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Isotopic separation of several liquid compounds was studied experimentally in a precisely constructed,
60-cm thermal diffusion column at wall spacings of 0.254 and 0.383 mm. The systems studied were benzene,
cyclohexane, carbon disulfide, 1-chloropropane, and bromoethane. The measurements for benzene and
cyclohexane included the C(Hi—CyD, and the C;H,,—C,D,, pairs. The experiments were done under both
static and flowing conditions in order to get experimental values of the initial transport coefficient and the
remixing coefficient of the column for each system. The experimentally determined remixing coefficients
were found to agree with those predicted from the theory of the thermal diffusion column. Experimental
values of the thermal diffusion factor were obtained from the initial transport coefficients. A simple
mass-dependent relationship was found to be inadequate to describe the results even for different isotopic
substitutions within the same compound. Results for the C.H—CyD; pair were found to agree quite well
with recalculated results based on the early work of Korsching.

I. INTRODUCTION

The separation of mixtures by liquid phase ther-
mal diffusion has been the subject of many investi-
gations."® For the most part, this work has been
confined to nonisotopic mixtures. The separation
of isotopes by liquid phase thermal diffusion has
received limited attention although the method was
applied on a large. scale to uranium isotope separa-
tion® not long after the discovery of the thermograv-
itational column by Clusius and Dickel in 1938.*

In a lengthy review article published in 1960
Alexander® summarized previous work on isotopic
separation and discussed in some detail the ele-
mentary effect, the theory of the column and the
characteristics of the ideal separation apparatus,
In 1968 Rabinovich® attempted to explain the exist-
ing data for the isotopic thermal diffusion factor
in terms of a simple mass relationship. The data
available at that time comprised 11 measurements,
Of these, five were direct measurements of the
elementary effect in liquid metals and molten salts;
the remainder were column measurements on
various halogenated compounds, "8 benzene, °
water, }%!! and UF,.?

The theory of the thermal diffusion column, devel-
oped originally by Furry, Jones, and Onsager'?
for gases, appears to be at least qualitatively cor-
rect in predicting the behavior of liquid columns.
Good quantitative agreement between theoretical
predictions and liquid phase column measurements,
however, has apparently not been achieved. There
are several possible reasons for this, among
which are the following: (1) Precise, reliable
single-stage measurements of the thermal dif-
fusion factor are rare. (Most column work has
been restricted to the measurement of the equi-
librium separation which is directly related

6061

to the thermal diffusion factor; thus, compari-
son with theory requires the accurate a priov:
knowledge of this quantity.) (2) Most experiments
have involved mixtures of components of sub-
stantially different properties; therefore, the
properties of the fluid in the column were func-
tions of position, both horizontal and vertical.

The effect of composition on density, in particu-
lar, has acquired some notoriety as the “for-
gotten” effect; and at one time it was postulated
that the direction of the convective circulation

of the column could be reversed by the separation
of a higher density component toward the hot wall. 13
The recent work of Korchinsky and Emery, 14
Korsching, !* and Horne and Bearman®®~'? has
shown that the importance of this effect had been
greatly overestimated; and it appears on the

basis of Korchinsky and Emery’ s work that ap-
parent experimental observations of the reversal
of the convective circulation resulted from defects
in the experimental apparatus. (3) Practical liquid
phase thermal diffusion columns require a spac-
ing between the hot and cold walls on the order of
0.2-0.5 mm,

The behavior of the column is exquisitely sensi-
tive to spacing, and the problem of constructing
an apparatus of satisfactorily known geometry is
a formidable one. Steep temperature gradients,
on the order of 500-~5000°C/cm, are associated
with the small spacing. Thus heat fluxes are
large, and significant local variations in tempera-
ture are difficult to avoid.

Horne and Bearman, '° Beyerlein and Bearman,®

and Stanford and Beyerlein®! recently reported
some success in the measurement of nonisotopic
thermal diffusion factors with the column. These
recent results are in quite good agreement with
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results obtained by other workers in single-stage

experiments. The experiments of Bearman, Beyer-

lein, and others involved the use of short, high
precision columns operated at small temperature
differences. These conditions lead to small sep-
arations, hence the effects of concentration dif-
ferences on the physical properties of the fiuid are
minimized.

In recent papers the author reported the suc-
cessful use of the thermal diffusion column for
accurate determinations of the thermal diffusion
factors of nonisotopic® and isotopic® gas mix-
tures. These measurements were likewise
carried cut at small temperature differences in
relatively short columns. In addition, the gas
phase experiments were designed to yield an
independently determined value of the convective
remixing coefficient. Comparison of the ‘experi-
mental remixing coefficient with theory served
as an important test of the column theory and of
the performance of the experimental column.

This paper describes the results of liquid phasé
thermal diffusion column experiments with iso-
topic mixtures. The experiments had two basic
objectives: (1) evaluation of the validity of existing
column theory and (2) development of a reliable
experimental technique for determining isotopic
thermal diffusion factors of liquids. The use of
isotopic mixtures effectively eliminates those am-
biguities in column behavior which are related to
the effect of composition on properties, Somewhat
offsetting this desirable simplification, however,
is the fact that more extreme conditions are re-
quired to get satisfactorily large separations in
isotopic systems. For this reason much of the
effort herein described was devoted to deuterated
systems with large differences in molecular
weight in the expectation that these systems would
offer relatively higher separations.

II. THEORY OF THE THERMAL DIFFUSION COLUMN

The theory of the cylindrical thermal diffusion
column was derived by Furry, Jones, and Onsager
(FJO) for binary isotopic mixtures.'? There was
no inherent restriction in this treatment to either
the liquid or gas state. The integrals appearing
in the FJO theory, however, are relatively easy
to evaluate for the typical conditions of a liquid
column experiment; and the resulting expressions
have been widely used for predicting separations
of nonisotopic mixtures.

The FJO theory does not take into account the
effect of the separation on the properties of the
fluid, specifically the density. A number of
attempts have been made to include the effect of
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the radial separation on the density (the “for-
gotten effect”). The recent work of Horne and
Bearman appears to have solved the problem for
the special case of a column at the steady state
with no net flow. 1t seems that the effect on
column performance is small, and for isotopic
mixtures it is vanishingly small.

In a recent paper® the author developed the
theory of the thermal diffusion column for non-
isotopic gas mixtures; however, the assumptions
of that treatment in no way confine the results to
dilute gases. The expressions derived from the
theory are identical to those of the FJO theory
except that the mole fractions appearing in the
column transport equation are replaced by mass
fractions. Thus the transport of component 1 of
a binary mixture is given by

Ty = Hwywy - (K, + Kg) dwy/dz + owy, 1)

where 7, is mass per unit time of component 1
transported in the positive z direction; «y and w,
are the mass fractions; and o is the net mass
flow rate through the column.

The quantities H, K,, and K, are the initial
transport coefficient, the convective remixing
coefficient, and the diffusive remixing coefficient,
respectively. According to Ref, 24 these are
given by the following expressions:

H=27 [[a;G(T)/T]ar, (2)
7y
o T,
K.=(21/Q) ,[Tla[AGZ(T)Dmp] ar, 3)

K= (21/Q) [ ADy,ortar ,

f @)
where T, and T, are the temperatures at the cold
and hot walls of the column, respectively, o, is
the thermal diffusion factor, 27 is the radial
heat flow per unit length, X is the thermal con-
ductivity, D,, is the diffusion coefficient, p is the
density, and v is the radial coordinate.

The quantity G(T) is related to the mass circu-
lation rate in the column and is given by solution
of the fourth order differential equation

d npd 1 dG d
d L 20 : (5)

—gﬁ,

34 L &4 - S

@ FT 7o\ 4T T pxr? dT
where g is the acceleration of gravity and the fol-
lowing boundary conditions apply:

G=dG/dT=0 atT=T,and at T=T, . (6)

Strictly, these conditions pertain only to the case
for which ¢=0; however, no appreciable error is
introduced as long as ¢ is negligible relative to
the convective mass circulatios rate in the column.
This is the case for most experimental conditions
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of interest, especially for those involving isotopic
mixtures.

Relatively simple expressions can be obtained
for the column coefficients if the assumption is
made that the physical properties of the fluid, other
than density, are constant and equal to the values
at the arithmetic average temperature, and if the
hot and cold walls of the column are assumed to
be plane parallel surfaces. The density is allowed
to vary with a constant thermal expansion coeffi-
cient in the solution of Eq. (5) and is otherwise
assumed to be constant, e.g., in Egs. (2)-(4).
With these restrictions the following expressions
are obtained for the column coefficients:

H=adp®a;BgB(T,-T,)*/6!nT, "
K,=a'g* @ p* B(T1~T3)%/ 91 0% Dy, (8)
Ky =apDyB, (9)

where T is the arithmetic average temperature, a
is the horizontal spacing bétween the hot and cold
walls. B is the width of the column, and g is the
thermal expansion coefficient. Equations (7)-(9)
are good approximations for the typical cylindrical
liquid column for which a is small relative to the
radii of the hot and cold walls; thus, B is taken as
the average circumference of the column,

For the static, steady-state case (1,=0, ¢=0)
the concentration gradient in the column can be
obtained from Eq. (1):

dwy/dz = Hwy we/ (K, + K,). (10)

If K, is taken to be negligible (usually the case),
then substitution of 7 and 8 into 10 yields

dw,/dz =5040r 1D,/ atg p AT. @11

For the case a « 7, this result is identical to that
obtained by Horne and Bearman, '° provided that
the contribution of the forgotten effect is omitted.

In general it would appear to be preferable to
avoid the somewhat restrictive assumptions lead-
ing to Eqs. (7)-(9), especially if large temperature
differences prevail between {he hot and cold walls
of the columns. The direct numerical integration
of Eqs. (2)-(5) is relatively easy to accomplish;
hence, column coefficients can be based on tabula-
tions of the physical properties of the fluid as func-
tions of temperature. This approach has been used
extensively by the author in previous work on gas
phase thermal diffusiocn.

III. EXPERIMENTAL APPARATUS

The liquid thermal diffusion column used in this
investigation was designed explicitly for measure-
ment of isotopic separations, The dimensions and
operating temperatures were chosen to yield large

separation factors which could be readily measured
in a mass spectrometer of limited precision. The
column was provided with two interchangeable hot
walls of different dimensions so that measurements
could be made at two values of the spacing between
the hot and the cold walls. The apparatus included
a calibrated pumping system for establishing a
known steady -state flow rate through the column.

It was designed to operate at pressures as high as
70 atm.

The column, Fig. 1, was 61 cm in length be-
tween the end ports. The cold wall was a water-
cooled stainless steel tube, 5 cm o.d. and 1. 907
£0.0002 cm i.d. at 20°C. The hot wall was a
steam-heated stainless steel tube 1. 27 ¢m i.d.
and either 1. 8272+0.0005 or 1.8529+0,0005 cm
o.d. at 25 °C, according to whether a gap width of
0.254 or 0.383 mm was desired. Uniformity of
the gap was established by piano wire spacers spot
welded at 5-cm intervals along the hot wall. At
each vertical location six spacers, each 0.5 cm
long, were placed around the circumference of the
tube.

Clearance for assembly of the hot wall into the
cold wall resulted from the fact that the hot wall
was some 0.003 cm smaller in diameter at the
assembly temperature of 25 °C than at the operating
temperature. In the strictest sense, correct spac-
ing between hot and cold walls occurs at a single
hot wall temperature, a temperature such that the
expansion of the hot wall is just sufficient to allow
all spacers to contact the cold wall. In this con-
nection it should be pointed out that the rather
common practice of heating the outside wall of the
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FIG. L. Liguid thermal diffusion column.
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FIG, 2. Cross sectional view of experimental liquid
thermal diffusion column showing locations of thermo-
couples.,

column and cooling the inside wall leads to exagger-
ated errors in spacing, and the annular gap in such
a device will be nonuniform in width to the extent

of the sum of the assembly tolerance and the ther-
mal expansion effect.

The experimental column contained no internal
reservoirs., It was provided with three pairs of
connecting ports. The end ports, which were 61
cm apart, were positioned 2.5 ¢m from the top
and bottom of the column, respectively. The third
set of ports was in the middle of the column. Each
port was connected to a 11-6 in. miniature high pres-
sure valve by a length of 0. 5-mm-i.d. tubing.

Thermocouples were placed in the column wall
and in the cooling water at two vertical positions
46 cm apart. As shown in Fig. 2 three thermo-
couples were emplaced at each of the two positions.
Thermal calibration runs with fluid of known ther-
mal conductivity (helium gas) were used to deter-
mine the several thermal resistances between the
condensing steam on the hot side and the cooling
water on the cold side. The inner and outer cold
wall temperatures and the temperature of the con-
densing steam were sufficient for the evaluation
of the horizontal heat flux and of the hot and cold
temperatures at the boundaries of the annular gap.
Because high heat fluxes were involved in material
of low thermal conductivity, the boundary tempera-
tures were appreciably different from the condens-
ing steam and cooling water temperatures, respec-
tively.

RUTHERFORD

Auxiliary equipment (Fig. 3) for the column in-
cluded a system for preparing and supplying de-
gassed feed liquid, a buffer vessel to maintain the
system at a pressure above the bubble point pres-
sure at the column hot wall temperature, and a
pumping system to establish known, controlled flow
rates of liquid through the column.

The buffer vessel was a particularly important
feature of the apparatus. It provided the small
amount of volumetric capacity necessary to sus-
tain system pressure after removal of samples
and during fluctuations caused by temperature vari-
ations, pump switching, and other disturbances.
Thus, it was possible to operate the system with
low molecular weight fluids having normal boiling
points well below the hot wall temperature of the
column,

Several attempts to use buffer vessels with dia-
phragms or pistons to separate the liquid from an
auxiliary source of compressed gas were failures
as the result of gas migration across the barrier.
The design finally adopted was highly successful.

It consisted simply of a vertical thimble maintained
at a temperature somewhat higher than the hot wall
temperature of the column. The liquid thus came
in contact only with its own vapor. The pressure
remained constant as long as the thimble contained
both liquid and vapor,

Thimble
160°C
[
pllg
9lil2
Column
Air —pH ::::ple
operated o A
valves
ATC ATO
: Sample
/ port

Syringe %

pumps

Vacuum or
Feed helium

reservoir

FIG. 3. Flow diagram for liquid thermal diffusion
experiments.
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The pumping system was based on two alternately
operating syringe pumps driven through change
gears by synchronous motors. The syringes had
a single stroke capacity of 3.5 ml and were spe-
cially fabricated from stainless steel. A system
of air-operated valves switched the syringes be-
tween intake and discharge. Time delays were
built into the switching system so that both intake
and discharge valves were never open simulta-
neously. By choice of the gear ratio the pumping
rate of the tandem system could be varied between
0.0232 and 115, 9 ml/hr.

IV. EVALUATION OF THE THERMAL DIFFUSION FACTOR
FROM COLUMN MEASUREMENTS

The separation experiments were designed to
obtain experimentally derived values of the initial
transport coefficient H and the total remixing co-
efficient K=K, +K,. (For the conditions of this
investigation K, is negligible; hence, K=K_..) The
procedure involves (1) measurement of the separa-
tion factor of the column at static, steady-state
conditions and (2) measurement of the separation
factor of the column as a function of an imposed
flow rate o.

The ratio H/K is evaluated from the static,
steady-state separation measurement, Under
these conditions the separation factor of the column
is given by the integral of Eq. (10); thus,

o (wy/wy)r\ HL
e (o) =

where ¢, is the static separation factor and L is
the length of the column section. The subscripts
T and B refer to the top and bottom of the column
section, respectively.

The initial transport coefficient H is obtained
from measurements of separation as a function of
flow rate. The solution of Eq. (1) for the steady
flow case (0 #0) is given by Jones and Furry® for
flow in the downward (- z) direction as

tanhCJ—Y>: b (wlB —wlT) ’
2 Wip +Wir— (U/H) (w1 - wn‘) =211

where (13)

b={[1+(0/H)PP-(dow,z/H)} ' (14)
and

Y=HL/K. (15)

The experimental value of H is taken as that value
which yields the best least squares fit of Eq. (13)

to the flow separation data. The experimental value
of the coefficient K is subsequently calculated from
Eq. (12).

The thermal diffusion factor is obtained from the
experimental value of H. The average value of the
thermal diffusion factor over the temperature range
between the hot and cold walls is given by

ET=27TJ:Z aTGTST)dT/ZﬂL:Z g_(_j‘}ﬂ‘ (16)
If a quantity £ is defined by

£=2n [2[6(r)/T]arT, an
then

ar=H/E. (18)

The experimental value of oy is obtained by in-
sertion of the experimental value of H in Eq. (18).
The quantity £ is evaluated from theory.

In order for the above procedure to be valid it
is necessary to provide independent confirmation
that the behavior of the column is adequately de-
scribed by theory. This can be supplied by com-
parison of the experimentally derived value of the
remixing coefficient K, with the value predicted
from theory. The theoretical expression for K,
does not involve the thermal diffusion factor; hence,
a priori knowledge of the thermal diffusion factor
is not required to demonstrate validity of the col-
umn theory. In the rigorous sense this compari-
son is not conclusive, and compensating errors
or effects may be present even when good agree-
ment is obtained.

In its essential features this method for deter-
mining isotopic thermal diffusion factors from
column measurements is similar to the procedure
used in earlier work by the author on isotopic and
nonisotopic gas mixtures.

V. RESULTS

Isotopic separation measurements were made
under static and flowing conditions with the fol-
lowing compounds: benzene, cyclohexane, carbon
disulfide, and 1-chloropropane. A single static

separation measurement was made for bromoethane.

The column operating conditions for these measure-
ments are given in Table I. In order to avoid sam-
pling difficulties the flow separation measurements
pertained only to the lower half of the column and
were based on samples taken from the middle and
bottom ports. Some of the systems were examined
at both of the two available gap dimensions, 0. 254
and 0.383 mm. In general, the more readily sep-
arable systems were studied with the larger gap
and the less readily separable systems with the
smaller gap. For all experiments separation fac-
tors were evaluated from mass spectrometrically
determined isotope ratios.

The benzene isotopic system was a prepared
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TABLE I. Dimensions and operating conditions for
liquid thermal diffusion experiments.

Compound ty CC) f. (°C)

I. a=0.383 mm, 7r3=0.9154 cm, »,=0.9537 cm.

Benzene 127 40
Cyclohexane 129 37
1-Chloropropane 130 35
Bromoethane 131 35
II. a=0.254 cm, 7r4=0.9282 cm, »,=0.9537 cm

Benzene 139 53
Carbon disulfide 137 55
1-Chloropropane 143 46

mixture of 2% CgD, in ordinary benzene. Separa-
tion of the mass 84 species irom the mass 78 spe-
cies was determined as a function of flow rate for
both configurations of the experimental column,
These data are plotted in Fig. 4. (Most of the
points plotted in Fig. 4 and in subsequent figures
are averages of several measurements made over
a period of several days.) Initial transport coef-
ficients were evaluated from the experimental re-
sults for each annular spacing, and experimental
values of @, were subsequently calculated using
Eq. (18). These results and the experimentally
derived values of the remixing coefficient are given
in Table II. For the evaluation of £ the references
listed in Table III were used as sources for the re-
quired physical properties, Where it was neces-
sary to extrapolate the density to higher tempera-
tures the correlation given in Ref. 34 was em-
ployed. The other properties were extrapolated
according to the following rules:

)= n(Tole™'T, (19)
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3 T T T T T
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4 8 12
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¥IG, 4. Separation as a function of flow rate for the
CgHg—C¢Dg system in the liquid thermal diffusion column,
The triangles are data for a spacing of 0.254 mm and the
circles are for a spacing of 0.383 mm. The solid lines
are best fits for Eq. (13).

Dy3 (T)=T D1y (To) n(To)/1(T) T, (20)

M (T) =M (To) [ V(T)/ V(T) V3, (21)
where A is a constant and V is the molar voluime.

All calculations leading to the column coefficients
and the quantity £ were done by numerical integra-
tion of the appropriate expressions, e.g., Egs.
(2)-(5) and (15). Smoothed tables of the necessary
physical properties as functions of temperature
were used as input for these calculations.

The separation of the mass 79 species of benzene
(primarily *C'%C4H,) from the mass 78 species
was also measured for static conditions only. The

TABLE II, Column parameters and thermal diffusion factors derived from liquid thermal diffusion experiments.

Gap H, exptl K, exptl K, theory
Compound (mm) Isotope pair (g/sec) (g-cm/sec) (g cm/sec) ar ag
Benzene 0,383 C¢De—CeHg 4.2 x10" 0,026 0.032 0.15% 4.1
0.254 CeDg—CeHe 1.54 %10 0.0018 0.0020 0.18? 4.8
0.383 B0 1~ 2CH, ‘e - 0.015° 2.3
0.254 ol He—12C4H, .o oee 0.019° 2.9
Cyclohexane 0.383 C¢Dpo—CeHyp 4,7x10" 0.020 0.019 0.25% 3.7
0.383 Bol2o Hy—12CeHy, ‘oo e .. 0.017% 2.9
Carbon disulfide 0.254 c¥8,~C¥2s¥s 1.28 x10-4 0.0077 0.0071 0.0622 4.9
1-Chloropropane 0.383 C3H, 3*Cl-C3H; 371 . e 0.030? 2.4
0.254 C4H; ¥c1-C4H; ¥'C1 4,6Xx10" 0.0055 0. 0062 0.021% 1.7
Bromoethane 0.383 CoH; Br—C,H; ¥ Br oo ceee e 0.020% 2.1

2From measurement of initial transport coefficient.

bFrom static separation factor.
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FIG, 5. Separation as a function of flow rate for the
CgHy3—C¢Dy system in the liquid thermal diffusion col-
umn. The points are data for the 0.383~-mm spacing.
The solid line is the best fit of Eq. (13).

thermal diffusion factor for the mass 79 species
was evaluated on the basis of static separation
measurements; thus,

[ glrers= [0 7 )se—16 [Inq,Jro_re/[10g  Jogrs - (22)

Cyclohexane separation measurements were
carried out for a mixture of 2% CgD;, in CgHj,.
The results appear in Fig, 5 and Table II. For
this system the separations were much larger than
in the case of benzene, and it proved impractical
to use the 0. 254-mm annular gap; thus the results
pertain only to the 0.383-mm gap. The data were
processed in the same manner as for benzene,
and a value of o, was likewise obtained for the
BeC.H,, - %CgH,, pair by a procedure similar
to that given in Eq. (22).

Carbon disulfide, 1-chloropropane (Fig. 6) and
bromoethane were studied as natural isotopic
mixtures, For these systems the separations
were much smaller, and the precision of the re-

0.6 T T T T T

1 1 i ! 1
0.4 0.8 1.2
FLOW, ML/HR

FIG. 6. Separation as a function of flow rate for car-
bon disulfide and 1~chloropropane in the liquid thermal
column at a spacing of 0.254 mm, The circles are data
for carbon disulfide and the triangles are data for 1-
chloropropane. The solid lines are best fits of Eq. (13).

sults is accordingly somewhat less. As indicated
in Table II, the value of a, for the bromoethane
system was evaluated from static measurements
only. Inasmuch as the experimental results for

K agree reasonably well with column theory for
all of the other systems, this procedure should

be accurate. Unfortunately, however, the separa-
tion for bromoethane was extremely small; and
the resulting value of a, is substantially more
uncertain than is the case for the other systems.

Assessment of the over-all precision of the data
given in Table II for the thermal diffusion factor
is difficult. The agreement between theory and
experiment for the remixing coefficient, which
is more sensitive to experimental conditions,
suggests that an estimate of +15% would not be
unreasonable. The two sets of measurements of
the thermal diffusion factor for benzene support
this estimate of the error.

TABLE III. Sources of physical property data.

Diffusion Thermal
Compound Density Viscosity coefficient conductivity
Benzene 26,27 28,29,27 30,31,32,33 28, 34,29, 35, 3¢
Cyclohexane 37,38,27 39, 40, 37, 28,27 41,42 36
Carbon disulfide 43,37 37,28 44 37
1-Chloropropane 45,46,29,34 34 472 37
Bromoethane 37,45,46,29 37,26,45 30, 47 35, 48

“Based on value of Dn/kT for similar compounds in Ref, 47 (¢ is the Boltzmann constant).
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TABLE IV. Re-evaluation of Korsching experiment on
separation of C¢Dg from CgHg by liquid thermal diffusion.

Column length 9.6 cm
Column spacing 0.25 mm
Hot wall temperature 71°C

Cold wall temperature 30°C

Ing,, observed 4.702

¢ p, from original calculation 0,22

¢/K, recalculated 0,490 cm™!
ap, recalculated 0.15

VI. DISCUSSION

On the basis of the results of this work as given
in Table I, it appears that the theory of the thermal
diffusion column in its present form is satisfactory.
For several systems and two different values of
the spacing parameter, agreement within the es-
timated precision of the experiments was obtained
for the column remixing coefficient. This coef-
ficient is directly related to the internal convective
circulation rate which is in turn a sensitive func-
tion of the experimental geometry and column
operating conditions, In addition, the observed
relationship between the separation factor and flow
rate as well as the static separation factor are well
represented by the use of a single value of H, the
initial transport coeificient.

The isotopic separation of benzene in the thermal
diffusion column was measured by Korsching® many
years ago, and a value of the thermal diffusion
factor for the C¢Dg—CgHg pair was reported. The
value reported, however, was based on calculations
involving physical property data which have since
been superseded. Specifically, the self-diffusion
coefficient of benzene is now much more accurately
known. Accordingly, the calculation of the thermal
diffusion factor from the Korsching separation mea-
surement was redone on the basis of the property
data assembled for the present investigation. The
necessary column coefficients were evaluated by
numerical integration of Eqs. (2)-(5), and the ther-
mal diffusion factor was calculated from the fol-
lowing relationship;

Ing,
C!T— 57'1? . (23)
The results of the calculation are given in Table
IV. A significant difference is noted between the
old and the new values of ar obtained from the sep-
aration data, The new value is in quite good agree-
ment with the results of this investigation.

The recent work of Rabinovich® indicates that the
reduced thermal diffusion factor ¢,, defined by

RUTHERFORD

ag= ap (my +my)/(my —my), (24)

where m and m, are the molecular weights of 1 and
2, is a constant approximately equal to 5.4, This
semiempirical result is based on published data
for several systems including organic compounds,
liquid metals, molten salts, and UF,;. The pub-
lished data show a wide variation from the aver-
age value of 5. 4; they range from a,=2.8 to &,
=9,3.

The reduced thermal diffusion factors for the
several measurements of this investigation are
given in Table II. The values are all smaller than
the value of 5. 4 suggested by Rabinovich, More-
over, they show rather sizeable deviations from
constancy; and the deviations are appreciably
greater than the estimated experimental error.
The possibility of a simple mass dependence for
the thermal diffusion factor can apparently be
eliminated on the basis of the data involving *C and
deuterium substitutions in the same compound, If
any experimental bias exists, it will be reflected
equally in the calculation of the two sets of data.
The not surprising conclusion is that the thermal
diffusion factor must involve more than a molecular
mass dependence.

The chlorine and bromine substituted compounds
used in this work do not afford a direct comparison
with results obtained by Alexander and co-work-
ers®”® for other compounds. Generaily, the re-
duced thermal diffusion factors for the compounds
listed in Table II are substantially lower by a factor
of 3 or 4, There does not appear tobe any reasonto
attribute this discrepancy to imperfections in the
apparatus used by Alexander, although he did not
make use of an independent check of the behavior
of the column with respect to theory. Column im-
perfections generally lead to low separation fac-
tors; hence, thermal diffusion factors for columns
of poor geometry are similarly low. Alexander
and co-workers determined isotopic concentrations
at the ends of the columns by means of density
measurements. This procedure may have resulted
in some error in the determination of the separa-
tion factors. Mass spectrometric measurement
of the isotopic concentration, as used in the pres-
ent work, is felt to be more accurate.

It is of some interest to compare column co-
efficients evaluated by numerical integration of
Egs. (2)-(5) with those obtained from the much
simpler approximate relationships of Eqs. (7)-(9).
Test calculations for benzene under the conditions
used in this work showed a difference of 3% for the
initial transport coefficient, 0.5% for the convec-
tive remixing coefficient, and 4.4% for the diffusive
remixing coefficient. At the present level of ex-
perimental accuracy, it does not appear that any
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important error is incurred in using the simple re-
lationships,
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