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The Effect of Column Length on Separation 

in Thermogravitational Thermal 

Diffusion Columns 
CARL F. CROWNOVER and JOHN E. POWERS 

University of Oklahoma, Norman, Oklahoma 

A series of experiments was designed to test the phenomenological theory of thermogravi- 
tational thermal diffusion columns by obtaining doto on the steady stote separation and ap- 
proach to equilibrium in a batch column as a function of column length. Data were obtoined 
on the separation of an equimolar n-heptane-benzene solution a t  five different values of column 
length varying from 14.5 in. to 6 ft. All measurements were made in one concentric cylinder 
column in which the effective length was varied by controlling the liquid level in the annulus. 
Helium gas was used to displace the air in the annulus above the liquid in order to provide even 
temperature distribution throughout the column. The data were found to substantiate the effect 
of length predicted by application of the phenomenological theory and to be in very good 
agreement with other aspects of the theory. 

If a temperature gradient is applied 
to a homogeneous, binary solution, a 
concentration gradient will usually be 
established. The name applied to this 
phenomenon is thermal difiusion. Al- 
though this effect was reported as 
early as 1856 ( I I ) ,  it remained pri- 
marily a laboratory curiosity until 
CIusius and Dickel introduced the 
thermogravitational thermal diffusion 
column in 1938 ( I  ) . This device makes 
use of convection currents to achieve 
a multistaging effect in one piece of 
equipment. 

Several phenomenological theories 
describing thermogravitational thermal 
diffusion columns have been presented 
in the literature (2, 3, 6, 9 ) .  The treat- 

ment of Furry, Jones, and Onsager 
(6) has been widely appIied. This 
treatment is based on the reduction 
of a complicated differential equation 
in two space dimensions to an equa- 
tion involving only one space dimen- 
sion corresponding to the length of the 
column. The reduced equation result- 
ing from their analysis is called the 
transport equation. 

The transport equation has been ap- 
plied to predict the effect on separa- 
tion of column dimensions, operating 
variables, and various physical proper- 
ties of the solution being separated for 
both batch and continuous-flow col- 
umns operating under steady state and 
transient conditions. Many investiga- 
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tions have been reported which dem- 
onstrate the qualitative agreement be- 
tween theory and experiment. Several 
investigators have considered the effect 
of column length as one of several 
column parameters being studied, but 
no one investigation has covered a 
large enough range of column length 
to substantiate or repudiate the theory. 

As part of an extensive investigation 
of the effect of pressure on the steady 
state separation of gas mixtures in 
batch columns, Drickamer and co- 
workers ( 5 )  used columns which dif- 
fered in length by a factor of two. 
Drickamer, Mellow, and Tung (4) 
used these results in preparing an em- 
pirical correlation which predicts a 
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{ DIMENSIONLESS TIME 

Fig. 1 .  Resuults of numerical solution of Equations (2) and (3a), (3b), 
( 3 ~ 1 ,  and (3d) for X = 1.0 and CO = 0.5. 

length effect in marked disagreement 
with basic theory in certain regions of 
column operation. 

Other investigators working with the 
separation of liquid systems in contin- 
uous flow columns (7, 1 6 )  have also 
considered column length as a param- 
eter, but their investigations were 
likewise limited to a factor of two in 
length. These investigators found the 
theoretically predicted effect of varia- 
tion in length to be in substantial 
agreement with their experimental re- 
sults. 'In addition independent investi- 
gators working with the same binary 
systems [ethyl alcohol-water (12, 18) ; 
n-heptane-benzene (7 ,  12, 15, 1 7 ) ]  in 
columns greatly different in length 
have reported values of the thermal 
diffusion constant a which are in close 
agreement. Such agreement lends 
strong support to the theoretical de- 
velopments. * 

The study of the behavior of ther- 
mogravitational columns with either 
the effect of pressure on steady state 
separation in a batch column as em- 
ployed by Drickamer and co-workers 
or the effect of flow rate on the steady 
state separation in a continuous 00w 
column as used by others has several 
disadvantages. Reasonable pressures 
have little influence on the physical 
properties and hence the separation of 
liquid mixtures. The theory of contin- 
uous-flow columns is not as well-devel- 
oped as that of batch columns. On the 
other hand the theoretical analyses of 
the steady state separation and the 
rate of approach to equilibrium of 
batch columns have been well-estab- 

*Since this manuscript was submitted, it has 
been reported that data obtained on units 2 and 
6 ft. in length had been applied in conjunction 
with ccdumn theory to predict accurately the per- 
formance of a column 34 f?. in length (Grasselli, 
R., G. R. Brown, and C. E. Plymale, Chem. En& 
Progr., 57, No, 5, p. 59 (1981.) 
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lished and are applicable to both liq- 
uid and gaseous mixtures. Recent re- 
ports in the literature have presented 
the theoretical bases of such analyses 
and illustrated their application to the 
comparison of theory and experimental 
results (13, 1 5 ) .  Therefore it was de- 
cided to obtain transient and steady 
state data in columns difFering greatly 
in length in an effort to check the 
theoretically predicted effect of column 
length. I t  was decided to make use of 
the batch thermogravitational columns 
without reservoirs presently in the 
Thermal Diffusion Laboratory at the 
University of Oklahoma and to study 
the separation of an equimolal n-hep- 
tane-benzene mixture. Numerous other 
investigators have used this system 
(7, 10, 12, 13, 15, 17) ,  and the essen- 
tial basic data are available. 

THEORY 

The transport equation of Furry, 
Jones, and Onsager ( 6 )  results from 
the reduction of a complicated differ- 
ential equation in two space dimen- 
sions to an equation involving only one 
space dimension corresponding to the 
length of the column: 

(1)  
ac 
ay 

. = H C ( l - C )  - K -  

This equation serves well as a basic 
rate expression in the study of the 
phenomenological behavior of batch 
thermogravitational thermal diffusion 
columns, and its development has been 
discussed in detail elsewhere (12). Ap- 
plication of Equation (1)  in combina- 
tion with the continuity condition to 
the analysis of the transient behavior 
of batch columns yields the following 
expression: 
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Fig. 2. Batch thermogravitational column il- 
lustrating method of adjusting effective length. 

dC azc d[C(l-C)]  
at w aY 

m - = K - - H  

( 2 )  
Equation ( 2 )  has been solved sub- 

ject to the following boundary condi- 
tions: 
@ t = 0; C = Co for all y 
@ y = 0; C = Co for all t 

aY K 

( 3 a )  
( 3 b )  

for all t (3c )  

@ y = L ; - =  ac HC(1-CC) 

A solution of Equation ( 2 )  subject 
to boundary conditions (3a)  and ( 3 b )  
which relates the concentration C to 
the position in the column y under 
steady state conditions is readily found 
by integration: 

C H 

= 2A(Y/LT) +In [ -1 CO ( 4 )  1 - c, 
The results of a numerical solution 

of Equations ( 2 )  and (3a to c )  under 
transient conditions for C, = 0.5 have 
been published by Powers (15). Von 
Halle (20) has presented an analytical 
solution of an analogous set of equa- 
tions, but unfortunately there is a 
typographical error in his result. 

A typical set of curves as presented 
by Powers (15)  is shown in Figure 1. 
Powers describes how steady state 
data can be analyzed using Equation 
( 4 )  to obtain a value of A and how 
this value is then used in conjunction 
with the transient data to yield values 
of the ratio ( t / [ ) .  In accordance with 
theory these parameters are related to 
column length (and other column di- 
mensions, operating variables and 
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Fig. 5. Linearity of the dimensionless grouping A as a func- 
tion of column length. 

T I  ME - SECONDS 

Fig. 3. Determination of time required to attain temperature fifth of the column to obtain accurate hot 
equilibrium. 

physical properties of the solution) in 
the following manner: 

In the development of the theory all 
factors within the parentheses on the 
right-hand side of Equations (5) and 
(6)  are assumed to be independent of 
column length. Thus it was felt that if 
transient and steady state data  could 
be obtained in columns significantly 
different in length and analyzed as 
described above, Equations ( 5 )  and 
(6) would serve as the basis of a 
meaningful comparison of data  and 
theory. 

EXPERIMENTAL 

Equipment 
The column used in this investigation is 

of the concentric cylinder type, and a 
similar column has been described in detail 
elsewhere (8, 1 5 ) .  The column is 6 ft. long 
with eleven sample taps equally spaced 
along the length of the column (Figure 2) .  
The inside or cold wall temperature is 
maintained by circulating cooling water 
from a large constant temperature reservoir 
through the inner cylinder. The outside or 
hot wall teniperature is maintained by an 
electrical heating element wrapped around 
the outer cylinder. 

Under normal operating conditions the 
entire annulus is filled with solution being 
separated, and samples can be withdrawn 
from any ten of the eleven sample taps. In 
order to replenish the material withdrawn 
as samples a feed reservoir located slightly 
above the upper sample tap is connected to 
the sample tap located nearest y =0, that 
is at the point in the column where the 
concentration does not change [Equation 
( 3 b ) l .  For equimolar feeds this cor- 
responds to the center tap. The feed ap- 
paratus was modified for purposes of this 

wall temperature measurements when 
operating with short column lengths. 

procedure investigation so that the 6-ft. column could 
be ouerated at lesser effective column 
lengths. The column length was varied by 
adjusting the feed reservoir so that the 
solution level in the annulus corresponded 
to the desired height. In all cases the feed 
tap was relocated to the effective center of 
the column for each run requiring a 
different column length. Figure 2 shows the 
column arrangement for operation at LT 
= 109 cm. in which solution fills the lower 
0.6 of the column. 

Helium gas is piped to the feed re- 
servoir and to the top sample tap at 
slightly above atmospheric pressure. 
Helium is used to fill the annulus because 
it has a thermal conductivity approximately 
equal to that of the n-heptane-benzene 
solution being separated (0.0778 vs. 0.086), 
and therefore marked changes in tempera- 
ture difference in the region of the inter- 
face are avoided. 

Temperatures in the column were ineas- 
ured with thermocouples soldered to the 
hot and cold walls and a self-balancing 
potentiometer. For this particular investi- 
gation four additional thermocouples were 
attached to the hot wall on the lower one- 

The start-up procedure for transient 
runs has been described in detail elsewhere 
(15) .  In brief the column is cleaned and 
brought to isothermal conditions. It was 
then flushed with helium gas and filled to 
the desired level with feed solution from 
the reservoir. Temperature equilibrium was 
attained as rapidly as possible (see discus- 
sion below) by adjustment of the voltage 
control on the heating element. 

Samples were taken during the transient 
period at time intervals such that the 
sampling procedure did not influence the 
essentially batch nature of the process 
(19). In order to facilitate comparison with 
theory, samples were taken in pairs at taps 
located symmetrically around the feed tap. 
With reference to Figure 2 sample tap pairs 
for that particular effective length are S-11, 
6-10, and 7-9. 

In accordance with theory the relaxation 
time of a thermogravitational column with- 
out reservoirs is approximately proportional 
to LzT. The effective length was varied by 
a factor of five in this investigation, and 
in order to obtain data in reasonable times 
with the longer columns it wac necessary 
to operate under conditions such that the 
shorter columns came to equilibrium rather 
rapidly, Under such conditions the time 
required for the column to attain tempera- 
ture equilibrium proved to be important. A 
series of experiments was conducted to 
determine the approximate time required to 
attain temperature equilibrium. The results 
of one such experiment are shown in 
Figure 3. On the basis of such data it was 
decided to consider that t = 0 corresponded 
to 1 min. after the cooling water flow and 
electrical power were started to the column. 
( A  negative AT is noted for time < 25 sec. 
in Figure 3. This results from the fact that 
the cooling water was at a temperature 
higher than room temperature.) 

After the separation in the column 
reached steady state conditions, samples 
were withdrawn at each available tap. Both 
transient and steady state samples were of 
approximately 0. I-cc. volume and were 
analyzed with a refractometer which had 
been previously calibrated with the same 
reagents ( 1 4 ) .  

SAMPLE TAP NUMBER 

Fig. 4. Concentration profile a t  steady state 
in a thermogravitational column. 

Page 168 A.1.Ch.E. Journal May, 1962 
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TIME - MINUTES 

Fig. 6. Comparison of experimental data with 
lated from an average t/E value. 

Reagents 

The feed solution was equimolal n-hep- 
tane-benzene. The benzene was 0.4"C. 
boiling range. The n-heptane was pure 
grade. 

RESULTS 

Experimental results are presented 
in Table 1 and Figure 4. Transient 
data are presented in Table 1 as the 
difference in concentration at sample 
tap pairs corresponding to the time at 
which the samples were taken. The 
listed values of time have been cor- 
rected for the time necessary to attain 
temperature equilibrium as noted 
above. In most cases samples were 
withdrawn from the extreme sample 
taps only. In Run 5L data were ob- 
tained not only at the end taps (7-11) 
but also at the pair (8-10). Runs 1OL 
and 12L represent similar data for a 
longer column. 

An attempt was made to obtain the 
same temperature difference for each 
run, but considerable deviation is noted 
in the values presented in Table 1. It 
was decided that it would be better to 
compensate for temperature differences 
in treatment of the data rather than 
attempt to adjust the temperature 
once a run had been under way long 
enough to establish a temperature 
difference. 

COMPARISON WITH THEORY 

Analysis of Steady Stote Doto 
It  was noted previously that the di- 

mensionless grouping A could be de- 
termined from steady state data by ap- 
plication of Equation (4) .  The maxi- 
mum separation of the equimolal com- 
position feed was less than 0.3, and 
under these conditions C (1 - C) Y 

0.25. With this simplification Equation 
(4) reduces to 

C = Co + (A/2) ( y / L )  (7) 
Values of A were determined from 

the slopes of straight lines drawn 

Vol. 8, No. 2 

zoo* 

values calcu- 
LENGTH - CM. 

Fig. 7. Linearity of the grouping AT(t/E)'" as a function of 
column length. 

through the data as shown on Figure 
4. It is felt that such agreement with 
the predicted straight-line relation of- 
fers strong support of the theoretical 
developments. Other values of A as de- 

In accordance with Equation ( 5 )  A 
should be a linear function of total 
column length. Figure 5 indicates re- 
markable agreement between theory 
and exDeriment in resDect to the me- 

terminid 
included 

Run 
no. 

2L 

3L 

4L 

5L 

6L 

8L 

9L 

10L 

12L 

13L 

- L  
from steady state data are 
in Table 1. separation. 

dicted iffect of lengthL on steady state 

TABLE 1. EXPERIMENTAL DATA 

Sample 
tap pair 
(9-11) 

(9-11) 

(9-11) 

(7-11) 

(8-10) 

(7-11) 

(5-11) 

(3-11) 

(1-11) 

(2-10) 

(9-11) 

AT, "C. 

7.8 

5.8 

7.0 

7.5 

7.6 

6.4 

6.7 

7.1 

7.2 

8.5 

LP, cm. 

36.5 

36.5 

36.5 

73.0 

73.0 

109.6 

146.2 

182.5 

182.5 

36.5 

t /5  
AC, molehdividual, Average, A 

t ,  min. fraction 

0 0.000 
2.5 0.013 
7.5 0.017 

34 0.033 
0 0.000 
2.5 0.008 

17 0.022 
59 0.039 
0 0.003 
7.5 0.013 

34 0.033 
0 0.000 

33 0.028 
135 0.063 

17 0.001 
79 0.013 

250 0.045 
0 -0.001 

24 0.033 
114 0.074 
241 0.097 

62 0.044 
285 0.104 
542 0.136 

0 0.003 
95 0.063 

485 0.146 
970 0.204 

0 -0.001 
99 0.050 

396 0.138 
839 0.201 

0 0.000 
179 0.052 
420 0.102 
910 0.165 

5 0.007 
19 0.026 
45 0.039 

0 -0.003 

min. min. 

- 43.6 
27 
42 
51 
- 53.5 
63 
55 
5,l 
- 70.7 
90 
63 

220 
173 
164 192 
217 
173 

179 
164 
186 

496 
407 
402 

825 
808 
746 

1,900 
1,040 

990 

853 
840 
828 
179 58.7 
45 
46 

188 - 

177 - 

418 - 

780 - 

- 1,120 

835 - 

* Determined from previous measurements made on the same column at the same AT ( I  5 ) .  

0.113 

0.106 

0.123 

0.230 

- 

0.2.52 

0.342 

0.520 

0.614* 

0.601 * 
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Analysis of Transient Data 
The transient data were analyzed in 

a manner described previously (15). 
This method of analysis yields a value 
of ( t / t )  for each transient data point, 
and these values are listed in Table 1. 
The previously published solutions in 
graphical form apply only at sample 
taps located every one-fifth of the dis- 
tance from the mid-point to the end of 
the column, and therefore it was neces- 
sary to interpolate between graphs in 
interpreting some data. 

The values of t/t should be the 
same for all data taken during any one 
run, and the scatter of the values of 
t / t  listed in Table 1 attests to the 
severity of this test of the theory and 
data. A weighted average value of t / [  
was determined for each run (15).  
The manner in which a single average 
value of t/.$ in combination with the 
previously determined value of A 
serves to represent the data is illus- 
trated in Figure 6 which includes all 
data from runs 5L and 6L correspond- 
ing to a column length of 75 cm. 
(lower 0.4 of column filled with solu- 
tion). 

In accordance with Equation (6) 
(t/.$)”” should be directly proportional 
to column length if the group ( m /  
IIBK) is constant. As noted previously 
the AT for all runs were not identical. 
For the conditions of these experi- 
ments K ,  >> Kd, and therefore K is 
proportional to (AT)”. In order to in- 
corporate this factor into the correla- 
tion Equation (6) was rearranged to 

Figure 7 demonstrates the extent to 
which the experimental results and the 
theory as represented by Equation (8) 
are in agreement. The analysis of the 
transient data serves as a stringent test 
of both the theory and the data, and 
it is felt that the results summarized in 
Figure 7 represent good agreement. 
Further comparison with fundamental 
theory gives additional support to this 
conclusion. 

Comparison with Fundamental Theory 
Not only does the application of the 

transport equation predict the effect 
of length on the transient and steady 
state separation but it also predicts 
the slopes of the straight lines on Fig- 
ures 5 and 7 in terms of physical prop- 
erties, column dimensions, and oper- 
ating variables. Comparison of the val- 
ues of the slopes determined empiri- 
cally with values predicted from basic 
data therefore provides an additional 
test of the assumptions made in the 
development of the transport equation. 

Page 170 

In this manner the slope of the line 
on Figure 7 was compared with the 
value calculated from Equation (8) 
with values of physical properties pre- 
viously summarized for the n-heptane- 
benzene system ( 1 3 )  and a value of 
20 = 0.07466 cm. as determined ex- 
perimentally for the column used. The 
two values were found to be in re- 
markable agreement. 

Experimental slope 
10.0 OK. (sec. ) 1’2/cm. 

Theoretical slope 
10.2”K. (sec.)’la/cm. 

In accordance with Equation ( 5 )  
the slope of the plot of A vs. L is 
equal to ( H / 2 K ) .  The grouping H 
contains the thermal diffusion constant 
a which was determined to be 1.02 
from the dope of the line presented 
on Figure 5. This agrees within 10% 
of values for a for the same system 
obtained by other investigators using 
thermogravitational columns operated 
under a variety of conditions (12 ,  17 ) .  

SUMMARY 

Transient and steady state data ob- 
tained in a batch thermogravitational 
column whose effective length was 
varied from 36.5 to 182.7 cm. show 
good agreement with the theoretically 
predicted effect of column length and 
yield results in remarkable agreement 
with fundamental theory and previous 
investigations. 
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NOTATION 

A = HLT/BK 
B = width of the column (mean 

circumference of annular 
space) 

C = fraction of component 1 in a 
binary solution 

C, = fraction of copponent 1 in 
material charged into the col- 
umn 

D = ordinary diffusion coefficient 
g 
H =  

=; acceleration due to gravity 
a,&pg( 20)’ B (AT ) ”  

Kd = 2oDBp 
LT 
m 

t = actual time 
T = absolute temperature 
T 

= total effective column length 
= amount of solution per unit 

column length 

_. 
= arithmetic average of the hot 

and cold wall temperatures 

y = axis parallel to walls in the 
direction of normal convective 
fiOW 

Greek Letters 
a = thermal diffusion constant 

AC = difference in concentration at 

AT = temperature difference be- 

p = coefficient of viscosity 
( = dimensionless time, Equation 

p = density 
T = amount of component one 

passing through a cross sec- 
tion of the column normal to 
the walls 

= one-half the distance between 
the plates of a thermogravi- 
tational column 

B T  = (+) / (W 

‘ Y  

tween hot and cold walls 

(6) 

o 
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