Evaluation of the Performance of Thermal

Diffusion Columns Separating

Xenon Isotopes

Three thermal diffusion columns of the hot-wire type
have been employed in a laboratory to test their effective-
ness in the separation of the isotopes of xenon. The lab-
oratory data have been analyzed by a procedure to be
described and the experimentally derived values for the
column separation parameters have been compared with
those predicted by theory. The results establish an empiri-
cal basis for the design of a thermal diffusion plant for
the separation of xenon isotopes.

DESCRIPTION OF THE EXPERIMENTS

Equipment and Operating Conditions

Each of the three experimental hot-wire columns at the lab-
oratory has an 1D. of % in. and an effective height of 24 ft.
The wire is 1/16-in. thick and is centered by spacers at 4-ft.
intervals. The ratio of the column radius to the wire radius is
thus 12.0. The columns have no reservoirs at either end.

The hot-wire operating temperature is given as 900°C. The
columns are water-cooled and the average cold-wall temper-
ature is assumed to be 20°C. The ratio of hot to cold temper-
ature is thus 4.0,

The columns were filled in the cold state with feed gas to
pressures ranging from 25 to 150 mm. mercury. This corresponds
to a range of 83 to 249 mm. mercury at the operating temper-
ature. The feed gas was not naturally occurring xenon but a
mixture of four isotopes of atomic weights 131, 132, 134,
and 136,

Experimental Results

Both steady and unsteady state separation data, under
total reflux operating conditions, were collected by the
laboratory investigators. The data consist of the Xenon-
131 and Xenon-136 content of samples taken simultane-
ously from the top and bottom of a column, the time
elapsed between startup and sample drawoff, and the gas
pressure in the column at start-up. Samples were reported
at various times from 1 to 12 hr. for the transient condi-
tion experiments, and all samples for the equilibrium runs
were taken at 17 hr. after start-up. Equilibriom runs at
five or more different pressures were made with each col-
umn. The transient experiments, however, consisted only
of a single run with each column, but at a different pres-
sure in each.

ANALYSIS OF DATA

The Transport Equation

The net transport of a component of a binary mixture
separating in a thermal diffusion column, with no product
withdrawal, is given by

¢=Hx(1~x)-—(Kc+Kd)-g:— (1)
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where H, K¢, and Kq are the thermal diffusion transport
coeflicients reflecting the separating efficiency of the col-
umn,

The transport coefficient, H, involves the thermal dif-
fusion effect to which the separation is proportional. The
other coefficients, Ko and Kq, represent remixing effects
which are opposed to the thermal diffusion separating
effect.

The net transport equation is basic for making plant
design calculations. For the design of a thermal diffusion
cascade, the transport coefficients, H and K. + Kag must
be known. Most often, one has no choice but to evaluate
them theoretically. When these column parameters can
be determined from test data, one’s confidence in the
adequacy of a resulting design is increased considerably.

Definition of the Column Transport Coefficients

The thermal diffusion column transport coefficients are
functions of the column dimensions and geometry, the
operating conditions, and certain properties of the process
gas. Jones and Furry (I), in their well-known classic ex-
position of thermal diffusion theory and its application to
column design, have formulated these coeflicients for
several geometries. The expressions for the coefficients for
the extreme cylindrical case, that is the hot wire type of
column, are
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H= 4. — 9
6! 7 1“ h Ti (2)
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Kc = —_— 8. kc y == 3
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where « is the thermal diffusion constant defined, for a
binary mixture, by

105 M2-—M1)
T m— ] ——— k * 5
T8 \in ) F (5)

The subscript 1 associated with the temperature-de-
pendent gas properties indicates that values for these to
be used in computing the transport coeflicients are at the
cold-wall temperature. It is seen from these equations that
the thermal diffusion effect as represented by the thermal
diffusion constant, «, appears only in the expression for H.
Equations (2), (3), and (4) are simplified forms of more
complex expressions involving certain integrals which are
represented here by the symbols A, ke, and ka and are
generally referred to as shape factors. With the assump-
tion of the Maxwellian model for gases, Jones and Furry
have evaluated the shape factor integrals numerically.

Page 541



Recently, MclInteer and Reisfeld (2) and Greene and Von
Halle (3) have extended the work of Jones and Furry to
include non-Maxwellian as well as Maxwellian gases and
also to cover a considerably wider range in column geom-
etry and operating temperatures.

Mclnteer and Reisfeld assumed the Lennard-Jones 6-
12 potential model in their evaluation, thereby intro-
ducing the Lennard-Jones reduced temperature as an ad-
ditional argument in their tabulation of shape factors. A
specific relation between « and temperature, determined
for each gas by the values of its force constants, is im-
plied by the model. Jones and Furry had assumed « to be
independent of temperature.

In their treatment, Greene and Von Halle adopted the
inverse power repulsion law to represent the gas molecu-
lar interaction. Some basic relationships involved in this
model are the assumption

1

F@E;—

Then
n + 3

p =
oIn—1

and /7" MT", pD/T", and D/T**1 are independent of
temperature.

A Maxwellian gas is a particular instance of this model,
since for it n = 1. Greene and Von Halle have computed
the shape factors for n = 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.
They recognized that for most gases the thermal diffusion
constant increases with temperature and have evaluated
and tabulated the shape factor, h, for three cases: « in-
dependent of temperature, a proportional to TV, and «
proportional to T.

For some gases, and xenon is one of them, the variation
of o with temperature is not at all well represented by a
simple function of T%2 or T, but is more closely fitted by
a polynomial, such as

a=Ay+ A1pTV2 + A1 T (6)

where Ao, A12, and A1 are constants. The use of this re-
lation leads to modified expression for the transport co-
efficient, H
_ 2ng (p2) .. ﬁ( T: n )
H 6! n Iﬂ h Ti 12 (M)
where
h* = Acho + Atz hae Ti12 4+ Ain T (8)

and where ho, ht/2, and hi are the appropriate Greene and
Von Halle tabulated values of k for « proportional to T°,
T'/2, and T, respectively.

Transport Coefficients from Separation Data

Equilibrium Data. Integration of the differential net
transport equation over the length of a column leads to

()
l—x/71 Hz

( x ) " Ko+ Ka
l—x/8B

where subscripts T and B refer to the top and bottom of
the column, respectively. The ratio in the left-hand mem-
ber of this equation is customarily called the column sepa-
ration factor and is denoted by the symbol, g, that is

(=),
(lix)B

In

(9)
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q
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Now, it is evident that the transport coeflicients H and
K. are pressure dependent. If these are expressed simply
in terms of the column operating pressure by

H = Hp?
Kc = Kc’P4

then Equation (9) can be rewritten to give

(H/KS) =
P

Ing = (10)

Ka/K:
1+ ( d/4 >
"

With equilibrium separation data obtained at several
different operating pressures, one can then correlate the
g values with the pressures, applying the above function,
to obtain the ratios H'/K." and Ka/K.'. Values of the in-
dividual coefficients are indeterminate from such data
alone.

It can be demonstrated simply that g is a maximum
when Ka/K<' = p?; that i3, when Ka = Ke. It should be
pointed out that the pressure at which the isotopic en-
richment is a maximum is not the optimum operating
pressure, since it is not the pressure at which the column
will produce the maximum separative work.

Unsteady State Data in Combination with Equilibrium
Data. The transport coefficients may be determined in-
dividually by analysis of the transient separation data in
conjunction with equilibrium data at the same operating
pressure. This is accomplished by the use of the equation
given below which expresses the time dependency of the
concentration at the top of a separating column. This
equation, because of assumptions made in its derivation,
is applicable only for a short initial period after start-up,
for a narrow enrichment span, and for a column without a
reservoir at either end. The concentration at the top of
the column as a function of time is given by

yT 401/2
— =1+ +20 4+ ~—————— (11)
% 2172
where
yp=agxr + b
Yo =axo + b
H2z at

9= .
4(Ke + Ka) 1

and @ and b are constants used to linearize the quadratic
term, x(1 — x), appearing in the basic differential trans-
port equation.

The usefulness of this relationship lies in the fact that
for sufficiently small values of @ (short time after start-up),
yr/yo is linear with respect to 612 If the slope of a
straight line drawn through the early time data on a plot

of yr/yo vs. \/t is denoted by m, then
 \1/2
m=4 (—0— ) (12)

i

where ¢ is defined by 8 = 4'¢.
If Equation (12) is solved for ¢’
am?
G = 13

T (13)
But ¢ is expressible in terms of the transport coefficients
and can be related to the equilibrium data for the same
column under the same operating conditions by
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v _oH (14)
Ing 4l
so that H can be expressed in terms of the measured value
of the slope as

_ frImz
T 4a2n q

By means of Equation (15) it is therefore possible to
obtain an experimental value for the transport coeflicient,
H, from the slope of the initial linear portion of the line
representing yr/yo vs. \/t and a measured value of the
overall separation factor, ¢, at equilibrium. Further, sirce
H'/K. and K¢/K.' can be found from the correlation of
the equilibrium data with the operating pressures, K¢’
and Kq can also be individually evaluated.

The unsteady state data obtained from the bottom of
the column can be employed in similar fashion. The time
dependency of the bottom concentration is given by

(15)

401/2

ye/yo = 1~

+ 2 e (16)

wl/2

Equation (15) applies without modification to the bottom
transient data.

Separative Work

A measure which is very useful in comparing the effi-
ciency of complex separation plants or the units compris-
ing them is a quantity called separative work, U, which
for a thermal diffusion column is written

_ H?Zz
~ 4(Kc + Ka)

If the. total separative work required to produce a given
product concentration at a given rate is determined from
cascade productivity calculations, and the separative work
produced by a column is known, then the number of
such columns required for the job is a matter of simple
arithmetic.

(7)

Multicomponent System

No consideration has been made in the above discus-
sion of the fact that the data to be analyzed involve a
multicomponent mixture rather than a binary one.

With regard to equilibrium data, the multicomponent
case is uncomplicated. In a multicomponent system the
ratio of the concentrations of any pair of components at
the top and bottom of a column at steady state, operating
with no product withdrawal, is independent of the con-
centrations of the other components present. Thus for
the case considered in this study, the column separation
factor for the Xenon-131 and Xenon-136 pair, g1, is de-
fined simply by

_ (xa/xe)r
h (x1/x6)B

where subscripts 1 and 6 refer to Xenon-131 and Xenon-
136, respectively, and subscripts T and B refer, as before,
to the top and bottom of the column, respectively.

In terms of the transport coeflicients, then

2
HY/K) =
gy = il S (18)
T K ¥ Ke . (Ka/Ke)
RN
p

where the thermal diffusion constant incorporated in Hi

is defined as
105 Ms— M

_ 105 Me—Mi, . 19
118 Mo+ M1 (19)
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With regard to the transient data the presence of addi-
tional components must be taken into account. The un-
steady state equations given above are based on the rela-
tion for the net transport of a component in a binary
mixture. For a multicomponent system the net transport
equation is more complex as shown by the following ex-
pression for the transport of one component in a four-
component mixture (4):

d
71 = Hix1(1 — x1) — Hoxixs — Haxixs — (Ke + Ka) -ax—l
z

(20)

The subscripts 1, 2, and 3 refer to each of three com-
ponents.

Instead of attempting the extremely difficult and labori-
ous task involved in developing the transient equations
directly from Equation (20), one can make an approxi-
mation that circumvents the problem. This is accom-
plished with a definition of an average diffusive transport
coeflicient, H, as follows:

Hz x2 Hs xs

1—x1 '—1‘—x1

H=H—

(21)

Equation (20) can then be rewritten in the binary form
of the transport equation

_ dx1
1= Hx1(1 —x1) — (Ke + Ka) - (22)

Since Hz and Hs can be written in terms of Hi, Equation
(21) can be reduced to a simple proportionality between
H and Hi, which for the xenon mixture under considera-
tion becomes

H=oH
where o is a constant.

This permits the expression of the unsteady state
equations for the multicomponent mixture in terms of
Hi rather than H. The redefinition of the variable @ in the
transient equation is then

w?Hi2z d?t

=Tk o

Equation (15) then becomes

alm?

Hi (23)

= 40? a®In q1

The separative work for this multicomponent system is
arbitrarily defined in terms of Hi so that Equation (17)
becomes

2
Us o (24)
4(Kc + Kd)

CORRELATIONS AND RESULTS

Theoretical

The required properties of xenon, such as the viscosity,
the coefficient of ordinary diffusion, and the thermal dif-
fusion constant were computed at several temperatures
by means of the equations based on the Lennard-Jones
6-12 potential model (5). Three sets of the transport
coefficients (H1', K., and Ka) were then computed for
the laboratory columns with the shape factors of Jones
and Furry, McInteer and Reisfeld, and Greene and Von
Halle. Since the ratio of column-to-wire radius of 12.0
was smaller than the lowest value of 15.0 tabulated by
Jones and Furry, it was necessary to make a graphical
extrapolation of their values.

To obtain Greene and Von Halle shape factors, esti-
mates are necessary of the viscosity index, n, and a simi-
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Fig. 1. Correlation of the observed column equilibrium separation factors with pressure.

lar one for the thermal diffusion constant. An average
value of 0.81 for the viscosity index over the temperature
range of interest, 293° to 1,172°K., represents the curve
reasonably well. On the other hand the shape of the «
vs. T curve is such that a simple power function of tem-
perature makes a very poor fit. However the polynomial
as expressed in Equation (8) above results in a fit that is
essentially congruent to the curve for almost the whole
range of interest. Thus the following relationship for «
was used in conjunction with Equations (7) and (8) to
obtain the Greene and Von Halle value of Hi:

a = —0.01733 4 0.00145 T*/2— 0.0000197 T (25)

Entry into the McInteer and Reisfeld tabulation re-
quires a Lennard-Jones reduced temperature value, which
for xenon at the cold-wall temperature of 20°C. is 1.28.
The three sets of theoretically evaluated transport coeffi-
cients are given in Table 1. The Jones and Furry values
differ from the other two sets to a significantly greater
extent than the latter do from each other. This is not

TABLE 1. THEORETICAL AND EXPERIMENTAL VALUES OF
THE COLUMN TraNsporRT COEFFICIENTS

H 1" KC’: Kd’
g. g.-cm. g.-cm,
sec.-atm.2 sec.-atm.? sec.
Theoretical
Jones and Furry shape factors  0.000147 263  0,00154
MclInteer and Reisfeld shape
factors 0.000582 4.07 0.00137
Greene and Von Halle shape
factors
theoretical o 0.000540
462 0.00132
experimental o 0.000465
Experimental
From top concentration data 0.000632 6.89 0.00289
From bottom concentration
data 0.000251 2.66 0.00115
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surprising since the non-Maxwellian behavior of the xenon
molecule and the variation of the thermal diffusion con-
stant with temperature is at least approximated by the
latter.

Experimental

The Equilibrium Data. The column separation factors, qi,
were computed from the equilibrium Xenon-131 and Xenon-136
concentrations. These g1 values were correlated by the method
of least squares with the operating pressures with the applica-
tion of Equation (18). The data and the correlations are pre-
sented in Figure 1. Four curves have been drawn, three of
them representing separate correlations of the individual col-
umn data and the fourth giving the correlation of all the data
combined into a single set. The data are somewhat scattered;
the 95% confidence limits on the computed parameters (which
represent H1’/Ke' and Ka/Kc' values) are +7% to +20% of
the value of the parameters. Table 2 lists these parameters, the
maximum g1 values, and the operating pressure at which g1 is a
maximum for each column and also for an average column as
determined from the correlation of all the data as a single set.
It should be remembered that the values of the individual trans-
port coeflicients are not obtainable from just equilibrium enrich-
ment and pressure data, but only the ratios: H’/K¢’ and Ka/Kc'.

From the three sets of theoretical transport coefficients given
in Table 1 three theoretical g1 vs. p curves were computed and

TABLE 2. TRANSPORT COEFFICIENTS, MAXIMUM ENRICHMENT,
AND PRESSURE FOR MAXIMUM ENRICHMENT FROM THE

CoruMN EqQuiLiBriuM DATa

Column Column Column Average

A B G column

Transport coefficients

(Hy/Ke') X 104 0.8459 0.9374 1.057 0.9608

(Ka/Ke') x 108 0.3448 0.4343 0.5205 0.4403
Maximum enrichment,

q1 527 497 549 533
Operating (hot) pres-

sure at which the en-

richment is a maxi-

mum, mm, mercury 101 116 115 110
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Fig. 2. Comparison of predicted column separation factors with the experimental values.

plotted in Figure 2 along with the curve from Figure 1 repre-
senting the correlation of the combined experimental data. It is
evident from Figure 2 that the pressure at which the enrich-
ment is a maximum is fairly well predicted by all three sets of
theoretical values. This is not so with respect to the magnitude
of the maximum separation: the McInteer and Reisfeld values
overstate it by a factor of 3.2, the Greene and Von Halle values

overstate it by a factor of 2.3, and the Jones and Furry values
understate is by a factor of 2.3. It should be noted here that
there is a considerable degree of uncertainty in the value of the
shape factor, h, as obtained from the MclInteer and Reisfeld
tables by interpolation. In the region of interest the variation of
h with the reduced temperature is markedly nonlinear, and the
span of tabulated values is too large to interpolate with confi-
dence in the accuracy of the result.

Moran and Watson (6) have reported measurements, made
with a swing-separator apparatus, of the thermal diffusion fac-
tor for xenon in the range of 200° to 600°K. Their data were
generally lower than the values predicted by the Lennard-
Jones 6-12 model. This can be seen from Figure 3 where both
the Lennard-Jones theoretical values and the Moran and Wat-
son data are plotted. It is of interest then to incorporate the ex-
perimental « values into a recomputation of the theoretical g1
vs. p curves. It is obvious that such a correction to the Jones
and Furry curve would lead to a result having a still greater
deviation from the experimental column data, and would there-
fore be pointless. Further, such a correction to the other two
sets would leave their relative position with respect to each
other unchanged. Logically, then, for the comparison being
made, the correction need be applied only to the set which is
closer to the column data, that is, to the Greene and Von Halle
values.

An excellent polynominal fit to the Moran and Watson a data
was obtained and is given by

am = —0.00873 4 0.000805 T1/2 — 0.00000950 T (26)

When the coefficients in this relation were utilized, a revised
value of Hy’ was evaluated (see Table 1) which with the K¢’
and Ka values previously computed, yielded a semiempirical In
g1 vs. p curve, based on Greene and Von Halle shape factors
and embodying the experimental thermal diffusion factors. This
curve is also shown in Figure 2. The factor of 2.34 by which the
maximum enrichment is overstated using the theoretical Len-
nard-Jones « relationship is now reduced to a factor of 1.65.
The equilibrium time increases as the degree of enrichment is
increased or the operating pressure is decreased, so that it is a
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maximum at a pressure a bit lower than that which gives the
maximum enrichment. Estimates made of the equilibrium times
for xenon in these columns indicate that at operating pressures
of 75 to 110 mm. mercury, the steady state concentrations had
not yet been attained at 17 hr. after start-up, which time all
equilibrium run samples are reported to have been taken. The
indication is that at these pressures about 95 to 96% of the
equilibrium Xenon-131 concentration had been attained. One
must conclude then that some bias exists in the peak of the ex-
perimental In g1 vs. p curve in Figure 2. It is noteworthy that
the deviation between the experimental curve and the closer of
the Greene and Von Halle curves is significantly greater at the
peak than it is at the ends of the curves.

Correlation of the Transient Data with the Equilibrium Data.
The transient data for the three columns are plotted in Figures
4, 5, and 6 in the form of yr/yo and ys/yo values for Xenon-131
vs. the square root of time. Also plotted are the steady state
values from the equilibrium run or runs made at the same pres-
sure as the transient run in the particular column. For compari-
son, curves representing the concentration-time functions of
Equations (11) and (16) are also shown. The values of H’

0.010 <] | ._1
Lheoml/r:a/ Lennard—dcnes (6-12) Mode! /r‘
0.008 :
-
— - -
e 4 , .
% 0.006 A S
E / Correlation Of
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g I // { i
0.002
g ! / I [
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Fig. 3. Theoretical and experimental values of the thermal
diffusion constant.
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Fig. 4. Xenon-131 transient data from column Fig. 5. Xenon-131 transient data from column Fig. 6. Xenon-131 transient data from column

A

used to compute these curves were extracted from the steady
state data by making the assumption that the deviation between
the experimental and predicted H1'/K:' value for each column
is owing entirely to error in the prediction of Hy'. Note that the
curves representing the time dependence of the top concentra-
tion fall appreciably below the main body of corresponding data
for each column, but the ones representing the bottom concen-
tration pass through or lie very close to the experimental values.
Furthermore the top transient data for columns B and C trend
to higher concentrations than those of the corresponding equilib-
rium data. Inspection of the transient data and the matching
equilibrium data points for column A indicates that steady state
conditions had not been reached at 17 hr. The transient run in
this column was made at a hot pressure of 83 mm. mercury
(cold pressure, 50 mm. mercury). This tends to corroborate the
contention already made regarding the probable existence of a
bias in some of the steady state data.

Straight lines approximating the early time data are drawn in
Figures 4, 5, and 6. The slopes of these lines were then used in
equation (12) to compute an average experimental Hi value.
With Hy’ known, the other two transport coeflicients were com-
puted from the H1'/K¢’ and Ka/Kc' obtained from the steady
state data. The results of this analysis of the top and bottom un-
steady state data differ significantly and are given in Table 1.
To explain this large discrepancy, one might speculate that the
Xenon-131 concentration in the feed gas was actually slightly
greater than that reported. If an initial Xenon-131 concentration
were assumed such that the slopes of the lines representing early
time bottom and top transient data are equal, a reestimation of
the column transport coefficients should give results approximat-
ing averages of the values previously obtained from the two sets
of data. Note that average values of the experimental transport
coefficients given in Table 1 are in fairly close agreement with
the semiempirical Greene and Von Halle values.

Separative Work. The separative work produced by a thermal
diffusion column is a function of the operating pressure. Theo-
retically it is an ever increasing function approaching an upper
limit asymptotically. In actual practice, however, the separative
work passes through a maximum owing to the effect of turbu-
lence at higher pressures. Jones and Furry indicate that the max-
imum performance occurs generally for operating conditions
such that Ke/Kaq is about equal to ten. Values for the separative
work and operating pressures when K, = 10 Kgq were computed
from both sets of experimentally derived transport coeflicients
and the sets of theoretical ones. These are given in Table 3. The
separative work derived from the top transient data is greater
by a factor of 2.5 than that obtained trom analysis of the bottom
transient data. Note here that the average of the two experi-
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mental values is closest to the semiempirical Greene and Von
Halle values. The K. to Ka ratio is determinate from just the
steady state data, so that the estimate of pressure at which this
condition occurs is unaffected by any bias in the transient data.

CONCLUSION

The two sets of unsteady state data, column top con-
centrations and column bottom concentrations, are incon-
sistent with each other in that they yield widely different
values of the transport coefficients. A plausible explana-
tion for this is to assume that the reported content of
Xenon-131 in the feed gas is a bit low. If so, the actual
performance of the thermal diffusion columns approxi-
mates the average of the two sets of results. Also, there
is a small bias near the peak enrichment values for the
equilibrium data, since there is evidence that some data
were taken before steady state was reached.

With respect to the prediction of the transport coeffi-
cients, it was expected and has been found that the shape
factors of Jones and Furry lead to results significantly
different from the other two sets and also very probably
furthermost from the true values. This is in consequence

TABLE 3. THEORETICAL AND ExPERIMENTAL ESTIMATES
oF MaxiMuM SEPARATIVE WORK

Operating pressure
at which separa-
tive work is a
maximum,* mm.
mercury

Separative
work, g./day
Theoretical
With Jones and Furry shape
factors
With Mclnteer and Reisfeld
shape factors
With Greene and Von Halle
shape factors
theoretical «
experimental «

0.118 210

1.194 183

0.906
0.672

176
176

Experimental

From top transient data
From bottom transient data

0.872 195
0.346 195

® The maximum is assumed to occur at the pressure which K¢

10 Ka.
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of the fact that xenon does not behave as a Maxwellian
gas and its thermal diffusion constant is strongly tempera-
ture dependent.

The agreement of the McInteer and Reisfeld values
with those of Greene and Von Halle is fair. In the opinion
of the authors, the differences in the theoretical values
obtained with these two bases stem primarily from the
evident uncertainty of the interpolation in the McInteer
and Reisfeld tables, and only secondarily from the con-
sequences of the differences in the model representing
the molecular interaction. It is expected that estimates
using MclInteer and Reisfeld shape factors would be, in
general, similar to those using Greene and Von Halle
values.

In predicting the actual performance of the columns
the most successful basis is the one utilizing the Greene
and Von Halle shape factors in conjunction with a corre-
lation of experimental values of the thermal diffusion
factor for xenon. The fact that this basis gives significantly
better agreement with experiment than the Mclnteer and
Reisfeld basis is owing largely to the use of an empirical
thermal diffusion factor-temperature dependence instead
of the theoretical Lennard-Jones (6 to 12) relationship.
It is in the feasibility of incorporating such experimental
information that the use of the set of shape factors com-
puted by Greene and Von Halle is particularly advan-
tageous.
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NOTATION

As, Arz, A1 = constants in the o vs. T relation given in
Equation (8)

a = one of the two constants used to linearize the
quadratic term x(1—x) in the transport equa-
tion for the time dependent solution: x(1—=x) =
ax + b=y

b = a constant (see definition of a)

D = the coefficient of ordinary diffusion of the process

as

d = the distance between molecules

F = the force of repulsion between molecules

g = the acceleration of gravity

H = a column transport coeflicient, see Equations (2)
and (8)

Hi = the value of H for a« = o1

H = H/p?

H = an average H value in a multicomponent system
defined by Equation (21)

h = a shape factor, see Equation (2)

ho = the Greene and on Halle value of h for « pro-
portional to T°

hi/2 = the Greene and Von Halle value of h for « pro-
portional to T1/2

hi = the Greene and Von Halle value of h for « pro-
portional to T!

h®* = the value of h defined by Equation (7)

I = the column inventory

K. = a column transport coefficient, see Equation (3)

K = Ko/ p4

Ks = a column transport coefficient, see Equation (4)

ke = a shape factor, see Equation (3)

ke = a shape factor, see Equation (4)

kr* = the ratio of the thermal diffusion ratio as pre-

dicted from the Lennard-Jones 6-12 model to
the value based on the rigid sphere model
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=
g

= the atomic or molecular weights of the isotopic
species of the process gas

the slope of the early time y/yo values vs. 11/
the viscosity index

the operating (hot) column pressure

the column separation factor for the binary case
the column separation factor in the multicompo-
nent case defined specifically here in terms of the
Xenon-131 and Xenon-136 concentrations

the radii of the outer and inner annular surfaces
of the column, respectively

T the absolute temperature

Ty, T2 = the absolute temperatures of the cold and hot
annular surfaces in the column respectively

3

Qw3
I T | I

oy

I

71,72

I

t = time

U = the separative work, see Equations (17) and
(24)

x = the concentration of the desired component

xp = «x at the column bottom

xo = xatt=20

xr = % at the column top

z = ax + b; yp = axs + b; etc.

y = the effective column height

Greek Letters

a == the thermal diffusion constant or factor defined
by Equation (5), reflects the Lennard-Jones (6-
12) kp* values

a1 = the value of « specifically defined for the separa-
tion of Xenon-131 from Xenon-136, see Equation
(19)

am = the value of the thermal diffusion factor from a
correlation of the Moran and Watson xenon ex-
perimental data

n = the viscosity of the process gas

§ = a variable in the time-dependent concentration
equation, see Equation (11)

s = 4/t

> = the thermal conductivity of the process gas

v = the force index

p = the density of the process gas

r = the net transport of the desired component in a

binary system
= the net transport of the desired component in 2
multicomponent system
© = a constant dependent upon the components and
their concentrations in the feed mixture

"
3
!
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