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NOMENCLATURE

Bottom product rate--gm/sec,

Mass fraction of n-heptane in the n-heptane-benzene system,

Top product rate--gm/sec,
Diffusivity--cm2/sec,
Circumference of cclumn--cm,

Feed rate--gm/sec,

Transport coefficient——gm/sec,
Transport coefficient--gm cm/sec,
Height of column--cm,

Molecular weight,
Separation--weight fraction,
Temperature--°C or °K,
Temperature gradient across spacing--°C or
Transport up column--gm/sec,
Spacing--cm,

Acceleration of gravity--cm/sec2,
Viscosity--gm/cm sec,
Density-—gm/cm3,

Separation factor,

Velocity component--gm/sec,
Radial co-ordinate in column,
Longitudinal co-ordinate in column,
Thermal diffusion coefficient,

Coefficient of volume expansion--gm/cma °c,
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Subscripts

B

D

F

Bottom product,
Top product,
Feed,

Average value,
Reference value,

Total reflux,






SEPARATION OF BENZENE AND NORMAL HEPTANE

IN CONTINUOUS THERMAL DIFFUSION COLUMNS

I. INTRODUCTION

The phenomenon of thermal diffusion is not new; however, the ap-
plication of the process to continuous separation columns is relatively
recent (2, 7, 10). It has been reported (8) that liquid thermal diffusion
may have a range of applications equally as broad as distillation. It is
not yet apparent how thermal diffusion would stand in the economic picture
when compared with conventional means of separation, since operating data
are practically non-existent. It is evident, however, that the process
would be applicable to the separation of highly valuable materials which
are difficult or impossible to separate by other means. The reported use
of the process at Oak Ridge to separate isotopes of uranium is a case in
point.

The following discussion describes the operation of continuous
thermal diffusion columns in separating liquid mixtures of n-heptane and
benzene. The effect of column height, spacing, feed rate, temperature
gradient and feed composition have been studied in their relation to the
separation attainable.

II. PREVIOUS WORK

The literature is quite extensive in describing thermal diffu-
sion in both the liquid and gaseous states. In their article on isotope
separation by thermal diffusion, Jones and Furry (11) give an extensive
listing of references to work conducted prior to 1946. However, the pre-
ponderance of the literature is confined to theroretical aspects and gen-
eral description of the application of thermal diffusion to specific cases.
Very few data have appeared on the operation of continuous columns. Indeed,
the relatively recent conception of the thermal diffusion column has pre-
cluded the accumulation of extensive data.
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An important development in the study of thermal diffusion was
the theoretical work of Furry, Jones and Onsager (5, 6, 7, 11). They in-
tegrated the heat and mass transfer equations which describe the perform-
ance of thermal diffusion columns. These equations correlate the separa-
tion attainable with the column characteristics, operating conditions, and
physical properties of the system.

Trevoy and Drickamer (16) studied thermal diffusion in binary
mixtures of paraffin hydrocarbons with each other and with benzene. They
used a total reflux or batch column with a constant feed composition of 50
mol per cent. In addition, they used small temperature differences so
they could study the thermal diffusion coefficient. They found that the
thermal diffusion coefficient is only slightly affected by temperature.”

Jones and Milberger (9) reported the results of their study of
8 great many organic liquid systems. Their results were obtained for bin-
ary and a few ternary systems at total reflux with the column design and
operating conditions held constant so they could study the variation of
separation between systems. They found that the shape of the molecule was
the controlling factor in determining the direction of separation. In ad-
dition, they determined that the maximum separation normally occurred when
the composition of the feed was 50 per cent by volume. It is significant
that the volume composition determined the maximum separation rather than
the molecular composition.

Jones and Hughes (10) patented a variety of thermal diffusion
columns for liquids as well as methods for using thermal diffusion on a
continuous basis. Jones (8) discusses the effect of column height, spac-
ing and temperature in relation to separation in an article describing
some industrial applications. A number of other investigators studied
thermal diffusion in liquids. These investigations were made in columns
operating at total reflux for the purpose of establishing that thermal
diffusion would occur in the system studied and of determining the direc-
tion of separation. In some cases, the magnitude of the thermal diffusion
effect was also determined. Among these investigators are Carr (1), Clusius
and Dickel (2, 3), Fournier (4), Korsching (12, 13), Prigogine et al. (15),
van Dranen and Bergsma (17), van Velden et al. (18), and Wirtz (19).

III. THEORETICAL CONSIDERATIONS

Furry, Jones, and Onsager (7) carried out the integration of the
heat and mass transfer equations applicable to the operation of cylindri-
cal thermal diffusion columns, so that only a minimum of theoretical con-
siderations are discussed here. Analysis of an infinitesimal height of



column yields the so-called basic transport equation which applies only to
batch or total reflux¥* operation.

Wy = HC (1 -¢C) - (Ko + Kg) (dc/az) . (1)

For details of the development of this equation reference should be made to
Jones and Furry (5). In Equation (1), Wi is defined as the transport of a
component according to the relation

1
Wy = [ FEaswC dX . (2)
o

In these relations C is the mass fraction of the component going to the
top of the column, Z is the vertical distance along the column, E is the
column circumference, a is the spacing or width of the diffusion section,
s is the density of liquid, w is the vertical velocity, X is the radial
distance, g is gravitational acceleration, D;is the diffusivity of a com-
ponent, m is viscosity, Tgp is the average temperature across the diffusion
section, AT is the temperature drop across the section and B is the volume
expansion coefficient. The other terms, H, K. and Kq are transport coef-
ficients defined by: ‘

3 2
H = SeBEa’ (AT) - (3)
6'mT,
_ sg2 B2 Ea7 (AT)2
KC - 911!12 Dl ’ (h‘)
and
Ky = EasD, . (5)

The three transport coefficients can be interpreted as follows:
The first term, H, represents flow of component 1 in the radial direction
due to thermal diffusion. The two K terms represent remixing due to con-
vection and ordinary diffusion. Generally, remixing coefficients are
combined as

K = K, +Kg (6)
to yield the simplified transport equation:
Wy = HC(1 - ¢) - K (dc/dz) . (7)

Equation (5) describes the effect of ordinary diffusion 1n the longitudi-
nal direction when substituted in Equation (1). However, this effect is

*Total reflux has the same significance as in distillation. It implies a
continuous column operated with no take-off of product.



usually small, so that the K of Equation (7) is practically equal to the
Ko of Equation (4). With q defined in terms of the top concentration Cp
and the bottom concentration Cg,

cy/( - Cp) | (8)
cg/(1 - Cp)

Equation (7) can be integrated over the whole column height for the total
reflux or batch case where W; = 0, giving ‘

lnq = H/K . (9)
Here, L is the height of the column.

It is desirable to adapt the transport equation to the case of
continuous operation, in which products are removed from the top and bot-
tom of the column while a feed is introduced in the middle. Jones and
Furry have indicated this modification in their work. Effectively, Equa-
tion (7) becomes:

Wy, = DC+ HC (1-c¢)-K (ac/az), (10)

where D 1s the flow rate of the top product. The material balance over the
top portion of the column above the feed requires that:

Wi = ICp . (11)

Thus, Fquations (10) and (11) reduce to:

D(Ccp-c¢) = H (L -¢)-K (dc/dz). (12)
Similarly for the bottom half of the column:

B(cCc-cg) = H (1-0C)-K (ac/dz), (13)
where B is the flow rate of the bottom product. Equations (12) and (13)
can be integrated over the length of the column with no further assumptions;
however, if C (1 - C) is held constant, a simpler and more useful result is

obtained as

exp [IBD/K (B + D)] = HC (1 - ¢C) (14)
HC (1 - ¢) - (BD/F)(Cp - CR)

where F is the feed rate. It should be noted that for the case in which
¢ (1 - C) is taken as a constant, the -batch or total reflux separation S'
is given from the integration of Equation (7) as



§' = Cp -Cg = % ¢ (1-c)]. (15)
In the special case where D = B = F/2, Equation (14) can be simplified even

further and combined with Equation (15) to yield:

S 1 - exp (-FL/UK) (16)

.

S! FL/4K

Equation (16) gives the ratio of the separation or variation between top
and bottom products in a continuous thermal diffusion column to the separa-
tion in a batch or total reflux column as a function of the feed rate,
column length, and the variables contained in the transport coefficient K.

It is emphasized that Equation (16) is a simplification resulting
from assuming a constant C(1 - C) throughout the column and equal bottom
and top product flow rates. In cases where C varies from approximately
0.3 to 0.7 in weight fraction units, the first, assumption is quite good.
If the ratio of the top product flow to the bottom product flow (B/D) does
not vary more than two-fold from unity, the second assumption holds very
well.

IV. DESCRIPTION OF APPARATUS

Concentric-tube thermal diffusion columns were used in this
study. A schematic diagram of a typical column is shown in Figure 1. Each
column was constructed of three pieces of aluminum tubing arranged concen-
trically, with suitable end pieces and piping connections welded in place.
The inner tube contained circulating hot water, while the outer tube con-
tained circulating cold water. The system to be separated, n-heptane and
benzene, was contained in the intermediate tube. A feed port was located
midway up each column, and product removal ports were provided at the top
and bottom. The height of a column was considered to be the length of the
outer tube, while the spacing was defined as the distance between the hot
and cold walls. Circumference was determined as the average of the hot and
cold walls bounding the system. The dimensions of each column are listed
in Table 1. Also included are the dimensions of a column used by Trevoy
and Drickamer with the n-heptane-benzene system.

Considerable care was taken to maintain constant spacing through-
out the length of the column. During the construction of the columns, a
number of wooden blocks approximately one-eighth of an inch square and of
the proper thickness were impregnated with phenolic resin and dried. These
small blocks were placed between the concentric tubes to provide a hard,
non-conducting spacer which would resist the n-heptane and benzene. Small



TABLE I

COLUMN DIMENSIONS

Length Spacing Circumference
Column L a E
cm cm cm

1 306 0.1052 k4.3

2 206 0.1648 k4.5

3 153 0.1082 14.3

L 153 0.2621 1%.8
Trevoy and v
Drickamer 10.2 0.1016 2.01

projections were railsed on the outside surface of the inner tube where the
spacers were to be located. The spacers were forced on to each of these
projections so that when the inner tube was inserted into the column, the
spacers were held in place between the tubes forming the diffusion section.
Three spacers were installed circumferentially 120 degrees apart approxi-
mately every two feet along the length of the column.

Cold water was supplied directly from the tap while a small gear
pump was used to circulate the hot water. The hot water was heated by low
pressure steam in a steam-jacketed exchanger located downstream from the
pump. Hot water was introduced at the top of the thermal diffusion column,
while the cold water entered from the bottom. By this arrangement, any con-
vection patterns contributed by virtue of a temperature gradient from top
to bottom were more or less stabilized. Feed was supplied by gravity to the
middle of the column from an overhead container. Flow rates of the hot and
cold water streams were measured with a size 8 Fischer and Porter rotameters,
and the feed and product rates were measured with size 07 or 08 rotameters.
Thermocouples were located at the inlets and outlets of the hot and cold
water streams. Junctions were placed directly in the water and on the hot
and cold walls. Figure 2 is a flowsheet of the arrangement of the various
pieces of equipment and Figure 3 is a photograph taken during an experimen-
tal run.



V. EXPERIMENTAL PROCEDURE

At the beginning of a run, the hot and cold water streams were
adjusted to flow rates of approximately 15 gallons per minute. The steam
was then turned on so that the hot water would be heated to the desired
temperature. At the same time, the feed and product streams were turned
on and set at the proper flow rate. Control of the flow rates was accom-
plished by adjusting the valve on the two product streams, the valve on
the feed being left open. The column was allowed to reach a steady state
before recording data. With the operating conditions used, it was felt
that if the separation changed less than 0.1 weight per cent in four hours,
the column had attained steady-state conditions.

The feed and products were analyzed by measurement of their re-
fractive indices. For the samples from columns 1, 2 and 3, the analysis
was accomplished at 25.0°C in a Zeiss-Abbe refractometer capable of meas-
uring refractive indices to +0.0001. The samples from column 4, along
with pure samples of n—heptdﬁe and benzene, were measured at room tempera-
ture with a Zeiss precision refractometer which measured refractive in-
dices to +0.00003. Compositions derived from these refractive indices
are believed accurate to approximately 0.1 weight per cent.

Since the feed and product rates were quite low in many runs, the
rotameters used in the rate measurements were markedly affected by the vis-
cosity of the material. For this reason, it was necessary to calibrate the
rotameters with liquids of varying viscosities. The liquids used in cali-
bration were acetone, ethanol, benzene, and ethyl acetate. Correlation of
these measurements was accomplished by the method proposed by Martin (1k)
to account for the effect of viscosity and density.

Prior to assembly of the columns, the outside diameter of the hot
wall and inside diameter of the cold wall were carefully measured at 4dif-
ferent points along the length of the tubes, and the spacing was calculated
as the difference between the average of these diameters. The spacings de-
termined by this method are believed accurate to +0.002 cm.

It was necessary to correct the spacing of each column for the
thermal expansion or contraction of the hot and cold walls during a run.
It was assumed that the tubes comprising these walls behaved like thin cy-
lindrical shells so that the dimensions would change linearly with temper-
ature. Thus, the following relation was defived for correction of the
spacing:

E_=1-BAT{ELH+__JTI"'T] (17)
an ar T



where a is the spacing at the temperature difference T, a.. is the spacing
measured at temperature Ty, Ryg is the radius of the hot wall at tempera-
ture Tp, and B is the expansion coefficient for aluminum. This correction
amounted to a maximum of less than 2 per cent of the total spacing. How-
ever, spacing occurs to the seventh power in the correlations so that an
ultimate error of about 15% may result from a 2% error in spacing.

VI. RESULTS

Table 2 lists a summary of the data and the calculations that
have been made in accordance with the theoretical deductions. These re-
sults are considered separately for the continuous column operation and
for total reflux operation.

A, Continuous Operation

1. Effect of FL/UK

The group FL/4K, given by the equation

FL 9! FL m2 Dy
- e (28)

includes the variables; feed rate, spacing, height, circumference and tem-
perature gradient. The feed composition and average column temperature
are also included through their effect on the physical properties.

Equation (16) suggested that the data could be properly corre-
lated through the group FL/%K. The effect of this group on the separation
may be seen from Figures L4-14. Although the function described by Equa-
tion (16) appears rather complex, it may be roughly approximated by

1n §§, = b (FL/4K) (19)

up to FI/MK ¥ 1.5, thus suggesting the semi-logarithmic plots of Figures
412,

The data from column 1 are seen to be rather well represented by
a straight line; however, the theoretical curve lies above the line drawn
through the data except for Figure 7. The feed concentration for the runs
depicted in Figure 7 was 0.572 mass fraction n-heptane. For the case of
column 3, the theoretical curve i1s practically coincident with the line
drawn through the data points in Figures 9 and 10. The theoretical curve
lies above the data line in Figure 11. The data from columns 2 and 4 show
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that the values of FI/MK are so small that the separation is practically in-
dependent of FL/&K, indicating that these columns were operating at essen-
tially total reflux.

2. Effect of AT

According to theory AT should be properly accounted for in FL/MK.
However, it 1s noted in Figures 12 and 13 that there is a definite grouping
of points according to temperature distribution. Theory predicts that sepa-
ration at total reflux is independent of temperature difference. Runs de-
picted in Figures 12 and 13 are apparently near enough to total reflux that
they are not correlated by the function FL/4K which includes (AT)"2.

3. Effect of D/B

The effect of the top-to-bottom ratio D/B may be seen in Figure
15, in which separation is plotted versus D/B for a single D/B and for two
different feed rates. These data indicate that separation is independent of
D/B. With the remainder of the runs, D/B was maintained at approximately
1.0, although there was some deviation from 0.5 to 1.50. Although not com-
pletely conclusive, the trend depicted in Figure 15 indicates that the varia-
tions in D/B can be neglected.

B. Operation at Total Reflux

1. Effect of Spacing

The total reflux separations for columns 1 and 3 were obtained
from the curves in Figures 4-11 by extrapolation to FL/hK equals zero. The
total reflux separations for columns 2 and 4 were obtained by averaging all
the values of separation obtained experimentally, since these columns were
operating at essentially total reflux. The separatlions were converted to
separation factors q by use of Equation’ (8) and the material balance
relations.

Co = Cp+8/2 ; cg = Cp - 8/2
which are noted for the case in which top and bottom product rates are equal.

Thermal diffusion coefficients were calculated by the theoretical
equation.

o = _ind | (20)
HL/oK

The values of @ thus determined are presented as a function of composition in
Figure 16. Examination of the data points reveals that the values of ¢ for
column 1 and 3 agree quite well with theory, in that they are a function of
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composition only. The values of o for columns 2 and 4 are far removed from
the curve representing the data for columns 1 and 3. Inasmuch as column 1
and 3 had approximately the same spacing q and columns 2 and 4 had higher
spacings (Table 1), indications are that the theory does not predict the cor-
rect function to describe the total reflux case.

2. Effect of Temperature Difference

The theoretical relation for the total reflux case predicts that
the separations are independent of temperature gradient. Some data demon-
strating this point may be seen in Figurées 17 and 18, which are graphs of
separation versus feed rate with temperature gradient as a parameter. FEx-
trapolation of the curves to zero feed rate tends to corroborate the theory.
Further, Figures 12 and 13 indicate that the function (AT)-2 does not corre-
late the data as FL/4K approaches zero.

VII. CORRELATION

A, Continuous Operation

The results for continuous operation as presented in Figures 4-1k
did not exhibit any consistent deviation from the theoretical curves. The
curves representing the experimental data were constructed as a least square
fit of the form

g - abFL/ LK

where the extrapolated value of S at FL/UK equals zero would be the constant
a. Although the extrapolation is subject to considerable error, it was felt
that the scatter of the data precluded a more critical treatment.

All of the results for columns 1 and 3 are shown in Figure 19 as
1n S/S' versus FL/4K. The results for columns 2 and 4 are not included,
inasmuch as the values of FL/U4K were relatively low and the separation values
were largely unaffected by FL/hK as shown in Figures 12, 13, and 14. The
theoretical curve has been drawn in Figure 19 and it would appear to give a
good representation of the data. A slightly modified curve might better
represent the data but this would be an arbitrary choice. The theoretical
curve reproduces the values of S/s* with an average error of 8.4 percent with
a maximum error of approximately 30 percent. For operations involving simul-
taneous mass and heat transfer, such deviations are not unusual.

1. Operation at Total Reflux

For the case of total reflux, the values of o as determined from
the extrapolated values of separation show considerable variation with col-
umn spacing. Examination of Figure 16 indicates that the calculated thermal
diffusion coefficients increase with larger column spacings. This apparently
shows that the wrong function has been used to calculate the thermal diffusion
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coefficient, which should be a property of the fluid alone. Since no one
of the thermal diffusion coefficlents determined through use of Equation
(20) is more reliable than any other, it is difficult to examine the total
reflux case further. However, recalling that the group of physical proper-
ties in HC/K is nearly independent of temperature, the function lnq/(L/an)
should behave as an absolute thermal diffusion coefficient, that is, be a
function of composition alone. It was apparent from Figure 16 that total
reflux separation is not correctly predicted by the inverse fourth power of
spacing in accordance with Equation (9). With this in mind, the results
were replotted as 1ng/(I/a2) versus feed composition as shown in Figure 20.
Also plotted on the same graph is the average of the function as determined
by Trevoy and Drickamer in a column operating only at total reflux. It is
apparent that the results of this experimentation and that of Trevoy and
Drickamer are in good agreement. Without recourse to the introduction of sa
modified thermal diffusion coefficient, the results can be correlated as a
function of spacing, length of column and feed composition:

Ing = L5 (3.30 x 1075 - 2.60 x 1075 ¢p) . (21)

As an illustration of the correlation for total reflux and the theoretical
equation as originally developed by Furry, Jones and Onsager for continuous
operation, an example will be presented.

A thermal diffusion column is to be operated on the system n-
heptane-benzene. A feed is available with a concentration, 0.50 weight
fraction n-heptane. The following additional data are available:

E = 15.0 cm
a = 0,100 cm
AT = k40.0°C
T, = 35.0°C
B/D = 1.0 .

(a) Calculate the maximum separation which may be attained with a
column length of 300 em?

(b) What would be the maximum rate at which feed could be intro-
duced to produce one-half the separation calculated in (a) above?

For part (a) it is necessary to use the total reflux relationships.

From Equation (21) or more directly from Figure 20,
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Ina _ 4, 000020
L7a2

Ingq = 300»(0.000020) - 0.600 .
(0.100)2

From Equation (8) and the relationships in Equation (20),

_ cp/(1 - cp)
a = T 1
Cp/(1 - Cp)
Ch = Cp+8'/2 3 Cf = Cp-58'/2.

The primes indicate the case for total reflux or maximum separation. Sub-
stituting for C{y and C§,

1n (0.50 + 8')(1 + 8')

= 0.600
(1 - 8')(0.50 - 8')

s' = 0.100

Thus, a top product with a composition 0.550 weight fraction n-heptane
would be attained at total reflux. In part (b),

.8' = 0.100 ,
S = 0.50 (0.100) = 0.050 ,
S = 0.500 .
Sl
We can now use the relationship:
S 1 - exp (-FL/UK)
st FL/4K = 0.500,
FL
= = 1.60.
4K

The physical properties in the constant K are evaluated at the
average temperature 35°C and feed composition 0.50 weight percent n-heptane.

S = 0.765 g%;
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_ gm
B = 0.00096 — &%
m = 0.380 centipoise ,
Dy = 0.0000278 SM2 |
sec
K - Sg2 B2 Ea7? (AT)2

2

9. m2 D1

x = (0.765)(980)2 (0.00096)2 (0.100)7 (15) (40)2 ,
9t (0.0038)2 (0.0000278)

K = 11.0 8% - ¢cm
sec
F o= (1.60)(4)(11.2)
300 ’
F = 0.239 gm/sec ,

VIII. SUMMARY

The separation of n-heptane and benzene in thermal diffusion col-
umns under continuous operation is fairly well correlated by the equations
of Furry, Jones and Onsager. For the total reflux case, the theory yields
thermal diffusion coefficients which appear to be a function of the column
spacing, rather than a function of the liquid mixture alone. For the col-
umns operated in conjunction with this work the separation factor 1ln q was
inversely proportional to the square of the spacing rather than the fourth
power as predicted by theory. The results of this work further indicated
that the separation attainable at total reflux is independent of tempera-
ture gradient across the spacing.

Although more complete data would be desirable for the system n-
heptane-benzene and other liquid systems, it is believed that the theoreti-
cal equations should prove generally applicable to liquid systems.
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Fig. 3. Photograph of Experimental Equipment.
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