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NOMENCLATURE 

distance between the wails; 

constant y3 
’ 2C,a=~6T ’ 

specific heat at constant pressure; 
ordinary diffusion coefficient; 
thermal diffusion coefficient; 
gravitational acceleration; 

xa’6T 
Grashof number, 9 v2 ; 

height of the column ; 
solute flux ; 
mass fraction of solute; 
pression in the fluid ; 

Prandtl number, ” ; 
i: 

w3 No 
thermodiffusion Rayleigh number, ~ 

Y2 ’ 

Schmidt number, $ ; 

temperature of the cold wall; 
temperature of the hot wall, 
T, +ST; 
convection velocity; 
components of V; 
coordinates defined in Fig. 1. 

Greek symbols 

4 thermal expansion coefficient, - 

j’, coefficient of density variation 
due to mixture composition, 

angle of inclination from 
the horizontal; 
kinematic viscosity; 
density: 

thermodiffusion coefficient, % 6T; 

*Present affiliation: CRPE (C.N.E.T./C.N.R.S.) 92131 
Issy les Moulineaux, France. 

cp, vorticity ; 
x. thermal diffusivity: 

v, stream function. 

Subscript 

0, reference state. 

INTRODUCTION 

PROPOSED in 1938 by Clusius and Dickel [I] to separate 
effectively the components of a binary mixture of gases, the 
thermogravitational effect results from the coupling of 
thermal diffusion, also called Soret effect, and of convective 
currents of a fluid in the gravitationnal field. The first 
theory of thermogravitation was given by Furry and Jones 
[2] for gases and later by De Groot [3] for dilute binary 
mixture of liquids. In a flat plate column the phenomenon 
can be described as follows: a horizontal temperature 
gradient applied to the initially homogeneous fluid gives 
rise to a horizontal concentration gradient (thermal 
diffusion). When the liquid mixture has a positive Soret 
coefficient, the two cohnear gradients are in opposite 
directions; in the gravitational field, convective currents 
arise, downwards near the cold wall, upward near the hot 
wall. The convection brings, therefore more concentrated 
fluid towards the bottom of the column and when the 
steady state is reached a vertical concentration gradient is 
built between the top and the bottom of the apparatus. 
However, if convection is necessary to produce the 
desirable cascading effect, it has also an undesirable 
remixing effect in the fluid particularly if the convective 
strength is important. Then, to obtain vertical con- 
centration gradients as high as possible, the convection 
must be preserved but controlled. 

One way to adjust convection is to use packed [4] or 
wired [5] thermogravitational columns. Another way 
consists in tilting a flat plate column with hot wall on top 
to reduce the effective gravitational force. 

Powers and Wilke [6] have given an expression for the 
separation in an inclined column, working in continuous 
flow, with binary feed introduced in the middle of the 
column and top and bottom products withdrawn at the 
same rates. In that case, the theoretical values of the 
constants representing the separation effectiveness by 
thermal diffusion and the effect of remixing by convection 
and by ordinary diffusion in the vertical direction, rarely 
agree with experiments; they must be corrected by 
empirical relations which allow the vertical concentration 
gradient to vary with horizontal coordinates [7]. 

Using Powers and Wilke theory, Chue and Yeh 181 
discussed theconditionsforthe best performanceofa flat plate 
continuous flow column. Later Sanchez [9] showed that the 
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valueoftheconstant characterizing theseparation by thermal 
diffusion could not be the same for a continuous flow column 
and for a closed end one. 

The purpose of this work is to determine if the separation 
is improved by tilting a column closed at both ends. We 
present here the results obtained by solving numerically the 
equations of the thermogravitation in the case of a dilute 
binary solution contained in an inclined both ends closed 
column when the steady state is reached. 

FORMULATION OF THE PROBLEM 

The model described here is a two dimensional one. The 
column (Fig. 1) is closed at the top and at the bottom by 
two adiabatic walls. 

Z 

Fig. 1. Scheme of the inclined column with both ends 
closed. 

Assuming that the convective flow is free from turbulence 
and that the velocity has two components, we study the 
stationary state of the column filled with a binary dilute 
solution. With Boussinesq approximation, the starting 
equations expressed the conservation of energy, mass and 
momentum: 

(1) 

V. J = 0 where J= -pDVN-pD’VT+pVN; (2) 

(v.V)V= &+vAV+if:9. (3) 
PO 

with the incompressibility condition 

v.v=o. (4) 

In addition the state equation which allows the density to 
depend upon temperature and concentration is: 

p =pa[l-c((T-T~)+~‘(N-N~)]. (5) 

Taking into account the edge effects of the column, those 
equations have been discussed and solved in reference [lo] 
for the case of a vertical Rat plate column. When the 
column is tilted, the projection of the buoyancy term in the 
momentum equation are -pgcosfi along Ox and -pgsind 
along Oz. 

Introducing as usual the stream function Y: 

ST 
VT=77 z 

K= -y;, 

and the vorticity cp = A’I’, the system (l)-(4) can be 
reduced to the following where the unknowns are repre- 
sented now in dimensionless form: 

AN+uNfiT+(u-aGT) 

The scale factors for distance, temperature, mass fraction 
are respectively U, u/v, 67: and N,, which is the mass 
fraction of the initially homogeneous solution. 

Equations (6)-(X) are subjected to boundary conditions 
on rigid impermeable walls: all components of velocity 
vanish at the boundaries; the temperatures of the side wails 
are imposed and the walls which close the column on top 
and on the bottom are insulated. 

RESL LTS 

The derivatives of equations (6)-(X) were approximated 
by finite differences and the system was then solved at 
discrete intervals of space. The method of successive 
iterations with an over relaxation factor has been used as 
computational procedure [I l] on a CDC 6600 computer. 
Each iteration needs about one second. The initial values 
were those computed for a dilute solution of ClNa in water 
(0.1 mol I-‘) contained in a column of I mm width and 
40cm height when it is vertical (6 = 90 ). The tempera- 
ture difference imposed on the fluid is 6T= 10 C. 

The numerical values of the fluid parameters used here 
are: 

Pr = 7, r = 2.5 lo-’ C I, j’ = 18.2lmol~ ‘, 

I= 14.5 10-4cmZs~‘. I’= 10~2cm2s~‘, 

D' 
D = 1.410-“cm2s~‘, Do = 2.3 IO-“‘CL. 

In that case we have shown [IO] that there is a unique 
convection roll in the fluid and that the effects of the ends of 
the column are appreciable on about 2Scm from the top 
and bottom. So we have computed for different values of 
the angle ci, decreasing from 90‘ by steps of 2, the average 
values of the concentration at the top CT and at the 
bottom CB on a height of 5cm that is twice the edge effects. 

Fig. 
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Effect of the column inclination on ratio CBiC7; 
with a unique convective roll. 
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Figure 2 shows the variation of CB/CT when 6 varies 
from 90” to 60”. It can be seen first that a strict verticality 
of the apparatus is useless to obtain the best performance: 
the ratio CB/CTis quite constant when 6 decreases between 
90” and 80”. Moreover, the inclination of a closed end 
column does not seem to improve the expected separation. 

CONCLUSION 

The results of this theoretical study are to be seen in an 
experimental perspective: 

(I) The fact that the verticality of the column is not 
important is of practical interest in an experiment, as 
measurements of Soret coefficients of dilute binary so- 
lutions which can be done, using a simple method [ 121 with 
a thermogravitational column closed at both ends. In such 
an experiment an imperfection of the verticality of the 
apparatus is not prejudicial to the measurements and 
moreover, the apparatus is lighter and less expensive than 
one using a continuous flow column because it does not 
need a feed system to provide steady flow through the 
column. 

(2) In the case of a flat plate column closed at both ends, 
the inclination of the apparatus does not seem to improve 
the expected separation. In the state of our results we do 
not know the variation of CB/CT for angles 6 smaller than 
60’ but what we can say is that the more tilted the column 
is the more it approaches an horizontal thermodiffusion cell 
for which there is no appreciable longitudinal separation. 
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NOMENCLATURE 

b. slab thickness ; 
Bi, Biot number, hb/K; 
k convective heat transfer coefficient; 
k 0, reference thermal conductivity at T = T,; 
t, nondimensional time, (zor)/b* ; 
T, temperature; 

r,. driving gas temperature; 

r,, initial temperature; 

X, dimensionless coordinate, x/b; 
x, space coordinate. 

Greek symbols 

% reference thermal diffusivity ; 
B> constant (thermal conductivity coefficient); 
r, time; 

0, dimensionless temperature, (T- T,)/(T,- T,). 

*Engineer. 
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INTRODUCTION 

THE HIGH temperature range involved and the considerable 
variation of thermal conductivity with temperature for 
many present-day materials require that the variation of 
conductivity with temperature be considered in the analysis 
of the inverse conduction problem. In a previous study [I], 
a minimization technique was developed for the estimation 
of convective heat transfer coefficient and wall temperature 
from experimental temperature data. The current in- 
vestigation represents the extension of this previously 
developed method by taking into consideration 
temperature-dependent thermal conductivity. 

Beck [2] used a finite-difference approximation in 
conjunction with least-square fit procedure as well as 
nonlinear estimate method to solve the inverse conduction 
problem. Howard [3] developed a numerical procedure for 
determining the heat flux to a thermally thick wall with 
variable thermal properties using a single embedded 
thermocouple. His best results were obtained for tempera- 
ture measurements close to the heated surface in con- 


