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ABSTRACT 

A distillation cascade for separat
ing hydrogen isotopes has been simu
lated by means of a multicomponent, 
multistage computer code. A hypo
thetical test mixture containing 
equal atomic fractions of protium, 
deuterium and tritium, equilibrated 
to high temperature molecular con
centrations was used as feed. The 
results show that a two-coliamn cas
cade can be used to separate the 
protium from the tritium. Deuteri-
lam appears both in the protium 
and the tritium product streeuns. 

Tritiiam has been handled in large 
(e.g., >10' curie) quantities in 
various governmental and industrial, 
laboratory and manufacturing opera
tions for many years. Because it 
is a relatively harmless radio
isotope, a common procedure for 
protecting personnel working with 
tritium is to perform the work in 
a fume hood or glove box in which 
a moving stream carries away most 
of any tritiiam that is released. 
In either case, the atmosphere 
contained in the work area has, 
generally been released, after 
being diluted with air, out-of-
doors via a tall stack. Even 
without the advent of DT fueled 
fusion reactor systems, this is 
a technique which will be used 
less and less in the future as 
stricter standards of containment 
of radioactive materials (e.g., 
emissions "as low as practicable") 
are applied. 

*Mound Laboratory is operated by Monsanto Research Corporation for the 
U. S. Energy Research and Development Administration under Contract No. 
AT-33-1-GEN-53. 

In a fusion reactor, the quantity 
of tritium will be so large(>10' 
curie) that an extremely high degree 
of containment will be required. 
Containment, in turn, implies con
centration of the tritium, either 
for recovery or burial. As part of 
the tritium effluent control pro
ject at Mound Laboratory, cryogenic 
distillation is being studied as a 
possible method for concentrating 
the tritium recovered from glove-
box atmospheres and similar sources. 

There are a number of possible 
situations in which isotopic sep
aration is required as part of a 
tritium recovery process. An in
creasingly prevalent example is 
the tritium existing in the cooling 
water of fission reactors. Here 
tritium may exist at concentrations 
of the order of 10"^ percent in 
coolant water. This is a very low 
level by chemical purity standards, 
but is a high level from a radio
logical safety viewpoint. Another 
example is in tritium handling 
facilities such as Mound Laboratory 
or fusion systems where tritium 
must be recovered from glove box 
or other secondary containment 
atmospheres. In fusion reactor 
systems, both deuterium and tritium 
will diffuse into cooling media and 
into the steam cycle. 

In any case, one eventually is 
faced with the problem of separating 
a mixture of all three isotopes H, 
D, and T; for, if deuterium or 
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hydrogen are not present initially, 
they are present in the air and 
water that are being contaminated 
with tritium. Furthermore, any 
scheme, such as a fission reactor 
cooling water recovery system, 
that enriches tritium will likely 
enrich deuterium simultaneously. 
Hence, one must generally assume 
that all three isotopes are present 

As a "worst" case, and one that 
exemplifies well the problems 
encountered in a hydrogen isotope 
separation system, I have simulated 
on a computer the separation of an 
equiatomic mixture of H, D, and T 
in a laboratory scale distillation 
system. Generally, the separation 
of hydrogen from tritium without 
regard to the deuterium is the 
interesting problem from the point 
of view of tritium containment; 
this is so because from the point 
of view of thermonuclear reactions, 
hydrogen is an impurity, while 
deuterium is not. Furthermore, 
since the deuterium is stable and 

relatively inexpensive, there is 
no need to save it. 

In a two component system, dis
tillation is fairly straightforward, 
especially with vapor pressure 
ratios (a) as high as 2, as one 
finds with some of the hydrogen 
isotopes. Neglecting economics, 
one is faced with the rather 
simple problem of making a column 
long enough, with enough reflux 
to effect the desired separation. 
An example of this is shown in 
Figure 1. 

With more components, the problem 
becomes more complicated, and N-1 
columns are required to produce a 
complete separation, where N is 
the number of components. A spec
ial case of a three component 
distillation using D2, DT and T2, 
is shown in Figure 2. The special 
feature of this system is that the 
middle product is not collected, 
but is returned to the original 
input stream. If we wanted to have 
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FIGURE 2 - Three component distillation of hydrogen isotope 
mixture. 

"pure" DT, we could simply use the 
lower product of the second column, 
rather than return it as is done 
here. As Figure 2 is drawn, however, 
this middle product, containing 
mostly DT, is passed through a 
catalyst which promotes the reaction 

+ T: 2DT (1) 

to proceed to equilibrium. In this 
case, this means that the equilibrated 
return stream will contain 50% DT, 
25% D2 and 25% T2• 

Because the hydrogen molecule is di
atomic, the three isotopes lead to 
six molecular species - H2, HD, HT, D2, 
DT and T2 - in order of decreasing 
volatility. It is the existence of 
six kinds of molecules, coupled with 
the fact that HT contains both H and 
T, that complicates this separation. 

At high temperatures (T > 400K), 
the differences between the iso
topes are small compared to therm
al energies, and as a result, the 
equilibrium constants in the 
equations of the type 

K 
X^(HD) 

X(H2)X(D2) , 
(2) 

which describe the degree to which 
reaction (1) proceeds, are all 
nearly equal to four. As a result, 
for an equiatomic mixture, the 
homonuclear species all have mol 
fractions of 1/9 and the hetero-
nuclear species, 2/9. It is this 
mixture that is assumed to be the 
feed to the distillation system. 
Since we are not interested in 
where the deuterium goes, the mix
ture can be thought of as three 
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components, H2 + HD; HT; and 
D2 + DT + T2. The first is the 
top product; which, if it is clean 
enough may be disposed of. The 
third, or bottom product contains 
considerable stable Da, but since 
it can be used as fuel, for 
example, it will be saved. The 
middle product, HT, since it 
still contains elements of both 
end products, must be processed 
further. It is warmed, equili
brated to high temperature con
centrations, and returned to the 
original feed stream. As before, 
the equilibrated return stream 
contains 50% of the heteronuclear 
molecular species, HT, and 25% 
each of the homonuclear species 
H2 and T2. The resulting system 
is shown in Figure 3, 

The initial feed stream is mixed 
with the return stream from the 
second column and the combined 
mixture is fed to the first column 
to be separated. The amount of 
material returned to the input 

stream from column 2 is not arbitrary. 
A lower limit exists below which com
plete separation cannot be achieved. 
Suppose we have three components, 
with the middle component a mixture 
of the other two, such as HT. (The 
fact that the remaining components 
are themselves mixtures does not 
matter here.) 

Suppose further that we achieve total 
separation, (i.e., only the most 
volatile component appears in the top 
product, the least volatile in the 
bottom product), and the middle com
ponent is equilibrated to the high 
temperature composition. By writing 
mass balance equations for each of 
the three components, it can be 
shown that 

R = 2FY F- (3) 

where R is the rate of flow in the 
middle product streamj F is the ex
ternal feed flow rate; and Y^ is 
the molecular fraction of the middle 
component. Since HT comprises 22.2% 
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FIGURE 3 - Six component distillation of hydrogen isdtope 
mixture separating H from T. 

116 



of the hypothetical feed mixture, 
the minimum return flow rate is 
44.4% of the external feed flow; 
and the first column has a total 
feed of 1.444 times the external 
flow. The composition of the 
material entering column 1 is ~15.4% 
each of H2/ HD, DT, and T2, 30.8% 
HT and 7.7% D2. 

1 have found that good separation 
can be achieved in a two-column 
system with the following charac
teristics: The first column has 
50 plates and is fed at the mid
point. The operating pressure is 
1500 torr, and the reflux ratio is 
30. The bottom product consists 
of 99.8% D2, DT and T2, 0.19% HT, 
1.8 X 10"**% HD, 10~^% H2. Thus, 
less than 0.1% of the bottom pro
duct is hydrogen. The upper pro
duct is 25% H2/ 24.6% HD, 49.9% 
HT, 0.5% D2 plus traces of DT and 
T2. This latter mixture is the 
feed to the second column. 

In the second column, which is 100 
stages in length, the feed is at 
the twenty-fifth stage. The column 
pressure is less, 1200 torr, than 
in column 1, and the operating 
temperature is correspondingly 
lower. In this way, the heat 
which leaves column 1 through the 
condenser can be used to heat 
column 2. In addition, the pres
sure drop assures a flow of material 
in the proper direction. The reflux 
ratio, which is set by the bottom 
column and the flow rates, is 68. 
The bottom product of this column 
contains 98.1% HT, 1.1% D2, and 
0.8% HD with negligible amounts of 
the other components. The top pro
duct, which is perhaps the most 
critical one, contains less than 
2 X 10"^ percent of HT. The D2, DT 
and T2 components are calculated 
to be down another 10 orders of mag
nitude from this level; although 
the accuracy of these latter 
concentrations is highly doubtful. 
What is certain is that essentially 
all^ of the tritium in the top pro
duct is accounted for by the HT. 

The column calculations were per
formed for an external feed flow 
of 50 standard cubic centimeters 
per minute, which is the approxi
mate operating range of our existing 
apparatus. The boiler power required 
is 1.1 watts. Such a column can pro
cess 26,000 liters of gas, containing 
389 moles of tritium, per year. This 
is a total of 2.3 x 10^ curies. Of 
this amount, only 1.1 x 10"^ percent 
(2.6 curies) is lost through the top 
product stream. From an HETP value 
of 1.4 cm as measured on the exist
ing laboratory still using 3 mm 
Eglin packing, I calculate that the 
columns described here would be 70 
and 140 cm long respectively. The 
column diameter is 0.6 cm. Figures 
4 and 5 show an existing 40-stage 
laboratory column. 

Several factors that are currently 
unknown can effect these results. 
The HETP above is considered a 
maximum value and may be reduced by 
more careful measurements using 
tritium instead of deuterium in the 
still. This may reduce the required 
column length. On the other hand, 
the program calculates separations 
using ratios of vapor pressures of 
pure materials, not actual results 
from mixtures. Hence the actual 
a's may be smaller than assumed, 
necessitating longer columns. 

A major unknown is the degree of 
molecular equilibration that will 
occur in the liquid hydrogen as a 
result of tritium decay. Since the 
low temperature equilibrium constants 
tend to favor homonuclear molecules 
H2, D2, T2/ there could be a de
cided improvement in performance due 
to such a effect, since the return 
flow, R, may be reduced in direct 
proportion to the amount of HT which 
converts to H2 + T2 in the column. 

We expect to use sorption pumps to 
move the hydrogen around. Since the 
sorption-desorption process breaks 
and rejoins molecules, a partial 
separation or molecular equilibration 
may be achieved. These pumps are 
currently being developed. 

117 



FIGURE 4 - Hydrogen aisziiiavion apparatus. 
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FIGURE 5 - 40-stage laboratory column 

In siammary, a two column distilla
tion system, of a size that can be 
fit into a single laboratory glove 
box, is calculated to be capable of 
processing of the order of 10^ 
curies annually of tritium mixed 
with hydrogen and deuterium; so 

that the tritium and hydrogen are 
separated. Less than 2 x 10~^ per
cent of the tritium is permitted 
to exhaust through the hydrogen 
stream, while 0.16% of the hydro
gen remains in the tritium stream. 
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