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ABSTRACT 
At high hot wall temperatures the gas phase 
thermal diffusion column acts as an atomic 
rather than a molecular separator. A modified 
theory was developed to describe the process. 
Equivalent transport equations were derived for 
the two nuclides in a binary atomic mixture. 
The equations are identical in form to those 
normally encountered in thermal diffusion column 
theory. 

Experiments to test the theory were carried out 
with two 3-meter columns. Experimental results 
with deuterium-tritium mixtures ware found to be 
in satisfactory agreement with theory, and it 
was concluded that the theory was sufficiently 
accurate for design purposes. 

INTRODUCTION 
Gas phase thermal diffusion of hydrogen is 

a convenient method for the separation of the 
isotopes of hydrogen en a small to moderate 
scale. The technique has beer, extensively used 
for analytical purposes and for the preparation 
of high purity materials. It is believed that 
the jrncf T T be praise to support the recycle 
requirements of small seals fusion experiments. 
Thermal diffusion is a simple proces's that does 
not require complex cr expensive equipment. 
Very large separation factors can be obtained in 

apparatus of moderate size. If the hot wall 
temperature is sufficiently high, there is rapid 
isotopic exchange among the several molecular 
species of hydrogen, and the column thereby acts 
as an atomic rather than a molecular separator. 

The theory of the thermal diffusion column 
is well developed for binary and multicomponent 
mixtures of molecules which do not undergo 
isotopic exchange. Hydrogen, however, under
goes rapid isotopic exchange at typical 
operating conditions; thus, existing theory is 
not adequate to describe the separation process. 
It is the purpose of this paper to present a 
newly developed theory for hydrogen isotope 
separation and to show that the performance of 
the thermal diffusion column can be predicted 
with accuracy adequate for process design 
purposes. 

THEORY 
The theory of the thermal diffusion column, 

derived originally for heavy isotopes by Jones 
2 

and Furry, was extended to mixtures of light 
3 

isotopes by Rutherford. The modified theory-
applies only to mixtures of components that do 
not undergo exchange or chemical reaction under 
the conditions prevailing in the thermal diffu
sion column. Mixtures of hydrogen molecules, 
however, undergo rapid isotopic exchange at the 
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hot wall temperatures typically used for gas 
phase thermal diffusion; thus, the theory 
requires additional modification for use with 
hydrogen systtms. 

The theory which follows applies to mix
tures of two atomic components comprising three 
diatomic molecular species. The atomic compo
nents will be designated by the subscripts A and 
B, while the molecular species will be identi
fied by the subscripts I, 2, and 3 with 1 
referring to AA, 2 to AB, and 3 to BB, respec
tive^ . 

y(3w./3t) = -(3T./3Z) (2) 

where t is the time and u is the mass holdup per 
unit length of column. Equation (2) is an 
equation of continuity for component i. In the 
case of hydrogen, the three molecular components 
are no longer conserved; therefore, we must 
include a source term on the right hand side. 
Thus, for components 2 and 3 we have 

u(3w2/3t) = -(3T 2 / 3 Z ) + s2m2 

u(3w3/3t) = -(3x3/3z) + s3m3 

(3) 

(4) 

The newly developed theory pertains spe
cifically to the separation of gas phase 
mixtures containing any two of the three 
isotopes of hydrogen. The development of the 
theory is based on the following: (1) that the 
molecular composition of the gas is in equilib
rium at every point along the axis of the 
column; and (2) that the equilibrium represents 
a statistical distribution of the possible 
diatomic species. The normal theory of the 
column results in expressions for the net rate, 
T., at which each molecular component is trans
ported .along the z-axis. Thus, according to 
reference 1 

where s. is rate of generation of component i by 
isotopic exchange in units of moles per unit 
time per unit distance . 
is the molecular weight. 
time per unit distance along the column, and m. 

If we now designate component 1 as D_, 
component 2 as DT, and component 3 as T,, then 
according to the exchange reaction 

D + T i=2DT 

we have 

s2 = " Z s3 

(5) 

(6) 

T. « w. £ H..w. - K(dw./dz) + ow. 
I l ij j i i (1) 

where T. is the net transport rate, in mass per 
unit time, at which component i is transported 
along the z-axis of the column, w. is the mass 
fraction, and a is the net total flow through 
the column. The quantities E., . and K, which are 
known as t̂ c initial transport coefficient and 
the remixirg roefficiect, respectively, are 
complicated functions of the properties of the 
gas and of the dimensiors and operating condi
tions of the column. 

According to reference 4, the transient 
behavior of the coluitn is described by 

Now, if we multiply equation (3) by 1/m , 
equation (4) by 2/m, and add the results, the 
source terms cancel, and we get 

p(3wB/3t) - -C 3 T B / 3 Z ) (7) 

where w is the atom fraction of T, and T , the 
transport rate of T, is given by 

TB = HBAWBWA ~ K « V d z > + ""B (8) 

where w, is the atom fraction of D A The quanti
ty H„, is a function, of the atomic and molecular 

BA 
concentrations and of the initial transport 
coefficients for the three molecular pairs: 



BA v~31 3 1 3 2 3 2 X 2 

+ H21w2w1aB/m2)/wBwA (9) 

In the derivation of (9) use has been made 
of the fact that 

The molecular transport coefficients, B51* 
H , and H__ can be calculated using the methods 
outlined in reference 5. It is more convenient, 
however, to make use of the fact that the H 
are directly proportional to the corresponding 
thermal diffusion factors. Thus 

H23 = "H32 (10) H, . = Co.. (14) 

(The transport of 2 with respect to 3 is the 
inverse of the transport of 3 with respect to 
2.) 

Equations (7) and (8) are identical in form 
to the molecular transport equations normally 
encountered in thermal diffusion column 

1 2 
theory; ' thus, the known solutions are appli
cable, provided that we can calculate H and K 
as functions of composition. 

where a.. is the thermal diffusion factor for 
the ij pair, and 5 is a proportionality constant 
that depends only on the properties of the gas 
and the dimensions and operating conditions of 
the thermal diffusion column. Equation (9) 
becomes 

HBA = ?(a31w3wl + a32w3w2mA/m2 

+ a 2 l W B / B 2 > w B w A (15) 

The calculation of K is straightforward, 
involving only the physical properties of the 
gas and the dimensions and operating conditions 
of the thermal diffusion column. The calcula
tion of H„, , however, requires some additional 
consideration. 

To get H , we need to know the relation
ship between the molecular mass fractions, w , 
w , and w , and the atomic mass fractions, w 
and w . The relationship among the compositions 
comes directly from the assumption of local, 
high temperature, statistical distribution of 
the molecular species. The high temperature 
distribution is most readily expressed in terms 
of mole and atom fractions: 

(11) 

(12) 

(13) 

x, = 2xAxB 

The expression for H becomes very simple if 
the thermal diffusion factor is proportional to 
the mass difference between the diffusing 
species. Thus, if 

*31 " 'a32 'u21 

then 

HBA = 5a32 

(16) 

(17) 

Conversion of these quantities to mass fractions 
gives the necessary information. 

EXPERIMENTAL VERIFICATION OF THE THERMAL 
DIFFUSION COLUMN THEORY 

Experiments to test the theory were carried 
out with two 3-meter hot wire columns, the 
dimensions and operating conditions of which are 
given in Table 1. The experimental procedures 
were similar in concept to those used by 
Rutherford and coworkers for a number of other 
gas phase systems. Total reflux measurements 
(T_ = 0 , o = 0 ) as a function of pressure 
provide information about the ratio H /K; 
whereas, steady-state measurements under flowing 
conditions (t„ f- 0, a r 0) provide an assessment 
of the transport coefficient, H . 



Column A 

1.59 
31.2 
3.05 

800 
15 

Column B 

1.59 
25.8 
3.05 

800 
15 

Table 1 

Dimensions and Operating Conditions for 
Experimental Thermal Diffusion Columns 

Hot wall diameter, mm 
Cold vail diameter, mm 
Length, m 
Hot wall temperature, °C 
Cold wall temperature, °C 

Static (total reflux) tests were done for 
the deuterium—tritium system over a range of 
pressures using nominal initial fill composi
tions of 1 and 50 atom percent tritium. Perfor
mance of both columns was evaluated under 
flowing conditions with the experimental setup 
depicted schematically in Figure 1. Gas from a 
large container was pumped continuously and 
rapidly through the top of the column in order 
to maintain the top composition at a nearly 
constant, predetermined value. The separation 
factor of the column was measured as a function 

of flow rate from the bottom of the column after 
steady conditions had been reached. Pressure 
for the flow tests was set at approximately 
200 kPa (2 atmospheres), and 1, 50, and 90 atom 
percent tritium mixtures were used as feed 
materials. 

Results of the static tests are plotted in 
Figures 2 and 3, and those of the flow tests in 
Figures 4, 5, and 6. The ordinate in each 
figure is the natural logarithm of the separa
tion factor, q, between the top and bottom ports 
of the column. The separation factor is defined 
in terms of the mass fractions of the two atomic 
components of the systems; thus, 

q - < V V b o t t / ( W t O P 
(18) 

The calculated curves plotted in Figures 2 
through _ 6 represent computer solutions of 
Equation (7) extended to infinite time. Art 

4 existing computer model was adapted to handle 

FEED TANK 

THERMAL 
DIFFUSION 
COLUMN 

SAMPLE 
PORT 

-a 
PUMP 

SAMPLE 
PORT 

PUMP 

VARIABLE 
LEAK 

CALIBRATED 
VESSEL 

Fig. 1 — Simplified schematic diagram of 
apparatus used for flow experiments. 
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Fig. 2 - Results of static experiments with 
1 at. % T. The squares are experimental data 
for column A; the circles are data for column B. 
The solid lines are calculated from theory. 
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Fig. 3 - Results of static experiments with 
51 at. % T. The squares are experimental data 
for column A; the circles are data for column B. 
The solid lines are calculated from theory. 

Fig. 4 - Results of flow experiments with 
1 at. % T feed gas. The squares are experi
mental data for column A; the circles are data 
for column B. The solid lines are calculated 
from theory. 
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Fig. 5 - Results of flow experiments with 
50 at. % T feed gas. The squares are experi
mental data for column A; the circles are data 
for column B. The solid lines are calculated 
from theory. 

Fig. 6 - Results of flow experiments with 
94 at. % T feed gas. The squares are experi
mental data for column A; the circles are data 
for column B. The solid lines are calculated 
from theory. 



the special case of light isotopic mixtures, the 
properties of which are functions of composi
tion. 

Column coefficients for the calculations 
were obtained using computer program COLCO in 
conjunction with tables of physical properties 
of the isotopic molecules as functions of 
temperature. The tables were compiled from 
existing literature and extended by estimation. 
The effect of composition on the density, 
viscosity, and thermal conductivity was esti
mated b;?sed on well-known relationships derived 
from the kinetic theory of dilute gases. The 
coefficient K depends on the diffusion coeffi
cient. The effective diffusion coefficient was 
assumed to be linearly dependent on average 
molecular weight between values estimated for 
the DT-D2 pair at 100% D and for the DT-T pair 
at 100% T . 

The coefficient H_, was calculated from BA 
Equation (17). The quantity 5 depends in a 
straightforward way on the density, viscosity, 
and thermal conductivity of the mixture. (To 
calculate £ we used the procedure in reference 5 
for calculating H, but we set the thermal 
diffusion factor a equal to unity.) 

Knowledge of the thermal diffusion factor 
in D-T systems, however, is very limited. We 
chose to base our calculations on the value 
a91 =0.042 reported by Schirdewahn, Klemm, and 
Waldmann for trace DT in D„ and on the assump
tion that a.. is proDortional to mass 
difference. The assumption that a . is propor
tional to mass difference in D-T mixtures is 
supported very well by the correlating equations 
given by the above reference and by Reichen-
bacher and Klemm. 

DISCUSSION 
The experimental results are generally in 

quite good agreement with those predicted from 

theory. Maximum deviations, expressed in terms 
of the natural logarithm of the separation 
factor, are seldom more than ±20 percent. This 
is considered to be quite acceptable in view of 
the several uncertainties associated with column 
fabrication and with the considerable uncertain
ty in our knowledge of the elementary thermal 
diffusion behavior of isotopic hydrogen 
mixtures. The differences are only slightly 
greater than those typically encountered in 
thermal diffusion experiments with gases of high 
atomic weight for which the physical properties 
are well known. It should be noted that for 
some of the experiments the accuracy of the 
results is considerably degraded by the impre
cision of the determination of isotope ratios at 
trace levels of one component. This is 
especially true in the case of column B at a 
fill composition of 1Z T. 

The fact that deviations are expressed in 
terms of the logarithm of the separation factor 
rather than the separation factor itself does 
not influence the utility of the results. The 
length of a thermal diffusion system required to 
accomplish a given separation task is propor
tional to the logarithm of the separation factor 

2 
between the product and the tails stream. 
Thus, the observed departures between theory and 
experiment would translate into an expected 
error of not more than ±20% in the estimated 
length required for a proposed facility. 

CONCLUSIONS 
The thermal diffusion column is an effec

tive device for separating the isotopes of 
hydrogen on a small to moderate scale. If the 
hot wall temperature is sufficiently high, there 
is rapid exchange among the several molecular 
species of hydrogen, and the column thereby acts 
as an atomic rather than a molecular separator. 
The performance of the column can be predicted 
from theory with accuracy adequate for design 
purposes. 
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