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In experimental investigations of the transient behavior of batch thermogravitational thermal
diffusion columns it is expedient to obtain more than one sample from the column during o
single run. Such sampling modifies the true batch nature of the column and thereby influences
the experimental measurements to some degree. A combined theoretical and experimental
investigation was carried out to determine the extent of the influence of sompling rate ond
thereby provide a means of predetermining a suitable sampling rate.

The theoretical analysis was made by approximating the intermittent sampling as a contin-
uous flow through the column. The transport equation of Furry, Jones, and Onsager was applied
in the analysis, and an analytical solution was obtained for small separations of equicomposition
binary solutions. The series solution is presented in the form of a graph. Experimental data were
obtained in two thermogravitational columns with different plate spacings to test the theory.
The effect of sampling rate was investigated, and theory and experiments were found to be in
good agreement. It is concluded that the theory is entirely adequate to permit the prediction
of sampling rates which will yield the maximum number of samples without disturbing the true

batch behavior of the column.

When a uniform mixture is sub-
jected to a temperature gradient, the
mixture becomes nonuniform in com-
position. This general phenomenon is
called “thermal diffusion.” The sepa-
ration obtained is small and was of
little practical interest until Clusius
and Dickel introduced the thermo-
gravitational thermal diffusion column
in 1938 (1). These columns multiply
the separation achieved by thermal dif-
fusion by utilizing convection currents
to produce a cascading effect.

The separation obtained in thermo-
gravitational thermal diffusion columns
is greatly influenced by column di-
mensions and operating variables. Sev-
eral phenomenological theories have
been proposed to aid in proper design;
the development of Furry, Jones, and
Onsager (3) is perhaps the most
widely accepted. Only relatively re-
cently have experimental results been
published which tend to confirm the
theory (2, 5 to 8). One of the more

critical and at the same time conveni- -

ent tests of column theory is provided
by investigation of the transient be-
havior of batch columns (5, 7). In ex-
periments of this type it is expedient
to obtain more than one sample dur-
ing a single run. These samples are
withdrawn from the solution that is in
the annulus of the column. The first
sample withdrawn from the column is
the only one representing the true be-
havior of a batch column because sam-
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pling effectively introduces a bulk flow
through the column. The influence of
the small bulk flow introduced by in-
termittent sampling on the rate of ap-
proach to steady state is amenable to
mathematical analysis, and therefore
a combined theoretical and experi-
mental investigation was undertaken.
The results of such an investigation
would aid in the selection of optimum
sampling rates in future investigations.

THEORY

The process of sampling introduces
a bulk flow in the column. Although
sampling is done at short intervals and
introduces an intermittent bulk flow,
the effect of sampling can be approxi-
mated by assuming the presence of a
small continuous flow through the
column, o. Jones and Furry (4) have
modified the original transport equa-
tion of Furry, Jones, and Onsager (3)
to account for bulk flow through a
thermal diffusion column:

aC.
= HC1C2—K—61— +oC, (1)
y

Equation (1) in combination with
the continuity conditions yields

_ H 3[CC.]

K oy (2)

The nonlinear term in Equation (2)

A.1.Ch.E. Journdl

University of Oklahoma, Norman, Oklahoma

makes it difficult to obtain an analyti-
cal solution. However for an initial
value of C, = C, equal to 0.5 and for
small separations the product C.C.
can be considered equal to a constant
value of 0.25 for 0.3=C =0.7. In-
corporation of this assumption reduces
Equation (2) to

K a6 y* (3)

It is convenient to present Equation

(3) in dimensionless form by defining

a dimensionless length, a dimensionless

flow, and a dimensionless time. The

resulting partial differential equation
in dimensionless form is

oC #C aC
SANEE A P O)
ot X’ 8X

where the subscript 1 on C has been

dropped.

In eliminating the nonlinear term in
Equation (2) to obtain Equation (3)
the solution was restricted to C, = 0.5
and 0.8 = C, = 0.7. Under such con-
ditions it is reasonable as well as con-
venient to assume symmetry around
the vertical center of the column (X
= 0). Accordingly a solution is found
for 0 = X = 1 subject to the following
boundary conditions:

C(X, 0) =C, (5)

Cc(0,t) = C, (6)
aC HL A
—63(‘(+1,t)=j4?=z' (7)

The solution can be obtained by us-
ing the method of separation of varia-
bles and is given by Equations (8)
and (9):

AC _ 2[C(X,t) ~C.]

AC AC
2 . 4Pe™” ]
Gl
(8)
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Fig. 1. Dimensionless separation at the ends of the column as a function of di-
mensionless time (E) and dimensionless sampling rate (P).
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From Equations (8) and (9) AC/
A,C can be computed as a function of
t with P as parameter. To facilitate
comparison with theoretical and ex-
perimental results previously pub-
lished (5) it is convenient to plot the
results of such computations as a
function of ¢ rather than #:

M

3 zt (10}

The results of computations for X
= 1.0 (AC = concentration difference
between the ends of the column) are
presented in Figure 1.* In solving
Equations (8) and (9) the first twenty
values of a, were obtained for various
values of P (9), and these values were
used in Equations (8) and (9). A
medium speed digital computer was
used for these computations. Values of
(AC/A,C) as a function of ¢ for P =
0 (true batch case) were obtained
from the literature (5).

EXPERIMENTAL

The equipment used consisted of two
concentric-cylinder batch thermogravita-
tional thermal-diffusion columns without
reservoirs of standard design. These
columns are 6 ft. in length and differed
mainly in annular spacing (0.0752 and
0.1143 cm.). The equipment has been
described in detail by Powers (7).

The system studied was a 50 mole % n-
heptane and benzene mixture. The physical
properties for the system are available in
the literature (5). The samples were

¢ A full-size version of Figure 1 will be fur-
nished, on request, by J. E. Powers.
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analyzed by measuring the index of re-
fraction at 25°C. with a refractometer.

Powers (7) has described in detail how
both transient data and steady state data
are obtained with these columns. In order
to obtain meaningful transient data for
this investigation samples of measured
volume were withdrawn simultaneously
from the two end taps at equal time inter-
vals. Sample size was maintained constant
for any one run, but the sampling rate was
varied in different runs both by changing
the sample size and frequency. The mean
temperature was approximately 100°F.
for all experiments, and temperature
difference was not varied in either column.
Table 1 contains typical data obtained for
one of the six transient runs.

COMPARISON OF THEORETICAL
AND EXPERIMENTAL RESULTS

In comparing the experimental re-
sults with the series solution it was

convenient to convert the experi-
mental data to the corresponding di-
mensionless values. Values of (aC/
A,C)wx, were calculated by dividing
the experimental AC values obtained
under transient conditions by the
measured steady state batch separa-
tion A,C. Real time values § were con-
verted to dimensionless time ¢ by ap-
plying the required definitions with
published data for the physical proper-
ties of the solution (5). Typical plots
of experimental data treated in this
manner are presented in Figure 2.

In order to compare the experimen-
tal results with the theoretical calcu-
lations a value of the dimensionless
flow P was computed as follows. The
total amount of sample withdrawn from
one sample tap was divided by the
total time of the run to obtain an aver-
age volumetric flow rate. The volu-
metric flow rate was converted to mass
flow rate by the use of a mean value
of the density of the solution. From o,
P is computed from the defining equa-
tion. For this value of P the theoreti-
cal values of (AC/A,C) are computed
as a function of ¢, with the general
computer program used, and plotted

-as solid lines for comparison with the

experimental data. To emphasize the
effect of sampling on the transient be-
havior in each case the theoretical
curve for P = 0 (true batch case) is
also plotted.

As can be seen from Figure 2 the
experimental results are in remarkably
good agreement with the theory at
lower values of P, but at higher values
of P the actual separation obtained is
observed to be lower than that pre-
dicted by theory. The four other sets
of data obtained at values of P =
0.175, 0.194, 0.207, and 0.305 show
similar agreement (9). These observa-

TaBLE 1. TyPIcAL TRANSIENT DATA®

Run number: 2
Column number: n
Average cold wall temperature: 85°F.
Average hot wall temperature: 115° F.
Temperature difference: 30° F.
Calculated dimensionless flow: 0.207

Mole fraction

of n-Heptane at AC

Time, Top Bottom Sample
min. tap tap volume, cc. AC 3 A.C
0 0.5007 0.5007 1.0 0.0000 0.000 0.000
240 0.5814 0.4513 1.0 0.1301 0.448 0.451
480 0.6015 0.4258 1.0 0.1757 0.896 0.609
720 0.6195 0.4143 1.0 0.2052 1.344 0.710
960 0.6241 0.4082 1.0 0.2159 1.792 0.748
1,200 0.6287 0.4004 1.0 0.2283 2.240 0.793
1,680 0.6346 0.3927 1.0 0.2419 3.136 0.838
3,120 0.6346 0.3927 1.0 0.2419 5.824 0.838

# The majority of the data obtained during this run have been omitted.

and five other runs are available (9).
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Complete data for this
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Fig. 2. Comparison of the experimentally observed effect of sampling
rate on separation with theoretically predicted results for both a small
sampling rate (P = 0.0833) and a large sompling rote (P = 0.416).

tions are similar to those of a previous
investigation of the effect of flow rate
on separation in continuous-flow col-
umns operated under steady state
conditions (8).

CHOICE OF PROPER SAMPLING RATE

The two columns used in the in-
vestigation were specially made and
have an annular spacing quite a bit
larger than the majority of such col-
umns currently in use. The standard
column of this type has an annular
spacing of about 0.0309 cm. (0.012
in.), and it is of interest to determine
a reasonable sampling rate for such a
column. The following data apply to
such a column separating a 50 mole
% n-heptane-benzene mixture at a
mean temperature of 100°F,

20 = 0.0309 cm.

L, = 1827 cm.

B = 4590 cm.

AT = 3I1.3°C.

P = 0.7407 g./cc.

Br = 0951 X 10° g./cc. °C.
D = 0315 X 10* sq.cm./sec.
H = 0.367 centipoise

Using these data together with the
definition of K one obtains

K = 6.299 X 10™* g. cm./sec.

From Figure 1 it can be concluded
that the column behavior will be dis-
turbed only slightly if P = 0.05. When
one uses this value for P together with
L = L./2 and K as listed above, an
average mass flow rate is calculated
from the definition of P:

PK
c=7= 8.53 X 107" g./sec.

For purposes of analysis by index
of refraction a sample size of 0.1 cc. is
sufficient, and therefore samples should
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be drawn no more frequently than
once every 53 hr.

Under the conditions specified
above the column will be very nearly
at steady state in 55 days (7). There-
fore P = 0.05, about twenty-five sam-
ples could be obtained.

For the column described above es-
sentially pure n-heptane will be ob-
tained at the top of the column and
pure benzene at the bottom. Therefore
the restriction 0.8 < C, «0.7 is not
satisfied. In order to allow for this
discrepancy the sampling rate should
probably be reduced to once a week.
Seven samples are more than adequate
to properly define an experimental
curve.
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NOTATION

A = HL/K

B = width of the column (mean cir-
cumference of annular space)

C = fraction of component 1

C,, C. = fractions of component 1, 2
in a binary solution

fraction of component 1 in
material charged into the col-
umn

ordinary diffusion coefficient
acceleration due to gravity
ofrpg (20)'B(AT)?

8l.T
_ o’ (2)" B(AT)"
S!Dy*

G
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A Tm Ny

+ 20DBp
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L = linear distance from y = 0 to
the end of the column

r = total column length = 2L

= amount of solution per unit
column length

= dimensionless flow

= dimensionless time
K6/ (mL?)

= absolute temperature

= arithmetic average of the hot
and cold wall temperatures

= y/L, dimensionless length

= axis paralle]l to walls in the
direction of normal convective
flow

oL/K

SIS

[l

@ 5 NN

Greek Letters

o = thermal diffusion constant

«, = one of the roots of the equa-
tion tana = — (2/P)e

Br = —0p/3T

AC = difference in concentration at
+ X

A,C = difference in concentration at

the ends of the column under
steady state, batch (P = 0)
conditions
AT = temperature difference between
hot and cold walls
coefficient of viscosity

g = dimensionless time, Equation
(10)

p = density

o = average mass flow (sampling
rate) from one sample tap

2 = amount of component one
passing through a cross sec-
tion of the column normal to
the walls

w = one-half the distance between
the plates of a thermogravita-
tional column

6 = real time

. =ua’ + (P/2)*

U = as defined by Equation (9)
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