coefficient changes sign, and thus the direction of the
concentration gradient, also changes. The temperature gradients on the horizontal boundaries are chosen
so that the thermal diffusion coefficient changes sign inside the cavity. Other transport coefficients are
considered to be constant. Simulations were performed for the cases of the action of the Earth gravity and
at reduced gravity conditions. Earth-gravity and reduced-gravity conditions. Based on the results of
simulations, the local and integral characteristics of non-linear regimes were obtained, and the structure of
the emerging flow and the distribution of NaCl concentration were determined. It is shown that the
temperature dependence of the thermal diffusion coefficient only slightly affect the structure and intensity
of the emerging flow but significantly reduces the degree of separation of mixture components. Under the
gravitational field of the Earth, an oscillatory four-vortex flow with reconnection of vortices occurs in the
square cavity, and a multi-vortex flow - in the rectangular cavity. The characteristics of the multi-vortex
flow vary irregularly. At reduced gravity, a stationary flow is observed in both square and rectangular
cavities. Under microgravity conditions, the concentration isolines are “frozen” into the stream function
field, i.e., the similarity between the fields is pronounced.
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1. Introduction

Investigations of heat and mass transfer in multicomponent mixtures with allowance for diffusion and
thermal diffusion have a wide range of applications. Examples would be hydrocarbon production [1],
filtration of pollutants [2—4], their distribution [5-8], recovery of geothermal energy [9]. A similar approach
is applicable to modeling complex biological fluids, colloidal suspensions and metals [10-14].

To take into account the effects of diffusion and thermal diffusion, it is necessary to know the values of
the transfer coefficients. There are many works devoted to the determination of the transfer coefficients in
specific multicomponent mixtures under various fixed external conditions (values of temperature, pressure)
and different ratios of the mass fractions of the mixture components [15-19]. In a number of works, the
diffusion and thermal diffusion (Soret) coefficients are found as functions of the temperature and
concentration of the mixture components [15, 20-27]. Analysis of literature data shows that binary organic
liquid mixtures can be divided into three groups by the nature of the dependence of the Soret coefficient on
temperature and concentration. The first group demonstrates a non-monotonic relationship between the Soret
coefficient and the concentration, where that relationship persists with increasing temperature and
concentration does not change with increasing temperature [25, 26]. The second group is also characterized
by a non-monotonic decrease in the modulus of the Soret coefficient with increasing temperature, and the
concentration value at which the sign of the Soret coefficient changes does not depend on temperature [27].
Mixtures of the third group have a temperature invariant point, at which the temperature does not affect the
Soret coefficient, which is not equal to zero [15, 26].

Usually, when simulating convective phenomena in mixtures, it is assumed that the deviations of
temperature and concentration from the average (or initial) values are small; therefore, the temperature and
concentration changes in the transport coefficients are not taken into account [28-30]. However, in the case
of sufficiently large temperature and concentration gradients, the variability of the coefficients can
significantly affect the behavior of the mixture. In [31], the influence of the temperature and concentration
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conditionality of the Soret coefficient on the distribution of the solute of a binary mixture in the absence of
natural convection is analyzed.

In this work, we investigate the onset and non-linear regimes of convection of an aqueous NaCl solution
in a horizontal rectangular cavity when heated from below. The temperature difference between the lower
and upper boundaries is 40 degrees. Modeling is carried out taking into account the polynomial dependence
of the thermal diffusion coefficient on temperature [21, 31], a feature of which is that the thermal diffusion
coefficient changes sign at a certain temperature value. In this work, such a temperature range has been
chosen for discussion that the sign of the thermal diffusion coefficient changes inside the cavity. Other
transport coefficient factors are considered constant.

2. Problem statement and solution method

The thermal concentration convection of a binary mixture in square and horizontally elongated
rectangular cavities heated from below is considered. (Fig. 1). The density of the mixture p is considered as

linearly dependent on the temperature T and the solute concentration C :

pzpo(l—ﬂT (T _To)_ﬂc (C_Co))- 1)

i" V=0;1,;J=0 Here f; =(—1/p0)(8p/aT )|c and S =(—1/p0)(ap/aC)|T are the
= < coefficients of thermal and concentration expansion, respectively; p,, C, and
~'L~ |8 ; T, are the average values of density, solute concentration and temperature of
n I mixture.

g|& (’v‘éﬁ’v“ The effects of barodiffusion and diffusion thermal conductivity are
f I neglected. The coefficients of viscosity v, molecular diffusion D, and
~ = thermal diffusion y are assumed to be constant, and the thermal diffusion

0 VoOLs =0 1 coefficient D, is assumed to depend on temperature according to a

Fig. 1. Geometry and polynomial law in accordance with [21, 31].
boundary conditions of the Given these assumptions into account, the nonstationary equations of
problem. thermal concentration convection of a binary mixture in the Boussinesq

approximation have this form:

oV +(V V)V =—p'Vp+ WA +[1- B (T-T,)- 5. (C-GC,)]a, (2)
OT +(V - V)T = AT, @)

8,C+(V -V)C=DAC +D;, (T)AT, (4)

V-V =0. ®)

Here V is the velocity vector; p is the pressure; g is the vector of gravity acceleration; symbol &, denotes
time t derivative; V is the nabla operator; A is the two-dimensional Laplacian.

The boundaries of the cavity are considered rigid, impermeable to the substance. Their horizontal
components are maintained at constant but different temperatures, corresponding to heating from below,
while the lateral components are thermally insulated. The boundary conditions for the concentration are that
the diffusion flux of the substance J is equal to zero (Fig. 1):

oT oC ar

x=0;I: V=0, —=0, J,=—p,D—+D;(T 0, 6
X P " )ax (©)
oC oT
y=0: V=0, TZTL, Jy:_pODE-FDT(T)E:O, (7)
oC oT
y:h: VZO, T:TU, Jyz—poDa'i‘DT(T)g:O. (8)

A square cavity with a side of 0.01 m and a rectangular cavity with a length of 1 =0,05 m and height of
h=0,01m were considered. The temperature was taken equal to T, =318 K at the lower boundary and
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T, =278 K at the upper boundary. The calculations are performed for the following values of the gravity
acceleration g: g=g,, which corresponds to the Earth conditions, as well as for g=g,-10" and
g=9,-107, that is, in reduced gravity conditions.

The object of the study was an agueous NaCl solution with a mass fraction of a dissolved substance
C, =0,0285 at an average temperature T, =298 K. The thermal and physical parameters of this mixture are

presented in the table and taken from [31-33].

Table. Thermal and physical parameters of an aqueous solution of NaCl

P, kg/im®

v, mis

7, mls

S

Pe

D, m%s

1050,0

1,03-10°

1,47-107

1,9-10*

-0,755

1,512-10°

The thermal diffusion coefficient was considered to be temperature dependent according to the following
law [21, 31]:

D; (T)~107°(1,463—0,00885T +0,0000131T*) m?/(s-K). 9)

At temperature T, =298 K, it was equal to D, ~-1,58-107" m?/(s- K); at a temperature difference of 40 K,
according to (9), inside the region the thermal diffusion coefficient changed sign; at temperature T~ ~ 285,4
K it varied from the upper boundary of the cavity to the lower one in the range from -2,66-10™" to
2,33-10™ m?/(s- K).

At the initial moment of time, it is assumed that the liquid is stationary, the solute concentration in the
cavity is uniform, and the temperature linearly depends on the vertical coordinate.

The calculations were carried out in the ANSYS Fluent software package, which implements the finite
volume method. A grid with square cells uniform in spatial variables was used, the grid step was 5-10° m, and
the time step was constant and equal to 1s. The selected sizes of the computational grid provided 5 nodes to

resolve the concentration boundary layer. The equations were discretized using the second order of
approximation in time and the third one in space.

3. Numerical results

Taking into account the polynomial form D; (T) (9) in that part of the cavity where the temperature is

higher than T" ~ 285,4 K, the thermal diffusion coefficient is negative. This means that, due to the effect of
thermal diffusion, the heavy component of the mixture accumulates in the warmer zone of the cavity, and the
light one diffuses into the colder zone. In the case of heating from below, a stable density stratification of the
mixture is formed in the cavity. On the contrary, when heated from above, the dependence of density on
temperature leads to an unstable density stratification. Then, as known from [34], at a certain value of the
Rayleigh number, the mechanical equilibrium of the mixture becomes unstable, and convection is always
excited in a monotonic manner.

In the upper part of the cavity, where the temperature is below T™ ~ 285,4 K and, according to (9), the
thermal diffusion coefficient is positive, a stable density stratification, which does not cause convective flow,
arises under the action of thermal diffusion. However, it can be expected that the flow from the lower part of
the cavity will also penetrate into this region and, as a consequence, the mixture will separate, but it will be
smaller in comparison with the case of a constant thermal diffusion coefficient.

3.1. Square cavity

3.1.1. The case of the action of the Earth gravity. We consider the effect of the Earth gravity on the mixture.
In this case, the conditions specified in this work correspond to the Rayleigh number

Ra=g/3,ATh® /(vx)~123-10°, which significantly exceeds its critical value Ra,=2,98-10° found at a
constant thermal diffusion coefficient equal to D, ~—1,58-10"* m?(s- K). In the ANSYS Fluent software
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Fig. 2. Temporal evolution in the cavity of the maximum value of the stream function (a) and the
concentration difference between the centers of the upper and lower boundaries (b) under the action of the

Earth gravity.

package used for calculations, the stream function ¥ is introduced as pu =0¥/dy, pv=-0¥/ox, where u
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Fig. 3. Fragment of the temporal evolution of the maximum
value of the stream function in the cavity (a) and the change in
the field of the stream function during the oscillation period (b)
under the influence of the Earth gravity.

y -components of

the velocity vector.

Figure2 shows data on the temporal

evolution of the maximum value of the

stream function in the cavity and the

difference in solute concentrations between
the centers of the upper and lower
boundaries of the cavity, obtained at a
constant value of the thermal diffusion
coefficient (dashed lines) and when
dependence (9) is taken into account (solid
lines).

As can be seen, taking into account D, (T)

as a function of temperature has little effect
on the emergence of instability and the
formation of the flow. The flow, both in the
cases of a constant thermal diffusion
coefficient and its dependence on
temperature, arises very quickly (there is
practically no non-convective period at short
times), then a transition to an oscillatory
regime takes place (Fig. 2a). When D, (T)
is taken into account, only a slight increase
in the flow intensity occurs. The effect of
changing the direction of the concentration
gradient inside the cavity on the separation
of the mixture is more significant; it leads to

the fact that the maximum separation of the mixture in the case of a variable thermal diffusion coefficient is lower

than with its constant value, by about 1.4 times (Fig. 2b).
With the passage of time, a regime of stationary oscillations with vortex reconnection is established (Fig. 3),

this regime is similar to that observed in [35] at a constant thermal diffusion coefficient. The concentration
distribution in the cavity is uniform in its central part and varies greatly near the boundaries (Fig. 4a, b). In

Fig. 4b, the dashed line shows the T = 285,4 K isotherm delimiting the regions in which the thermal diffusion
coefficient has different signs. The region where D, (T) is positive is pressed against the upper boundary of

the cavity due to the strong flow. The concentration profiles demonstrate strong, in comparison with flow at a
constant D, , changes near the horizontal boundaries of the cavity, also associated with a change in the sign of

the thermal diffusion coefficient in the upper part of the cavity (Fig. 4c). Concentration gradients in areas below
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and above the T™ =285,4 K isotherm are directed towards it; maximum value of solute concentration along
the line x=0,005 m in the case of a temperature-dependent thermal diffusion coefficient is achieved

precisely at the point of DT(T) sign change, while at a constant D, the mixture concentration reaches
maximum value at the upper boundary of the cavity.
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Fig. 4. Distribution of the solute concentration under the conditions of Earth gravity at time t=60 s at a
constant (a) and temperature-dependent (b) coefficient of thermal diffusion (dashed line shows isotherm
T"=2854 K, along which D;(T)~0 m(s-K)); concentration profiles (c) along line x=0,005 m

(symbol X corresponds to the point where the thermal diffusion coefficient changes sign).

3.1.2. The gravitational force that is ten times less than that of the Earth. With a decrease in the
magnitude of the gravitational force, convection occurs later: a sharp increase in the intensity of the flow is
observed at t~50 s (Fig. 5a). Subsequently, a stationary flow is formed in the cavity. Since there is a
change in the sign of the thermal diffusion coefficient inside the cavity when taking into account that D, (T),
the degree of maximum separation of the mixture in this case decreases in comparison with the degree at a
constant value D, by about 1,2 times (Fig. 5b). This is slightly lower than in the conditions of Earth gravity.
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Fig. 5. Temporal evolution of the maximum value of the stream function in the cavity (a) and the
concentration difference between the centers of the upper and lower boundaries (b) at a gravity ten times
less than the Earth one.

The stationary flow, which arises under the gravitational force, which is ten times less than that of the
Earth, has 2-vortex form both at a constant value of the thermal diffusion coefficient and at D, (T) (Fig. 6a).

Since the Schmidt number is large (Sc =v/D =681), the concentration isolines are "“frozen™ in the flow field

(that is, both fields have a pronounced similarity). There are two regions where the concentration is
practically constant, and gradients are observed near the boundaries of the cavity and at the boundaries of the
vortices (Fig. 6b).
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Fig. 6. Isolines of the stream function (a), concentration distribution (b) at a temperature-dependent thermal
diffusion coefficient; concentration profiles (c) along the line x =0,005 m at a gravity ten times less than

the Earth one, at the time t =1000 s.

In the upper part of the cavity, the influence of the change in the sign of the thermal diffusion coefficient has

an impact: the concentration reaches its maximum value at the point where D; (T) ~0 m?/(s- K), to which

the concentration gradients are directed (Fig. 6¢). The maximum concentration value in the case of a constant

thermal diffusion coefficient occurs at the upper boundary of the cavity.
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Fig. 8. Isolines of the stream function at a temperature-dependent thermal diffusion coefficient (a), the
distribution of concentration isolines at a constant (b) and variable (c) thermal diffusion coefficient;
concentration profiles (d) along the line Xx=0,005 m at a gravity one hundred times less than the Earth

one, at the time t = 3600 s.

3.1.3. The gravitational force is a hundred times less than that of the Earth. With a force of gravity a
hundred times less than that of the Earth, a weak stationary flow is realized in a square cavity (Fig. 7a),
which appears after a sufficiently long non-convective period. The onset of convection is accompanied by an
increase in the intensity of movement, which takes place over a time interval from 500 to 850 s. The
separation of the mixture in a stationary regime at a constant value of the thermal diffusion coefficient is
approximately 1.4 times higher than in case when the dependence D, (T) is taken into account (Fig. 6b).
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Fig. 7. Temporal evolution of the maximum value of the stream function in the cavity (a) and the
concentration difference between the centers of the upper and lower boundaries (b) at a gravity one
hundred times less than the Earth one.
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The structure of a stationary flow is one-vortex (Fig. 8) both at a constant thermal diffusion coefficient and
at D, (T) . When the temperature dependence is taken into account, the concentration isolines in the flow field
are "frozen", as in the previous case (Fig. 8b, ¢). The concentration profile along the x=0,005 m line with a
variable thermal diffusion coefficient shown in Fig. 8d as a solid line differs significantly from the profile
obtained with a constant D, (Fig. 8d, dashed line) and is qualitatively similar to the profile in the absence of
convection presented in [31].

3.2. Rectangular cavity

3.2.1. Earth gravity. Let us consider the behavior of the mixture in a rectangular cavity with length
1=0,06 m and height h=0,01 m. Figure 9 shows the graphs of the temporal evolution of the maximum
value of the stream function in the cavity and the concentration difference between the centers of the upper
and lower boundaries of the cavity at a constant (D, ~-1,58-10"% m?(s-K)) and variable (D; (T) (9)
thermal diffusion coefficient.

As can be seen from the figure, taking into account dependence (9) has little effect on the intensity of the
flow arising in the cavity. In both situations, there is an almost complete absence of a non-convective period
at short times, then a strong flow emerges in the form of irregular oscillations (Fig. 9a).

The flow intensity is slightly higher in the case D, (T), and the separation of the mixture occurs later, and

its maximum value is less (Fig. 9b).

The flow structure is 4-vortex with a constant and variable coefficient of thermal diffusion, however, in
the first case, there are two more vortices, more pronounced than with a temperature-dependent coefficient of
thermal diffusion (Fig. 10). Concentration isolines show that in the middle part of the cavity its distribution is
uniform, and noticeable changes are observed near the boundaries of the cavity (Fig. 11a, b). Figure 11c,
which shows the vertical profiles of the concentration, demonstrates the influence of the change in the sign
of the thermal diffusion coefficient, as well as the presence of uniformity in the concentration distribution in
the central part of the cavity and its absence at the boundaries.
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Fig. 9. Temporal evolution of the maximum value of the stream function in the cavity (a) and the concentration
difference between the centers of the upper and lower boundaries (b) under conditions of Earth gravity.

Fig. 10. Isolines of the stream function at a constant (a) and temperature-dependent (b) coefficient of
thermal diffusion under the action of the Earth gravity at time t =200 s.
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Fig. 11. Distribution of solute concentration at constant (a) and temperature-dependent (b) thermal
diffusion coefficient and concentration profiles (c) along the line x =0,005 m at the Earth gravity at time
t=200 s.

3.2.2. Gravity that is a ten times less than that of the Earth. In the case when the gravitational force is
reduced ten times relative to that of the Earth, a non-convective period appears during t~20 s from the
beginning of the process (see Fig. 12a). During this period, separation of the mixture that is close to purely
diffusion takes place (Fig. 12b). Then convection occurs, accompanied by a sharp increase in the flow
intensity and an even greater increase in the degree of separation of the mixture.
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Fig. 12. Temporal evolution of the maximum value of the stream function in the cavity (a) and the
concentration difference between the centers of the upper and lower boundaries (b) at a gravity ten times
less than the Earth one.

Then the flow reaches a stationary regime. At the considered value of the gravitational force, the largest
values of the difference in the solute concentration in the cavity in the cases of constant and variable
coefficients of thermal diffusion differ stronger than under the action of the Earth gravitational force. The
differences are even more noticeable compared to the square cavity — approximately 1.8 times (Fig. 12b).
The steady flow established under these conditions has a 9-vortex structure at constant D, and 8-vortex

one at a variable D; (T) (Fig. 13). Compared with the case of the action of the Earth gravity, a decrease in

the spatial scale of convective vortices is observed. The Schmidt number is large, because of this, the
concentration isolines are "frozen" in the velocity field. Nine regions appear with a constant thermal
diffusion coefficient and eight regions with a temperature dependence D, corresponding to the vortices in

Figure 13; in these areas the concentration is practically uniform, and when the thermal diffusion coefficient
changes the sign inside the cavity, the “freezing” is more pronounced (Fig. 14a, b). The concentration
profiles show that, as in the case of the Earth gravitational force, the concentration value differs little from
the initial value in the central part of the cavity and significantly at the boundaries. However, the difference
between the flows of a mixture with constant and variable coefficients of thermal diffusion at a given level of
gravity is more noticeable because there is some deviation from the equilibrium value in the central part
(Fig. 14c). In the case of a flow with a constant thermal diffusion coefficient, in contrast to a flow with a

variable Dy (T) the solute concentration is highest at the upper boundary of the cavity.
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Fig. 13. Isolines of the stream function at a constant (a) and temperature-dependent (b) coefficient of

thermal diffusion at a gravity that is ten times less than the Earth one, at a time t =300 s.
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Fig. 14. Distribution of solute concentration at constant (a) and temperature-dependent (b) coefficient of
thermal diffusion and concentration profiles along the line X =0,005 m (c) at gravity, ten times less than

the Earth one, at time t =300 s.
3.2.3. Gravity that is a hundred times less than that of the Earth. In a field of reduced gravity, a long non-
convective period is observed in a rectangular cavity, it continues approximately 250 s (Fig. 15a). A further

increase in the flow intensity also lasts for a rather long time: the transition to a stationary regime occurs at a

time of about 450 s. With a variable coefficient of thermal diffusion, the enhancement of the mixture
separation is carried out more slowly than with a constant one (Fig. 15b). In this case, the separation of the
mixture in a stationary regime decreases 1,6 times as compared with the case of a constant thermal diffusion

coefficient.
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Fig. 15. Temporal evolution of the maximum value of the stream function in the cavity (a) and the
concentration difference between the centers of the upper and lower boundaries (b) at a gravity that is one

hundred times less than the Earth one.

Fig. 16. Isolines of the stream function at a temperature-dependent coefficient of thermal diffusion at a

gravity that is one hundred times less than the Earth one, at the time t = 2000 s.
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The flow structure at t =2000 s, which corresponds to the stationary regime, is shown in Figure 16. It can
be seen that the flow has a 6-vortex shape. The concentration isolines, as in the case of a gravity which is 10
times lower, are "frozen" in the stream function field. With a variable coefficient of thermal diffusion, the
concentration isolines differ from those obtained in the simulation in the case of a constant coefficient of
thermal diffusion; due to change of thermal diffusion coefficient sign, the concentration reaches its maximum
value not at the boundary of the cavity, but in its central part (Fig. 17a, b), therefore, the distribution of the
NaCl mixture along the vertical central line in the middle part of the cavity is close to the initial one in Figure
17a and differs markedly from the initial one in Figure 17b. At the horizontal boundaries, the concentration
changes sharply (Fig. 17c).
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Fig. 17. Distribution of solute concentration at constant (a) and temperature-dependent (b) coefficient of
thermal diffusion and concentration profiles (c) along the line X =0,005 m at a gravity that is one hundred
times less than the Earth one, at the time t =2000s.

4. Conclusion

The results of numerical simulation of the onset and development of non-linear regimes of convection of
an aqueous NaCl solution in square and rectangular cavities elongated in the horizontal direction are
presented. The calculations were performed taking into account the dependence of the thermal diffusion

coefficient D; (T) on temperature according to the polynomial law. Heating from below is considered; the

temperature difference between the horizontal boundaries created in this case is 40 K. With such a
temperature difference, the mixture inside the cavity changes the sign of the thermal diffusion coefficient,
which leads to a change in the direction of the concentration gradient. The emergence and development of
convective regimes under conditions of terrestrial and low gravity is investigated. In the case of a square
cavity under the Earth gravity, an oscillatory 4-vortex flow with reconnection of vortices is formed. With a
decrease in the force of gravity, the flow becomes stationary 2-vortex, and with even less gravity, it becomes
single-vortex. In a rectangular cavity under the Earth gravity, irregular fluctuations in the values of the flow
characteristics are observed. With a decrease in the gravitational force, the flow becomes stationary, its
spatial scale decreases.

The flow intensity is rather high, therefore, a uniform distribution of the mixture is maintained in the
central part of the cavity. Large gradients of solute concentration are observed near the boundaries. Taking
into account the polynomial dependence of the thermal diffusion coefficient on temperature has little effect
on the nature of the flow; however, a change in the sign of the thermal diffusion coefficient inside the cavity
leads to a significant decrease, in comparison with the flow of a mixture at a constant thermal diffusion
coefficient, of the maximum degree of separation of the components.

This work was carried out with financial support from the government of the Perm Region (Program of
Support for Scientific Schools of the Perm Region, Agreement No. C-26/788).
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