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ANTRODUCTION
Geperal introduction

The phenomenon of thermal diffusion in gases consists in the fact ﬁ
that a temperature gradient in a mixture of. two gases or isotopiec forms
of the same gas gives rise to a concentration gradient of the two gases.
The effect in general is to concentrate the lighter molecule im the hot
reservoir and the heavier molecule in the cold reservoir. The phenonenon
was predicted by Znskog (*) in 1911 and independently by Chapman (2) in
1917, It was experimentally verified in 1917 by Chapman and Dootson (3),
In the case of isotopes the separation was small compared to other sep-
aration metheds and did not appear to be of any practical usé @), 1
1938 Clusius and Dickel (5)developed a method of greatly enhancing the
thermal diffusion effect. Thelr apparatus consisted of s long vertical
tube closed at both ends and containing & gas at approximately atmospherie
pressure; along the axis of the tube was suspended & platinum wire which
chould be electrically heated to a high temperature. The lighter molecules
being concentrated near the hot wall were earried upward by convection
currents, while the heavier molecules were concentrated at the bottom.
Bquilibrium is established when the thermsal siphoning effect is balanced
by self diffusion.

The separated stable isotopes of carbon, nitrogen, oxygen and sulphur
are of considerable importance in isotope exchange and tracer work. The
method of chemical exchange is particularily suited to the production of
relatively large quantities of material of medium enrichment. Where high
dilution of the tagged material is necessary, or in experiments designed
to measure the physical and chemical properties of the enriched isotope,

a higher concentration is desirable. Thermal diffusion provides a
convenient method for the production of small quantities of highly enriched
materials Considerable quantities of sWlphur and oxygen enriched in



83b and 018 respectively were produced at McMaster several years ago snd it
seemed desirable to secure further enrichment of these isotopes by the
thermal diffusion method.

| Thermal diffusion columns set up previously (38) have been tested and
used in the separation of the isotopes of nitrogen, oxygen and sulphur using
N2, 0y and S0, gases respectively. Nitrogen gas was used in the separation
of the nitrogen isotopes due to its availability and its thermel stability.
The simplest gaseous sulphur compound which 1s thermally stable in the
temperature range necessary is 503, Calculations from viscosity data (7,10)
indicate that 502 would be a particularly poor gas to use. However, since
seyeral faef.ora influence the separation it was decided to try 502 before
discarding the idea. In the separation of the oxygen isotopes the starting
material was water whose (18 content was 7.5 normal. Of the common gaseous
compounds of oxygen: 0z, CO and CO2, the gas predicted to give the largest
separation 1s CO with Ug next. Oxygen was used due to its ease of prepar-
ation and the fact that its predicted separation is only slightly less than
that of CO.

Iheoretical
The fundamental equation of thermal diffusion is:

cl(vl-v) = <D grad ¢, + B'L grod T ,.0.0(l)
T

where °l is the fractional molar concentration of the lighter isotopes.
¢y is the fractional molar concentration of the heavier isotope.
v is the convection velocily of the gas as a whole. '
vy is the convection velocity of the molecules of species 1.
D is the coefficient of self diffusion.
Dy is the coefficient of thermal diffusion,
The coefficient of thermal diffusion is proportiogal to €1, s0 we

must introduce the constant « , the thermal diffusion which is independent



of prosuure,(ao) and in general varies with temperature.
It is defined as:

Bp= Bime, o .

Another constant found in the literature is ky, the thermal diffusion

ratio
ky . Dy . A6,8,
9]

In dealing with the theory of thermal diffusion, we are dealing with
interaetions between molecules involving transfer of momentum and it is
important to know the nature of these intermolecular forces.

If the intermolecular force can be répréunt.ed by an inverse vth power
repulsion ie F: -kr"Y, it is interesting to note that in the special case
of the Maxwellian molecule where v= 5, the coefficient of thermal diffusion
vanishes. The use of the Haxwellian molecule in early caleulations undoubte
ely prevented the phenomenon of thermal diffusion from being predicted at
an earller date.

The theory of Thermal Diffusion has been developed by Furry, Jones and
Onsager (6,&7) and much of their notation is used here. The theory of

transport phenomena in gases ls somewhat involved. A simplified treatment
by Frankel (?) is useful in showing the direction of thermal diffusion and
its dependence on the magnitude and size of 4 ,

Thermal diffusion tends tc set up a partial pressure gradient of the
lighter constituent which is parallel or anti-parallel to the temperature
gradient. In order to do this there must be some force acting on the
lighter molecules which prevents them from diffusing from the hot wall back
to the cold wall. The only place this foree can come from ls from
collisions between the lighter molecules (species 1) and the heavier
molecules (species 2). There must be a continual net transfer of momentum
from the molecule of one species to those of the other.

Consider the heavier molecules as stationary and the lighter molecules

as consisting of two streams, each of uniform velocity coming from the hot



and cold walls respectively. The stream coming from the hot wall will

have somewhat greater a veloeity than the stream coming from the cold wall.
Each light molecule with velocity V loses its momentum to the heavy mole-
cules at a rate of Vo where o is the cross section for complete dissipation
of momentum. Since each stream must carry the same momentum / em. (to make
the net particle flux zero), the momentum transfer /sec of the streams is
proportional to Vo . In order to determine the dependence of Vo on veloeity,
iet the molecules interset with a forces

F-= -V

-

Then o may depend on k, on the mass of the light molecule, on V and on v.
The only combination of these guantities which will give the dimensions of

a cross section is .
) vel :
el g
Consequently o is proportional to V '~ and Vo~ varies as V &

L]

K
(2

Thus we see that Vo is direectly proportional to the stream velocity
if v) 5 and inversely proportional if v<{ 5. For v )5 the resulting force
is a net momentum transfer from species 2 tv scpecies 1, supporting a greater
partial pressure of the light molecules at the hot wall; iex is positive.
For the case where the molecules behave as hard elastic shperes
(v = o0 ), Furry, Jones and Onsager (6) pave shown that to a first Approxe
lmation

_ 205 HaM

where i and uy are therelative masses of the light and heavy molecules
respectively.

In practice however, molecules do not behave as perfeet elastic
spheres. In general v varies from 3 to 15. A useful constant is Rp which
measures the departure of the molecule from the elastic sphere model. It

Ry - o(cale. or expt'l) eesee(S)
& (elastic sphere)

is defined as



Ry may be caleulated from viscosity data, (10) since the coefficient of
viscosity varies as 1" where n is related to Ry by the approximate relatione

ship
Ry & 1,7(1en) (7 BIFT

The constant ¥ consists of two factors, (1) one of which depends solely
on the law of interaction between the unlike molecules. This factor and
hence X vanishes when the interaction is according to an inverse 5th power
repulsion. The sign of the remaining factor ind may change sign once as
the proportion of either constituent increases from O to 1. This has been
found to be the case with neon-ammonia mixtures,(12)

A has been measured experimentally for a number of gases. (13-17)
The gas is enclosed in a glass apparatus consisting of a hot and cold res-
ervoir., After equilibrium has been established the concentration of the
heavy isotope in the cold reservoir is determined and compared with the
initial coneentration.

From igq. 1 it may be shown that

-

(C5-C0) ,
271 T | 7Y

o
Where T, and T are the temperatures of the hot and cold reservoirs res-
pectively. C, and €, are the normal concentrations of the light and
heavy isotopes respectively. Cg is the concentration of the heavy isotope
in the cold reservoir.
Also it is known that & veries with temperature, (14-18) 4ng o specific
temperature must be assigned to A . This temperature is defined by Brown(}®)

Tr - 3].32.111...&.
Tt T

For a unit thermal diffusion column the equilibrium separation factor
is glven as



() (=c)
¢ 2d L

Vil
1'02

where 012' and cg represent the equilibrium concentrztion of the heavy gas
in the lower and upper ends of the column,

L is the length of the column.
k. = A&

4 ° IXRJK

where A =

AT

and Flgvgb(*rz 1?) 9.\ °
d RgK = +TTe+t M ) x (4D )
(d 76 5%

coefficient of viscosity.

g S
"

n

coefficient of diffusion.

pressure of gas in the colunns,

o
"

d

n

width of annular space.
& = aecceleration due to gravity.
‘i‘l.TO = temperzture of hot and cold walls respectively.
A: Lhermal diffusion ecustant
p = gas density in the oo luams.
In the caze of isotopes the equllibrium separation factor reduces to

2 gl

Sl @

since Uy is small compared to unity.
Kier (9) has pointed out that since D varies as 1/p and £ varies as

p, the equilivrium separation factor mey be put in the form
a

;2’"
1b

pk

o 2 Agh_

SXP.

By obtaining the equilibriusm separation factor of a column at two
different pressures he was able to evaluate the constants a and b and

caleulate the pressure giving the maximum separation factor for the gas used,



Historical Review
chapnan(?®) first suggested the use of thermal diffusion for the

separation of isotopes. However previous to the discovery by Clusius and
Dickel of the separation column the separation produced was téo small
to be of any practical import.ance.(")

Jeveral attempts have been made to formulate a theory of themal_ diff-
usion (6,21,22) each meeting with a certain amount of suecess. The theory
advanced by Furry, Jones and OUnsager has been the one most generally accep-
ted and considerable evidence has been advanced in support of the theory.

Certain modified types of colusns have been constructed following the
general principle of the Clusius and Dickel column, namely the concentric
tube type used by Bramley and Brewer(<3) and the all metal calrod heater
type developed by w;t.son.(m) A number of isotopes of the light elements
have been separated to a greater or lesser extent using these different
types of column,

The rare gases have been used in many instances since their molecules
approximate the elastic sphere model. Clusius and Dickel completely sep-
arated e and Ne?2 (25) and aleo Kr®s and k86 (26), Krypton was parte
ially separated by Groth and Harteck (27) watson(24) obtained a separation
factor of & for Neon. Nior(zs) using a Clusius and Dickel column effected
a 300 fold enrichment of He> in helium. It has been shown that the re-
pulsive force indices of the rare gases decrease with inereasing molecular
weight, argon being the "softest® (29,30)

The chlorine isotopes have been separated using HC1l gas, (31,32)
Clusius and Dickel obtained 99.6% HC1?® and 99.4% HC17,

The nitrogen isotopes have been partially separated, Clusius, Dickel
and Beoker(3%) having produced pure MN1S, No further enrichment was
possible as the platium wire does not cstalyze the equilibrium.

yMdd, 1505 5 GlllS

The carbon isotope C13 has been concentrated using methane (19233,34),



The oxygen isotopes have been separated by thermal diffusion. Using

oxygen guas, Clusius, Dickel and Becker (35) effected a complete separation

16

of 0*° and o8 and showed that the isotopic equilibrium reaction

016016 + o8l = 2 o}6p18
is estalyzed by the platinum wire. S5.B. %ﬁcllu(%) usim. 18 meters of
column and maintaining a normal concentration of 01€ 1n the top reservoir
obtained 01 enriched from 0.27 to 4% and O enriched from 0.0k to 0.8%.
I. Lauder (37) produced oxygen containing 19.5% o' anda 14 01 tn a period
of 2, weeks.



cr on a at

The apparatus (38) consisted of 4 watson type unit thermal diffusion
columns mounted vertically in series in s light shaft. Hach unit consisted of
a Ceneral Hlectrie 2000 watt Calrod heater of " diameter and 9' long
suspended concentrically in a copper tube of 1" l.D. leaving an annular
space of 3", The cold wall was surrounded by a 11" 1.D. copper jacket.
The calrod heaters were kept centered along the whole length by stainless
stoel pins of 0.055" diameter which were placed 120° apart arocund the cold
wall at intervals of 2' along the length of the ecolumn. The units were
connected by means of & brass connecting sleeve and flange joints, provide
ing an expansion chamber for the calrod heaters, whose expansion amounts
to over an inch at the operating temperature of 530°. The calrod heaters
were supported at the top of each unit by a perforated brass plug which
allows the gas to pass freely between units. UIlectrical leads were brought
out from the top and bottom of each unit through kovar glass seals. Two
copper convedtion tubes one of which was electrically heated, connected the
columns with the top and bottom reserveirs. A gluss reservoir of 5 liters
capacity or greater was attached to the top of the colunns by a kovar glass
seal and & glass reservoir of approximately 100 ml. was attached to the
bottom b a housekeeper seal. Provision was made for resoving small samples
of gas from the top and bottom of the golumns at suitable time intervals

for muss spectrometric analysis.

Cperation and Procedure
The procedurs involved in the operation of the columns was similar

in many respects for the three gascs. The columns were evacuated with a
Weleh duo seal oil vacuum pump to & pressure of 100 umicrons as measured

on a Pirani gauge. Following this the copper surfaces were de~gassed by
turning on the calrods for short periods st a time. The gas was then
aduitted to the evacuated columns through a drying sgent to a known pressure,



The top reservoir consisted of a 5 liter flask for the nitrogen and sulphur
runs. in the nitrogen run ordinary tank nitrogen dried by passage through
a dry lce trap was used. Sulphur dioxide was prepared by the action of
HZSG& on pure Eia2563. Water vapor was removed by passing the gas through
"Drierite" reagent. 50, samples were removed from the top and bottom
reservoirs of the thermal diffusion columns at suitable time intervals dmring
the course of the run for mess spectrometric analysis of messes 64 and 66.
It is important to note that mass 66 which is concentrated in the bottom
reservoir consists of two melecular species 53"011‘5016 and 332016013. Since
we are interested primarily in concentrating 834 14 became necessary to
assure a normal 0% content in the samples before analysis. In order to
do this each sample of 80, was equilibrated with distilled water. The gas
was dried by passage through Ca012 and ons and subsequently analyzed for
masses 6L and 66.

The oxygen was obtsifwd by the electrolysis of water, water vapor and
hydrogen being removed by psssing the gas through dry lece traps and a
platinized asbestos furnace. The oxygen was collected as liquid in a copper
trap imnersed in a dewar of lic-;nid‘ oxygen. The copper trap was connected
- to the glass system by means of a kovar glass seal. Fig. II shows the
electrolysis cell. The water was 0,075 H. in NaOH and was cooled by means
of a water condenser extending part way up the centre of the cell. The
anode was platinum wire wound in a spiral around the condenser while the
cathode was a sheet of platinum bent in the form of a cylinder around the
condenser and a short distance from it. A glass tube connected to the top
of the cell by a ring seal extended part way into the cell between the anode
and the cathode., A cylinder of fiber glass paper was slipped up inside this
tube and extended to the bottom of the cell serving to prevent any mixing
of the hydrogen and oxygen. |

Fig. 111 shows the complete apparatus. A mercury bubbler on the
hydrogen side of the cell could be adjusted to maintain equal pressures

on the hydrogen and oxygen sides,

RR%



In the actual preparation of the oxygen the system was flushed thorouge
hly to remove nitrogen by electrolyzing for 4 hour at atmospheric pressure.
Stopecock T 2 was then closed and the oxygen allowed to condense in trap H
which was immersed in a dewar of liquid oxygen. As the oxygen was produced
famter than it could be condensed, causing an increase of pressure in the
oxygen side of the cell, it was found necessary from time to time to lower
the temperature of the cooling bath surrounding trap H, causing the oxygen
to condense more rapidly with a resultant decrease of pressure. This was
accomplished by passing a stream of compressed air over the cooling bath
of liquld oxygen in the dewar surrounding trep H.

When it was calculated that sufficient oxygen had been produced, stope
cock T 1 was closed and the trap and dewar removed from the line. The trap
was then connected to the evacuated thermal diffusion columns and the oxygen
allowed to evaporate, filling the columns and the 5 liter reservoir to a
pressure of 32 em. This pressure of axyg.n was found to produce a maximum
separation in colums similar to ours.(37) 8 gamples, 4 from the top and
4 from the bottom were removed at sultable intervals over a period of 106
hours.(Table III) At this time the electrolysis procedure was repeated and
the columns filled to atmospheric pressure without stopping the run. 4 sets
of samples were removed in the ensuing & days of the run.

Following this, the electrolysis apparatus was moved adjacent to the
top reservoir. In order to increase the size of this reservoir another 5
liter flask was added. it was coupled to the first one by two arms, one
of which was electrically heated to ensure circulation of the gas between
the two reservoirs. (Fig. V1) It was than possible to electrolyze into
the copper trap snd allow the oxygen to vaporize directly into the reser-
voir system. The new 5 liter flask was filled with oxygen and the stopcocks
between the flasks opened. Ury ice was place in dewars around traps C and
D to promote convective circulation and also to remove any traces of water

vapor which may have leaked in from the water jacket. 2 sets of samples

were removed during the following week. The new 5 liter flask was then



evacuated and filled with 7.5 normal 0% 4s before. Unfortunstely, shortly
after this, one of the leads to the bottom calrod heater burnt out and the
run had to be discontinued. One liter of gas was removed from the bottom
of the columns as soon as this was discovered. An attempt to save the

rezainder of the gas was unsuccessful.

e and Discussi

The analyses of all samples were made with 90° sector type mass spece
tromster.(39) Tne results are tabulsted as the isotopie ratio in the top
and bottom reservoirs. The precision iu all the ratios is better than 3%,

The separation factor was previously defined as cg

o

where Cg is the concentration of the heavy molecule in the bottom -

reservoir and
cg is the concentration of the heavy molecule in the top reser=

voir.
In place of actual concentrations the abundance ratlos of the light .o the
heavy isotope is taken as a measure of the concentration of the heavy

isetope. The separation factor as here used becomes 2 for
28/29 {bottom)

nitrogen, and similarly for the other gases.

-Nitrogen 5

The mass spectrouetric analyses of the samples removed from the top
end bottom reservolrs are given in Table I. It is scen that a ten fold
change in the ratio of the nitrogen isotopes has been effected in a period
of 164 hours. Since the N5 content of the bottom reservoir has been
increased at the expense of the top reservoir, the enrichment factor relative
to tank nitrogen is only 4.97 corresponding to an atom ¥ W3 o 1.77s
From Fig. 1 it can be seen tha the N5/ 15 ritio in the bottom






Table I - Nitrogen

fatio '%% Separation Factor
Time (hours) Top Bottom
0 136 136 5 3
25.5 170 53.9 3.16
L9 202 36.9 548
75 217 36.3 5.98
98 27 29 8.52
121 264, 30.1 8.75
164.5 280 27.3 10.3
Table Il - Sulphur Dioxide
Ratlo % Separation Factor
Time (hours) Top Bottom
0 20.50 20.50 1
2y 20.67 19.95 1,036
48 x 20.56 19.88 1.034
72 20.63 19.78 1.043
93 xx 19.71 est. 1.049

x part of sample lost

xx sample lost



reservoir approaches equilibrium rapidly becoming 907 of its equilibrium
value in 48 hours. Th:se results compare very favourably with those
~obtained by others using similar colums.

Sulphur

~ The muss spectrometric analyses of the SO, samples removed during the
sulphur run are given in Table 11. The 4.9% change produced in the 64/66
ratio of the sulphur isotopes indicates that « is small but positive. This
will give and Ry value which is also small but positive. This is in agree-
ment with predictions of « based on viscosity data. (7,10)

The results indicate that the sulphur lsotopes can not be separated by
the thermal diffusion process using 30, gas. This does not necessarily
mean that sulphur in the form of some other gas such as 3?6 could not be
concentrated by thermal diffusion. Ko thermal diffusion data has been
secured with 5Fy and there is no viscosity data in the literature with
whichto make predictions. However there is always a disadvantage in using
gases of high molecular weight in thermal diffusion columns due to the small
mass differences involved and the correspondingly small

Oxygen 18
It is of interest bo note that as 016013 was concentrated at the bottom,

an increase of 03018 wag also observed indicating that the calrods

catalyze the resction
0Mgiéi Mgl ‘= g olép)8

The equilibrium constant tor this reaction is
[016 18

[omglq [Gw wJ

if the formation of homopolar and heteropolar molecules is equally probable.

LV_{_,

The exact value of this equilibrium constant can be determined from an.

equilibriwn mixture by measuring the relative ion currcntes for masses 32,
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Table 11l « Oxygen

Ratio %%
Separation
Time (hours) Pressure Top Bottom Factor
0 32 cm. 30.5 30.5 1
4.5 32 37.5 12.3 3.05
68.0 32 L9.6 9.36 5.30
90.0 32 56.2 8.13 6.91
139 At. 60.3 5.7 10.6
163 At 85.6 Lol 18.4
190 At. 121 3.84 31.6
259 At, 238 2489 82.6
283 Ate 67.5 3.06 22.0
379 At 93.6 3.27 2246

15



SHNOH ‘3WIL

poze

o9l

NOILVYHVd3S

ozl

08

o

oze 08¢ ov2

NIOAXO - AL 913

o€

ol




34 and 36 in a mass spectrometer. Deviations of the ratio 2 from

I, measures Lhe extent to whieh the system ls displaced t‘mgz equilibriunm,

Table 4 glves three sets of mass spectroveter ion currents obtained for the
259 hour sasple femovad from the botitoz of the thermal diffusion coluuns.

The average value of 3.9 fer the ratio 2 mesns that equilibrium

betwean the two kinds of oxygen atons hzﬁ gaan established on the calrod

heaters in the thermal diffusion colunms.

Table 1V

lagss Spectroveter
lon Gurrents

1l 2 3
Hass 32 162.4 206 22l
34 56.13 69.12 751
36 472 5.60 6465
Equilibrium
Congtant K 402 3.78 3.80

The itom % 018 2[o18 18]+[016 1], [ 017913]
[16 16, 1717, 18,18, 1617 16,18 17013]

I

0 +0 0 0+ 0 0+

2361 41 3) +[351
32 + 34+ 36+ 33~ 35])

where [3&] ¥ [36] etc. are the concentrations of masses 34 and 36 ete. which

or

n

are proportional to the lon currents produced by thescnasses in a muss
spectroucter.

Table V gives the relative ion currents obtained for nasses 32«36, in
the mass spectrometric analysis of the 259 hour sample. The average ¥ 01
thus caleulated is 14.6. A smsll fraction of the sass 34 lon current will
be due to O;7ﬁ17*ions. However because of the low concentration of 07

this current can be neglected, The atou § of o7 ean be calculated in
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a similar manner.

Table

Mass Spectrometer

lon Currents

1 2

HMass 32 22l 162.4
33 2,50 1.79
34 75.1 56413

35 AL 3
36 6.65 L.72

O o B T 14.8
Atom $01¥ N b

For the 259 hour oxygen sauple the 017 concentration turns out to be 0.46%
or asbout 10 times normal. The liter of oxygen removed from the bottom
reservoir at the conclusion of the run was analyzed and calculated to be
b 018

Fig. 1V shows the rate of approach to thoe equilibrium concentration
of the oxygen isotopes in the bottom reservoir of the thermal diffusion
columns during the oxygen separation. The break in the curve at 90 hours
corresponds to the addition of a new supply of oxygen bringing the press-
ure up to 1 atwosphere. Only the values obtained while using one 5 liter
flask are plotted; the addition of the second reservoir appeared to dise
turb the equilibrium at the bottom. Fig. V shé® the change in separation
factor with time for the oxygen isotopes.

17
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31

The thermal diffusion columns at McMaster have been tested and satis-
factory separation factors obtalned. A ten fold change in the ratio of
the nitrogen isotopes has been effected corresponding to an atom ¥ w5
of 1.77. Sulphur dioxide has been proven to be unsatisfactory for the
separation of the sulphur isotopes by thermal diffusion. The oxygen
isotopes have been partislly separated. Starting with water containing
a 7.5 fold enrichment of 018, samples of oxygen containing a 72 fold ene
richment over normal have been produced corresponding to an olé content
of 14.6%. Also one liter of oxygen gas containing L.4% 018 has been
produced.

For the case where we are attempting to concentrate the heavy and
rarer isotope, the difficulty in any production is the depletion in the
top reservoir of the heavy wolecule. In order to utilize the full value
of the separation factor an infinite reservoir at the top is necessary.
This is effectively what is done when the concentration of the top reservoir
is maintained constant by continuously supplying the gas at normal cone
centration and removing the gas depleted in the heavy isotope. The prod-
uetion of 018 could be greatly increased by eleectrolyzing into the top
reservoir continuously and converting the oxygen dzpleted in ol8 J,a water,
This would ensure a much higher concentration of 018 in the bottom reser-
voir at equilibrius. Indeed with a separation factor of 82 as here
obtained and starting with oxygen containing a 7.5 fold enrichuent in 08
the final concentration of 018 in the bottom reservoir might be expected

to approach 50%.
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