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Abstract. Recently, we proved that it was possible to significantly increase the importance of the species
separation for binary mixtures, under microgravity, using forced convection obtained by a uniform trans-
lational displacement of the horizontal isothermal walls of the cell maintained at T}, and T, respectively,
with AT = T}, — Te.

The present work is an extension of the study performed by Mojtabi (2020) with various mixtures, from bi-
nary to n-component mixtures. An application with a ternary mixture was presented. The mixture of tetralin,
isobutyl benzene, n-dodecane with respectively 0.8-0.1-0.1 mass fractions was studied experimentally in
weightlessness.

Keywords. Thermo-diffusion, Species separation, Soret effect, Microgravity, Forced convection, Multicom-
ponent mixtures.
Published online: 2 March 2023

1. Introduction

In the gravity field or under microgravity, pure thermo-diffusion leads to very weak species
separation. To increase the species separation in the presence of gravity, many authors use
thermo-gravitational diffusion in vertical or inclined columns (TGC) [1-4]. The flow velocity
strongly depends on the temperature difference, AT, imposed between the two walls facing each
other, and also on the distance, H, between the walls. An optimum species separation cannot
be obtained in relation to AT and H simultaneously. We can obtain an optimum which is only a
function of H for a fixed AT or as a function of AT for a fixed H, Mojtabi [5].
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Figure 1. Schematic diagram of the rectangular cavity.

Studies on ternary mixtures are more recent. Experiments were conducted recently in the
International Space Station (ISS) to measure the thermodiffusion coefficients of the ternary
mixture tetralin, isobutyl benzene and n-dodecane [6, 7].

Mutschler and Moijtabi [8] studied numerically and theoretically the Soret driven convection
in a horizontal porous layer saturated by n-components, with an application to a ternary hydro-
carbon mixture composed of tetralin, isobutyl benzene, n-dodecane.

Recently, Mojtabi [9] showed that it is possible to significantly increase the importance of
species separation for binary mixtures, in microgravity, using forced convection obtained by a
uniform translational displacement of the isothermal walls maintained at T}, and T, respectively,
with AT = Ty, — T,. In this new configuration, the species separation is several orders of magni-
tude greater than the one obtained in thermo-gravitational columns (TGC). The author verified
that it is possible to carry out experiments, in microgravity, in order to measure directly the ther-
modiffusion coefficients of a binary mixture.

The present work is an extension of the study performed by Mojtabi [9] with various mixtures,
from binary to n-component mixtures. An application with a ternary mixture was presented. The
mixture of tetralin, isobutyl benzene, n-dodecane with respectively 0.8-0.1-0.1 mass fractions
was studied experimentally in weightlessness. The geometry is a rectangular cavity. An analytical
solution was obtained using the parallel flow approximation. The parameters leading to the
optimal species separation for tetralin and n-dodecane were calculated. The analytical results
were corroborated by direct numerical simulations (Comsol Multiphysics software).

2. Mathematical formulation

We considered a rectangular cavity of large aspect ratio B = L/H, where H is the thickness
of the cavity along the y axis and L is the length along the x axis. The cavity is filled with a
multicomponent mixture of density p and dynamic viscosity p. The two walls x =0 and x = L
are adiabatic and impermeable. The two other walls y = 0 and y = H are kept at constant and
uniform temperature Tj, and T, respectively and move at two opposite but constant imposed
velocities (—Upéy, Upéy) (see Figure 1).

The Boussinesq approximation is assumed to be valid. Thus, the thermo-physical properties
of the multicomponent mixture are constant, except for the density in the buoyancy term, which
varies linearly with the temperature and the mass fraction of (n — 1) components of the fluid
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mixture:
-1

n
p=po|1-Br(T—-To)- Y Bc.(Ck—Cop) |, (1)
k=1
where f1 and ¢, are respectively the thermal expansion coefficient of the mixture and the mass
expansion coefficients of (n — 1) components of mass fraction C with k = 1, n— 1. The mass flux
density vector of each constituent is defined as follows:

N n-1

Jk==po ) (Dg;VCj+ D7, VT), k=1,n-1. @)

j=1

The parameters Dy; is the mass diffusion coefficient of species k in species j and D/T . the
thermodiffusion coefficients of species k. They are defined as follows:

D'y = F(C)Dr.

The functions F(Cy) verify: F(Cy =0)=0and F(Cx =1) =0.
We assumed that the variations of the mass fraction in the vicinity of Cy remain small:

F(Cy) = F(Cop)-

Most of the authors use the hypothesis: F(Cyx) = Cor(1 — Co) where Cyy is the mass fraction of
species k at the initial state of the mixture.

The dimensional equations governing the forced convection flow of a multi-component fluid,
in microgravity, are given by:

V-V=0
0~ - .
po(aV+V-VV):—VP+,uV2V

T .
3 %+V-VT=av2T 3)

0Cr =~ jsn-l 2 , .
a—t+V'VCk= (Dg;V Cj+v'(DT,kVT)) withk=1,n-1,
=1

J

where V is the velocity field, inside the rectangular cavity, induced by the walls y = 0 and y = H
moving at constant velocity —Upéy and Upéy respectively, where «a is the thermal diffusivity and
1 is the dynamic viscosity of the n-components fluid.

The corresponding dimensional boundary conditions are:

oL 7=0,2F oj:le % ok=1,n=1 Vyelo,H]
xX=0,L: =0 —=0, i~ —-UK=1L,n-— €10,
0x = ki g% Y
. . R j=n-1 6Cj , oT
y=0,H: V=-Upé,, Upéy, T=T, T Zl ijW+DT‘k5=0, k=1,n-1vYxe[0,L].
]:

4

3. Analytical solution in the case of shallow cavity

In the case of a shallow cavity B > 1 the parallel flow approximation, used by many previous
authors [10], is considered. The streamlines are all parallel to the x axis throughout the cavity
except for the vicinity of the insulated walls x = 0 and x = L, which gives:

Vi = Up(y)@y. 5)
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The temperature and mass fraction profiles can then be written as the sum of a term defining a
linear variation along x and another term giving the distribution along y:

{ Ty =bx+g(y)

Cppr=mpx+ fr(y) Vk=1,n-1. ©®

The constants b and my represent the temperature and mass fraction gradients along the x
direction respectively. The constant b is zero due to constant temperatures imposed on the walls
y = 0, H. By replacing in the system of Equations (3), the velocity, the temperature and the
mass fractions by their expression in the Equations (5) and (6) we obtain the following simplified
equations

3
Uy _
ay?
0Ty o
1 a2 - @
j=n-1
mpUy— Y. (DgjV?Cpj+ V- (D VTp) =0.
j=1

For weak separations, the last equation of the system (7) is written:

j=n-1
miUp— Y. (Dy;jV?Chj+ Cro(1 = Cro) D1V Tp) = 0. )
j=1
By using the boundary conditions (4), we deduce the expressions of the temperature field and the
velocity field:

T, = T - (Ty ;ITC)J’
9
Up2y - H) ©)
Uy = Y=
H

We obtained for the mass fraction the following result in matrix form:

[Cpil = [mk]x_(f (f Ude’) dJ’) (D1 im;]

+[Dyj17!

Dy,j(Tu - Te)Cjo(1 - Cjo)(

+ +Cro, k=1,n-1. 10
Dy H 2ij) ko0 (10)

The different mass fraction gradients were obtained assuming that the mass flux associated with
each components k through any cross-section of the rectangular cavity perpendicular to the x-
axis is equal to zero:

H dCy;
f (chbk_([ij]—+
0 0x

For a ternary mixture, in the general case (Dy; #0, j # k = 1,2) we deduced:

oT,
DT,kaO(l—Cko)a—xb))] dy=0, k=1,n-1. (11)

_S[FGC ((HUp)? +30(D3, + D21 D12) D11 —30F Co D12 (D11 + Da2) D12l (T — Te)Up

(HUp)?[(HUp)? +30(D3, +2D31 D12 + D3,)] +900(D11 D22 — D1 D12)?
_SIFG ((HUp)? +30(D%, + D12D21) D12 —30FCy (D21 (D11 + Da2) D)1 (T — Te) Up

(HUp)?[(HUp)? +30(D%, +2D31 D12 + D3,)] +900(D11 D22 — D1 D12)?

mp

)

(12

nmy

where: FCy. = Cyo(1 — Cyg), for k=1,2.
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In the case where the cross-diffusion coefficients D; (i # j) are negligible compared to D;;, we

obtained:
_SFC D71 (Ty —Te)Up

(HUp)? +30D7,
_S5FCyDy2(Ty—Tc)Up
(HUp)? +30D%,

mp
(13)

my

In the case of n components under the previous approximation, we found the following general
resultsfork=1,n-1:
_ 5Cxo(1 = Cyo) D (T — Tc)Up

m (14)
¢ (HUp)? +30D2,
and
Y ¥*, H?-6DL
mUp |3 =7+ 7 1 Dri(Ty — Te)Cro(1 = Cro) (3 + 3)
Cpr = mpx— Dix + Dix + Cio- (15)

4. Optimization of the species separation

The species separation of the component k, S = myL is defined as the difference in mass
fraction of the component k between the two ends of the cell, x = 0 and x = L, with mj obtained
in Equation (14). For a given n-component mixture, the mass diffusion coefficient Dy, the
thermodiffusion coefficient Dy and the initial mass fraction of the denser component Cyy, for
the component k, are known. The analysis of Equation (14) shows that the species separation
decreases as the thickness, H, of the cavity increases. Moreover, the species separation, S,
increases when the temperature difference (T — T¢) increases. Then, only one independent
control parameter remains, namely the velocity U, imposed on the wall y = 0 and —U, imposed
on the wall y = H. The optimum separation S is obtained solving equation:

5
Ik _ . (16)
au,

The resolution of the algebraic equation (16) leads to:
Upkopt = +V/30Dy/ H. 17)

The optimal velocity Upgopt, with respect to the parameter Uy, depends only of the mass
diffusion coefficient Dy and the distance H. So, if the mass diffusivity of the component k is
known, the experiments can be conducted with this optimal velocity. Replacing Uy, by Upiopt in
Equation (14) leads to the expression of the maximum mass fraction gradient:

V30Cko(1 = Cro) D1x (T — Tc)

= 18
M opt 12HDrs (18)
Equation (18) can also be written in the following form:
V30Cko(1 = Cro) STi(Trr — Tc)
Mmiopt = ) (19)

12H

where Sty = D7/ Dy is the Soret coefficient of the component k of the mixture.

Thus, the optimum value of the mass fraction gradient (Equation (19)) depends only on the
thermal gradient in the y direction, (T — T¢)/ H, once the initial mass fraction Cyg, k=1,n—-1
and the Soret coefficient Sty are known. Equations (17) and (19) show that it possible to access
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Table 1. Thermophysical properties of tetralin, isobutyl benzene, n-dodecane with respec-
tively mass fraction 0.8-0.1-0.1 at 25 °C [11]

Dy 1079 m?s™Y) Dy, Dy Dy Drp 10710 m?(s:K)7) D7,
5.96 0.15 1.1 6.79 0.0065 —0.0049

the indirect measurement of the Soret coefficient St by measuring the optimal mass fraction
gradient myopy:
Stk = 12Hmkopt/\/?ﬁck0(1—Cko)(TH—TC). (20)
To measure myopy, it is necessary that the walls be set in motion with the optimal velocity Up opt-
The determination of the optimal velocity requires the mass diffusivity Dy of the component k.
In the following paragraph, we showed that it is also possible to measure of the mass diffusion
coefficient Dy using Equation (14). To do so, it is sufficient to carry out two experiments, one
with a velocity Up; and the other with different velocity Up, for the same cell of thickness H
subjected to the same temperature difference AT = Ty — T¢.

We obtained:
s = 2Ck0 (= Cro) Drie(Th = Te) Upi 1
’” (HUp;)? +30D2,
with i = 1,2. The ratio my,; / my, leads to:
My Mz = Up1 (HUp,)? +30D%,)/ Upz (HUp1)* +30D%,). (22)

From Equation (22) we can deduce the mass diffusion coefficient Dy after measuring the mass
fraction gradients my; and my, obtained from two fixed wall velocities Up; and Up, respectively.
We obtained:

D3, = Up1Upp (Upy myq — Uppmyz) H* 130(Upy myz — Upa miya). (23)

5. Application to the species separation of a tetralin, isobutyl benzene, n-dodecane
with respectively 0.8-0.1-0.1 mass fractions

5.1. Species separation under weightlessness conditions

To illustrate the analytical results obtained in this study, we only considered the experimental val-
ues of the thermophysics parameters of tetralin, isobutyl benzene, n-dodecane with respectively
0.8-0.1-0.1 mass fractions studied experimentally in weightlessness [11].

The thermophysical properties of this ternary solution at the mean temperature 25 °C are
presented in Table 1.

Using the values presented in Table 1 for a cavity of thickness H = 2 x 1073 m, the optimum
value of the velocity and the mass fraction gradient following the x axis for the component 1
namely tetralin and the component 2 namely isobutyl benzene were obtained as a function of
the thermal gradient following the y axis, AT.

V30D
Upropt = iT
(24)
_ V30Cyo(1 = Cyo) Dy (T — Tc)
Miopt = .
12H Dy
For AT =10, we obtained:
V30D 1077v/30
Up1opt = +———t = 4596 ———— = +1.63 x 10" m/s
H 2 (25)

miopt = 0.597 m™!
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and

V30D, 10774/30
H 2

Upzopt =+ +6.79 =+1.86x10%m/s

(26)
Mopt = —0.222m™ 1.

Considering the low optimal velocity Upgopt Obtained, the time required to reach the stationary
state of species separation would be around ten hours. The main interest here is given by
Equation (24) which specifies that the measurement of the optimal mass fraction gradient my op¢
allows access to the determination of the thermodiffusion coefficient Dy.

If the cross-diffusion coefficients D;; (i # j) are non-zero, the analytical expression leading to
the optimal velocity is the solution of an algebraic equation of the 6th degree. We obtained this
velocity using the values in Table 1.

Upiopt = +1.61x10% m/s @n
miopt = 0.605 m™!
UPZOpt =+1.37x10"%m/s 28)
maopt = —0.329 m™ 1.

5.2. Comparison with the species separation inside a vertical thermogravitation column
under gravity conditions

The theoretical study of the thermogravitational separation process of n-component mixture
inside a vertical column, under gravity conditions, was the subject of a communication at the
French Mechanical congress in 2017 [12]. This study focused on a bi-dimensional vertical ther-
mogravitational column. The analytical study was based on the parallel flow approximation and
the theory was developed by Furry Jones and Onsager. Using these hypotheses, the velocity, the
mass-fraction of each component and the temperature at the stationary state were calculated.
Knowing the different flowfields in the column, the separation of each component in the mix-
ture was determinated. Analytical expressions of the separation and transport coefficients were
obtained. The results obtained were in good agreement with the thermo-diffusion coefficients
found in the literature. In the case where the cross-diffusion effect can be neglected, it is possible
to obtain a formula that allows us to calculate the coefficients of thermo-diffusion Dty knowing
the term Dy, explicitly, from the measurements of the different mass fraction gradients m; :

504H*gDrivBr(Tr—Tc)?
HO (g1 (T — Tc))? +362880v2 D%y

my = (29)

It can be noticed that, from Equation (29), we find the classical relation giving the expression of
the mass fraction gradient m, in the case of binary solutions:

504 H?gD v B (Ty—Tc)?
HS(gBr(Ty — T¢))? +362880v2 D2’

Mol = (30)
Larrafiaga et al. [13] determined the separation of each constituent of the ternary mixture tetralin,
isobutylbenzene and n-dodecane in mass fraction (0.8-0.1-0.1). From the values of the mass
fractions measured, these authors determined the values of the coefficients of thermodiffusion
Dy of each component k. The mass fraction gradient m{ and mj in the z direction for the vertical
thermogravitational column and for a cavity with the same thickness H = 2 x 10~ m submitted
of the same temperature difference (Ty — T¢) = 10 are respectively:

m$=0.00721m™" and mS=0.00544 m™". 31)
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Figure 2. (a) Mass fraction of the tetralin and (b) mass fraction of the n-dodecane as a
function of x for y = H/2 = 1 mm, for a cavity of L = 20 mm and H = 2 mm (analytical
results — numerical solution ).

Thus, the mass fraction gradient m; op¢ = 0.597 m™! obtained in microgravity is 82.8 times greater
than m{ = 0.00721 m~!. The mass fraction gradient n1, opt = —0.222 m~! obtained in microgravity
is 40.84 times greater than m$ = 0.00544 m~ L

6. 2D numerical simulations

The dimensional system (3) associated to boundary conditions (4) was solved numerically using
a finite element code, Comsol Multiphysics, with rectangular mesh. The time-dependent solver
and the set of equations (incompressible Navier—Stokes, energy equation and two conservation
equations of chemical species, one for the tetralin and the other one for the n-dodecane) in
transient form were used. The condition of conservation of the average mass fraction in the
cavity was imposed for each iteration. Direct numerical simulations were performed for cavities
of the same thickness H = 2 x 10~ m and various lengths L = 2 x 107> m and 5 x 1072 m,
which correspond to aspect ratios of 10 and 25 respectively. We considered quadrangle spatial
resolutions from 20-200 up to 30-700. The analytical calculations led to 711 opt = 0.605 m~! and
mazopt = —0.329 m~! for the tetralin and the n-dodecane respectively and the direct numerical
simulations to 71 pum = 0.590 m~! and 7 pum = —0.324 m~!. The numerical values obtained for
M1 num and monum are in good agreement with the analytical values, except for the neighborhood
of x =0 and x = L. The reason for this is that our analytical solution assumes a fluid layer of very
large extension along x and does not take into account the return flow of the fluid at x = 0 and
from x = L.

The mass fraction Cieralin and Cqodecane s @ function of x for y = H/2 = 1 mm (Figure 2a) and
(Figure 2b) for L = 20 mm show a very good agreement between the analytical calculations (red
line) and the direct numerical simulation results (dark points).

The streamlines, iso-mass fraction lines and mass fraction field (in colour) for AT = 20,
L =50 mm, H =2 mm are presented in Figure 3 (n-dodecane) and Figure 4 (tetralin).
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Figure 3. Streamlines, iso-mass fraction lines and mass fraction field (in colour) for n-
dodecane and for AT =20, L=50 mm, H =2 mm.
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Figure 4. Streamlines, iso-mass fraction lines and mass fraction field (in colour) for tetralin
and for AT =20, L=50mm, H =2 mm.

7. Conclusion

In the vertical thermogravitation columns previously used in terrestrial applications to increase
the species separation, the velocity of the flow depends on the temperature gradient imposed
(Ty — T¢) and its thickness H. However, for these columns, it was shown that there is no opti-
mum of species separation according to these two independent parameters (Ty—T¢) and H, [14].
For a given value of (T — T¢) the separation is optimal for a very small thickness of the column
H <1 mm. Similarly, for fixed H, if we increase the value of (T — T¢) to increase the separation,
we increase the velocity of the flow which reduces the species separation. In microgravity, the
temperature difference (T — T¢) does not induce convective motion. The flow in the cell was ob-
tained using a rectangular cavity with two opposite isothermal walls (T and T¢) of great length,
moving with equal optimal velocities in opposite directions, Upropt and —Upope. The velocities
of these two walls are independent of (T — T¢). We can increase (T — T¢) to increase the separa-
tion without modifying the velocity. We showed that the species separation in microgravity with
Upopt is several orders of magnitude greater than the one obtained in a vertical thermogravita-
tion column of same geometrical dimensions and submitted to the same temperature difference.
These results, previously obtained in binary mixtures, were extended to multi-component mix-
tures with a detailed study on ternary tetralin, isobutyl benzene and n-dodecane with respec-
tively 0.8-0.1-0.1 mass fractions. To obtain the coefficients of thermodiffusion D7y associated
with each of the components of the mixture, the experiments must be carried out with the opti-
mal velocity associated with the species considered Upgopt.
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