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SEPARATION AND PURIFICATION METHODS, 4(2), 305-350 (1975) 

SEPARATION OF ISOTOPES I N  THE 
THERMAL DIFFUSION COLUMN 

W. M. Rutherford 
Monsanto Research Corporation, Mound 
Laboratory, Miamisburg, Ohio 45342* 

I. INTRODUCTION 

Gas, l i qu id  and s o l i d  mixtures undergo a s l i g h t  demixing 

i n  the presence of a temperature difference.  This phenomenon, 

known as thermal diffusion,  is i l l u s t r a t e d  in Figure 1 f o r  t h e  

isotopes of neon i n  the gas phase and f o r  i so top ica l ly  sub- 

s t i t u t e d  carbon d i su l f ide  i n  the l i qu id  phase. The separat ion 

e f f e c t ,  which is qu i t e  small even f o r  r e l a t i v e l y  l a rge  temper- 

a t u r e  differences,  was of no p rac t i ca l  s ignif icance p r i o r  t o  

the invention by Clusius and D i c l c e l  of the thermogravitational 

thenual d i f fus ion  column in 1938l. 

column (Figure 2) the f l u i d  is confined between closely spaced 

v e r t i c a l  w a l l s  maintained at  d i f f e ren t  temperatures. A convec- 

t i o n  current  is set up with t h e  f l u i d  r i s i n g  along the hot w a l l  

and descending along the cold w a l l .  

place i n  t h e  horizontal  direct ion.  The combined e f f e c t s  of 

v e r t i c a l  countercurrent thermogravitational c i r cu la t ion  and 

horizontal  thermal diffusion lead t o  l a rge  separations in the  

v e r t i c a l  direct ion.  The equivalent of several  hundred separ- 

In the thermal diffusion 

Thermal d i f fus ion  takes  

305 
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306 RUTHERFORD 

t = 100°C 8.97% 22Ne 

91.00% 

9.00% 22Ne 

t = 0°C 9.03% 22Ne 

4.16% 34S 

4.24% 34S 

t * 100°C 

FEED CS, 

95.8% 32S 

4.2% 34s 

t=O"C 

FIGURE 1 

The elementary thermal diffusion e f f e c t  i n  gas and l i qu id  phases. 

a t i o n  s tages  can be obtained in apparatus no more than a few 

meters i n  length. 

Since its invention the thermal diffusion colunm has found 

numerous appl icat ions t o  spec ia l  separations involving small 

quan t i t i e s  of material. The column has been used with part ic-  

u l a r  success f o r  the separation of gram quan t i t i e s  of isotopes 

i n  the gas phase. It provides a means whereby important needs 

f o r  r e l a t i v e l y  minor amounts of material can be s a t i s f i e d  with 
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THEEN& DIFFUSION COLUMN 307 

FIGURE 2 

The cy l ind r i ca l  thermal diffusion column. 

a minimal c a p i t a l  investment i n  simple equipment and minimal 

operating costs.  

Some typical  appl icat ions of isotopes separated by thermal 

diffusion are the following: '%r as a f i l l  gas fo r  s p e c t r a l  

lamps f o r  wavelength standards; "Ar a8 a spike,  o r  carrier, i n  

the  potassium-argon method f o r  es tabl ishing geological times; 

I2'Xe as a t a rge t  material f o r  the nuclear reactor  production of 

radioact ive 12'I; enriched Kr and Xe isotopes fo r  t racing f u e l  

element f a i l u r e s  i n  fast breeder reactors ;  and high enrichment 

of "C f o r  multiple label ing of biological ly  and environmentally 

important tracer materials. 

The thermal diffusion column has a l s o  found use as a quan- 

t i t a t i v e  enrichment technique i n  the determination of low l e v e l s  

of natural  radimucl ides .  It has been used i n  carbon-14 
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308 RUTHERFORD 

dating', low level tritium maa~urements~' ' ,  and in the deter- 

mination of atmospheric leve ls  of s 'Ar . ' 
Many of the  f i r s t  research scale separations of isotopes i n  

high puri ty  were accomplished by Clusiue and coworkers a t  

Zurich6. 

Table 1'. 

cooled g lass  tubes, with an e l e c t r i c a l l y  heated platinum al loy 

w i r e  hung along the axle  as the hot w a l l .  

these columns were connected i n  series t o  obtain the effect ive 

length needed f o r  a par t icular  separation. 

A list of these and other separations is given a s  

The Clusius thermal diffusion columns were water 

Typically, several  of 

TABLE I 

Stable Isotope Enrichment by Gas Phase 
Thermal Diffusion 

Year 

1939 
1939 
1942 
1942 
1950 
1950 
1953 
1955 
1956 
1959 
1959 
1960 
1962 
1968 
1971 
19 7 1  
1972 
1972 
19 73 
1973 
1973 

- Isotope 

Chlor ine-35 
N o r  ine-3 7 
Krypton-84 
Krypton- 86 
Neon-20 
Nitrogen-15 
Carbon-13 
Xenon- 136 
Neon-21 
Oxygen-18 
Argon-38 
Neon-22 
Argon- 36 
Oxygen-16 
Xenon-131 
Argon-40 
Xenon-124 
Krypton-78 

Krypton-83 
Xenon-129 

Ktyp ton-82 

X Purity 

99.4 
99.6 
98.3 
99.5 
99.95 
99.8 
99.8 
99.0 
99.6 
99.7 
99.98 
99.92 
99.99 
99.98 
60 
99.98 
60 
50 
70 
70 
80 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



THJZRMAL DIFFUSION COLUMN 309 

Some exceedingly d i f f i c u l t  separations were accomplished 

with t h i s  type of apparatus, including the pu r i f i ca t ion  of the 

rare middle isotopes of neon and argon, 2 1 N e B  and sBAr.g 

Thermal diffusion is now being used a t  several  locat ions 

€or the rout ine separation of a wide va r i e ty  of isotopes. 

Although the Clusius-type column is used fo r  some of t h i s  work, 

most of it is being done with a l l  metal coluams using commer- 

c i a l l y  avai lable  tubular electric heaters f o r  the hot  wall '?. 

Depending upon the d i f f i c u l t y  of the separation, these columns 

are used in series - p a r a l l e l  cascades of from 4 t o  24 columns. 

The theory of the thermal diffusion column was developed 

In 1939 i n  nearly complete form short ly  a f t e r  its invention. 

Furry, Jones and Onsager (FJO) derived the basic equations 

describing the behavior of the cy l ind r i ca l  thermal diffusion 

The FJO theory, which took in to  account the varia- 

t i on  with temperature of the physical propert ies  of t h e  gaseous 

mixture and the cy l ind r i ca l  geometry of the column, was found t o  

give a s a t i s f ac to ry  qua l i t a t ive  description of the separation 

process. From the quant i ta t ive standpoint, however, the theory 

was less successful'  3 .  

uted t o  def ic iencies  i n  the theory; however, it was recognized 

t h a t  imperfections in the  experimental apparatus were important. 

In addition, measurements of the thermal diffusion f ac to r ,  which 

is t he  measure of the elementary e f f e c t ,  were scarce at t h a t  

time and of dubious accuracy. 

The discrepancies were generally a t t r i b -  

Within the last few years the author and coworkers have 

undertaken a systematic invest igat ion of the behavior of the 

thermal diffusion column and the extent t o  which tha t  behavior 

can be predicted from t h e ~ r y ' ~ ' ' ~ .  

unequivocally t h a t  the FJO theory p red ic t s  the separation of 

heavy isotopes i n  precisely constructed thermal diffusion 

The r e s u l t s  have shown 
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310 RUTHERFORD 

columns within experimental accuracy. 

the theory a l so  correct ly  predicts  the separation of l i g h t  

isotopic mixtures such as 3He-4He.20 

With minor modifications 

The successful ve r i f i ca t ion  of the colunm theory is due i n  

no small measure t o  several  concurrent developments including: 

improved understanding of intermolecular forces  i n  d i l u t e  gases 

leading t o  b e t t e r  predictions of physical properties;  availa- 

b i l i t y  of high precision, wide range viscosi ty  data;  development 

and application of the trennschaukel technique f o r  accurate 

measurements of isotopic  thermal diffusion factors ;  and the  

a v a i l a b i l i t y  of high speed d i g i t a l  computers t o  f a c i l i t a t e  

integrat ion of the FJO expressions fo r  the column transport  

coeff ic ients  . 
This review w i l l  be r e s t r i c t ed  t o  the theory and observed 

behavior of gas phase thermal diffusion columns as individual 

separation uni ts .  

gas systems and in gas phase systems of simple, polyatomic, 

isotopical ly  substi tuted compounds. 

isotopic  separations i n  the l i qu id  phase, nor w i l l  it cover the 

theoretfcal  and experimental aspects of multiple column 

casaades. 

connected separation un i t s  is a separate and rather  large 

subject. 

applied t o  any separation technique, including thermal 

diffusion. 

It w i l l  cover isotopic  separations in noble 

It w i l l  not cover work on 

The theory of cascades of large numbers of i n t e r -  

The r e s u l t s  of cascade theory a re  general and can be 

No attempt w i l l  be made i n  t h i s  review t o  present a broad, 

inclusive picture  of the work that  has been reported i n  the 

l i t e r a t u r e  on gas phase thermal diffusion. 

is referred t o  the several very good bibliographies on thermal 

diffusion2”2s,  and the  1969 review of Vasaru, et a12‘. 

For t h i s  the reader 

Instead, 
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THERMAL DIFFUSION COLUMN 311 

emphasis w i l l  be placed on the author 's  own work which has 

represented an e f f o r t  t o  develop a systematic approach t o  t h e  

problem of predict ing and evaluating the performance of gas 

phase thermal diffusion columns. 

11. THEORY OF THE THERMAL DIFFUSION COLUMN 

The discussion which follows per ta ins  t o  t h e  separation of 

a binary mixture i n  an i dea l  cy l ind r i ca l  thermal diffusion 

column. 

separation of l i g h t  isotopic  mixtures i n  the gas phase2'; how- 

ever, the r e s u l t s  are general  and can be applied t o  nonisotopic 

mixtures and t o  l i qu id  systems. 

atomic weight t he  r e s u l t s  are t h e  same as those of t he  o r i g i n a l  

FJO theory. 

The theory was o r ig ina l ly  developed t o  describe the 

For isotopic  mixtures of high 

In  the  der ivat ion given i n  d e t a i l  i n  Reference 20 the  

following assumptions are made: 

1. 

2. 

3. 

The binary f l u i d  mixture is confined i n  the  annular space 

between two vertical, concentric r i g h t  c i r c u l a r  cyl inders  

(Figure 2). 

uniform temperature, TI; the outer cylinder,  of radius  r2 

is a t  a uniform temperature, T2. 

The convective c i r cu la t ion  veloci ty ,  the temperature 

d i s t r ibu t ion ,  and t h e  concentration are independent of t he  

angular coordinate. 

There is a small ne t  mass flow u i n  the posi t ive z 

direct ion.  The flow may be considered t o  r e s u l t  from the  

removal of a s ingle  product stream from the  end of the 

column. 

flow is negl igible  r e l a t i v e  t o  the maximum veloci ty  of t h e  

convective circulat ion.  

The inner cylinder,  of radius  r l  i s  a t  a 

The supe r f i c i a l  veloci ty  corresponding t o  t h i s  
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312 RUTHERFORD 

4. The change i n  concentration i n  the r a d i a l  direct ion is 

small. 

5. The v e r t i c a l  concentration gradient is small; hence, terms 

involving der ivat ives  of the densi ty  and the ve loc i ty  with 

respect t o  the  v e r t i c a l  coordinate can be neglected. 

In  the presence of temperature and concentration gradients,  

and of convection, t h e  mass f lux,  J,, of component 1 of a binary 

mixture is given by 

a 

A .s f, - - D 1 2 p ( ~ l - ~ w l w 2 v ! h  T) + wl&, (1) 

where w1 and w2 are the  mass f r ac t ions  of t h e  two components, 

f is t h e  loca l  mass average velocity,  p is t he  mass density,  and 

D12 is t he  mutual diffusion coeff ic ient .  The quant i ty  aT i s  the 

thermal diffusion f ac to r  defined i n  a way such t h a t  component 1 

migrates i n  the direct ion of t he  temperature gradient,  o r  toward 

the hot w a l l .  

It should be noted here t h a t  Furry, Jones and Onsager1’*‘2 

used as t h e i r  s t a r t i n g  point an equation of the same form f o r  

t he  molar f lux  i n  terms of mole f r ac t ions  and, implici t ly ,  the 

molar average veloci ty .  The solut ion of t h e  associated viscous 

flow problem, however, y i e lds  the mass average veloci ty;  hence, 

t he  FJO theory app l i e s  only t o  mixtures fo r  which the  difference 

between these v e l o c i t i e s  can be ignored, e.g., t o  heavy isotopic  

mixtures. 

Equation 1 can be used t o  der ive the following equation fo r  

the transport ,  TI, of component 1 along the z d i rec t ion  of t he  

column: 

The quan t i t i e s  8, K,., and Q represent the following 

in t eg ra l s  which r e su l t  from the  derivation: 
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THERMAL DIFFUSION COLUMN 313 

" * P T 2  2n/T1 U 1 2 p r 2  dT. 

(3) 

(4) 

(5) 

The quantity H is generally referred t o  as the i n i t i a l  t ransport  

coeff ic ient ,  and the quant i t ies  K, and IQ a re  cal led the convec- 

t i v e  and diffueive remixing coeff ic ients .  

tions l is the thermal conductivity, and 2rQ is the r a d i a l  heat 

flow per un i t  length. 

In  the above equa- 

The quant i ty  G 

and is given by 

G(r) 

where v = vz is the 

thermogravitational 

is a function of the thermal convection r a t e  

-4' pvrdr, ( 6 )  

v e r t i c a l  velocity25. Consideration of the 

viscous flow problem y ie lds  G as t h e  

1 

solution of the fourth order d i f f e r e n t i a l  equation, 

where g is t he  acceleration of gravi ty  and the following 

boundary conditions apply: 

The above r e s u l t s  (except fo r  the def ini t ion of G) a r e  essen- 

t i a l l y  the  same as those given i n  the o r ig ina l  work of Furry, 

Jones and Onsager; however, the mole f r ac t ions  of t he  FJO 

theory have now been replaced by mass f r ac t ions ,  and the theory 

is no longer r e s t r i c t e d  t o  heavy isotopic  mixtures. 
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Solutions of the Binary Transport Equation 
In a column operated a t  t o t a l  r e f lux  and a t  the steady 

e t a t e a a n d  T, are both equal t o  zero. 

the transport  equation can be integrated t o  yield 

Under these conditions 

where L is the length of the column sect ion and q, t he  separa- 

t i o n  f ac to r  is defined by 

The subscr ipts  T and B r e fe r  t o  the top and bottom of the column 

sac t ion,  respectively . 
From Equation 7 it can be shown tha t  the quantity G is 

proportional t o  the square of the density;  hence, f o r  an idea l  

gas G is proportional t o  p2, where p is the pressure. 

transport  coeff ic ients  H and Kc can be wri t ten as 

Thus the 

and 

where HI and KL are independent of pressure. 

IQ is independent of pressure.) 

(The coeff ic ient  

The separation f ac to r  a t  t o t a l  r e f lux  then becomes 

an q = H1p2/(Krp4 + IQ). (13) 

This function reaches a sharp maximum a t  a pressure pl  such 

that 
(14) 

I f  a product stream is removed from the top of the column 

sect ion at  a rate a, then a t  the steady state 
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THERMAL DIFFUSION COLUMN 

c 

Enriching 
Section 

--- 

319 

and Equation 2 can be integrated to  give the following: 

where b is given by 

b I’ { [ l + ( a / H ) 2 ] - 4 ~ l ~ / H ~ ~ ,  (17) 

and Y - HL/(&+Q). 

performed over a column segment of length L s ta r t ing  from a 

product withdrawal point at  the end of the column. 

In t h i s  case the integration has been 

The performance of a complete separation uni t  comprising a 

column with stripping and enriching sections, as shown i n  

Figure 3, can be calculated using the above solution. Each 

section is calculated separately. 

as an enriching section for  component 1 and the lower as an 

The upper section is treated 

Product Flow 7 

F d  

FIGURE 3 

A complete thermal diffusion separation unit .  
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316 RuTHERH)RD 

enriching sect ion f o r  component 2. 

is required to  obtain values of t he  dependent va r i ab le s  (flows 

and/or concentrations) such t h a t  the mater ia l  balance is 

s a t i s f i e d .  This requires  t h a t  the same concentration be 

obtained a t  the feed point by calculat ing toward t h e  feed point 

from e i t h e r  direct ion.  (In general t h i s  composition is not  t he  

same as t h e  feed composition.) 

A trial and e r r o r  procedure 

Transient Behavior of t h e  Column 

The d i f f e r e n t i a l  equation which describes the  transient 

behavior of the thermal diffusion column f o r  a binary mixture 

can be obtained from the  equation of continuity f o r  component 1 

along t h e  z axis. Thus, 

where t is the  time and is the  mass holdup per u n i t  length.  

Subst i tut ion from Equation 2 y ie lds  the  following r e s u l t  

f o r  the concentration i n  t e rn  of the t ransport  coeff ic ients :  

where K - K, + Q. 

Solutions of Equation 19 fo r  o - 0 and ~ . ~ < < l  were given by 

Bardeen26’27, and exact general solut ions were given by 

Majumdar2*. 

no reservoirs  and f o r  the case of the column with one i n f i n i t e  

reservoir  at one end and no reservoir  a t  the other. 

These aolutions are for  the case of the column with 

The Majdar solut ions are less generally useful than one 

might suppose. F i r i t ,  they require  machine computation of the 

sums of two series fo r  each time and posi t ion point;  and second, 

experimental configurations seldom coincide with the  mass 

d i s t r ibu t ions  assumed f o r  the derivations.  Numerical solut ions 

of Equation 19 by f i n i t e  difference methods are not d i f f i c u l t ,  
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THERMAL DIFFUSION COLUMN 31 7 

and they can be accomplished f o r  a r b i t r a r y  mass d i s t r i b u t i o n  

with r e l a t i v e l y  l i t t l e  investment i n  computing t i m e  f o r  most 

pr ob 1 e m s .  

This w i l l  be  discussed i n  more d e t a i l  i n  connection with 

multicomponent systems. 

The Transport Equation f o r  Multicomponent Systems 

The equation analogous t o  Equation 1 f o r  the mass f l u x  of 

component i i n  a system of n components is 

where a i j  is the  thermal d i f fus ion  f a c t o r  of t he  ij& p a i r  and 

i t  has been assumed t h a t  D i j  = D i i  = D j j  = D. By car ry ing  ou t  

the  der iva t ion  i n  a way analogous t o  t h a t  f o r  t he  b inary  

system, one a r r i v e s  a t  the  following equation f o r  the  t r anspor t  

of component i of an n-component system: 

j 
The i n i t i a l  t ranspor t  c o e f f i c i e n t  H i j  i s  given by 

and the  o ther  t ranspor t  c o e f f i c i e n t s  a r e  the  same as those  f o r  

t he  binary case. 

For i so top ic  systems2' 

where a,, the reduced thermal d i f fus ion  f ac to r ,  is the  same f o r  

a l l  i so top ic  p a i r s ,  and i s  t h e  average molecular or atomic 

weight of the  gas. 

For computational purposes i t  is  convenient t o  introduce a 

reduced i n i t i a l  t r anspor t  coe f f i c i en t ,  &, defined by 
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M i + M j  . 
H, HiJ ( M i - M j )  

With t h i s  subs t i t u t ion  Equation 21 becomes 

where 

Solutions of the Multicomponent Transport Equation 

A t  t o t a l  r e f lux  and a t  t he  steady state Equation 25 can be 

integrated to  give 

where q i j  is the  separation f ac to r  between components i and j 

defined as i n  Equation 10 fo r  a binary system. 

I f  the column is not a t  t o t a l  ref lux,  the problem is 

Steady state solut ions of considerably more complicated. 

Equation 25 f o r  the case of nonzero n e t  flow (UfO) cannot be 

obtained i n  closed form for  systems of more than two components. 

In general they must be found by numerical techniques. 

composition is known a t  one end of the column, then a s t r a igh t -  

forward appl icat ion of the Runge-Kutta method su f f i ces  t o  f ind  

the concentration a t  any other point i n  the system. 

I f  the 

I f ,  however, boundary conditions fo r  t h e  problem are 

imposed i n  the form of material balances over a known feed 

stream and two product streams of unknown composition, then the 

problem becomes much more d i f f i c u l t .  

case, it is necessary to  ad jus t  the composition of one of the 

product streams u n t i l  the calculated composition p r o f i l e  sat- 

i s f i e s  t he  material balance. 

A s  i n  the analogous binary 

A f u l l  discussion of the numerical techniques involved i n  

solving such problems is beyond the scope of t h i s  review. The 
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Newton-Raphson method using f i n i t e  difference de r iva t ives  i s  

qu i t e  useful fo r  adjustment of t he  composition; however, a 

va r i e ty  of f r u s t r a t i n g  numerical d i f f i c u l t i e s  a re  of ten en- 

countered, and great  care must be used i n  choosing t h e  form of 

the i t e r a t i o n  var iables  and the form i n  which the associated 

deviations from the boundary conditions are expressed. 

author has found no s ing le  set of techniques t o  be adequate f o r  

solving a l l  problems. 

Transient Behavior i n  Multicomponent Separations 

The 

The t r ans i en t  behavior of a column separating a multi- 

component isotopic  mixture is given by a set of nonlinear par- 

t i a l  d i f f e r e n t i a l  equations which can be obtained i n  a manner 

analogous t o  the binary case. Thus, 

Equation 27 can be expressed i n  terms of f i n i t e  differences as 

where the index k r e f e r s  t o  the time s t e p  and the  index m r e f e r s  

t o  the dis tance s t e p  along the z direct ion.  

Equation 25 

According t o  

+ uGi,m,k, 

%,m,k (Wi,m,k + Wi,m-l,k)/21 
where 

and 
Ebzm Ym--. 
K 

The above equations can r ead i ly  be stepped forward i n  time, 

provided t h a t  t he  time interval is  appropriately chosen t o  
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320 RUTHERFORD 

assure s t a b i l i t y  i n  the calculation. 

s t ab le  time in t e rva l ,  which i s  roughly proportional to  the r a t i o  

pAz/&,, is qu i t e  short  fo r  most p rac t i ca l  problems. Although 

useful solut ions can be obtained, an inordinate amount of 

computer time is required t o  obtain them. 

Unfortunately the maximum 

A d i f f e ren t  approximation t o  Equation 27 was developed i n  

order t o  circumvent t h i s  problem. 

time in t e rva l  is taken t o  be the average of the transport  at  the 

beginning of the interval ,  Ti,m,k and the transport  a t  the end 

of the interval ,  Ti,m,k+l. Thus, 

The transport  during the k e  

Wi,m,k+l Wi,m,k + 
r 1 

where Ti,m,k is given by Equation 29. 

The system of equations given by 29 through 32 cannot be 

solved exp l i c i t l y  fo r  the wi,m,k+l, however, the equations can 

be reduced t o  a set of t r idiagonal  equations f o r  each component, 

so t ha t  

Awi,m-l,k+l + Bwi,m,k+l + CWi,m+l,k+l - D i , m .  (33) 

The D i , m  contain the new concentrations i n  the form of the non- 

l i nea r  p a r t  of Equation 29; therefore,  the solut ion of 33 cannot 

be obtained d i r ec t ly .  A s  a first approximation, the D i , m  can be 

calculated on the  bas i s  of the old concentrations a t  the end of 

the k a  time interval .  

ventional l i nea r  techniques f o r  f i r s t  approximations t o  the new 

concentrations. The f i r s t  approximations can be used, i n  turn,  

t o  calculate  improved values of the D i S m ,  and so on. 

i t e r a t i v e  procedure converges rather  rapidly and can be repeated 

u n t i l  t he  desired accuracy is obtained. 

Then Equation 33 can be solved by con- 

This 
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Reasonably good solut ions can be obtained with the implici t  

procedure a t  time in t e rva l s  two orders of magnitude greater  than 

those required f o r  s t a b i l i t y  i n  the backward difference method. 

The addi t ional  computation required fo r  the implici t  method, 

however, reduces the time advantage t o  approximately a f ac to r  of 

10. 

Evaluation of the Column Coefficients 

I f  it is assumed t h a t  t he  properties of the gas a r e  

constant a t  some average temperature between the hot and cold 

walls of t he  column, then r e l a t ive ly  simple expressions can be 

obtained fo r  the three column coeff ic ients ,  H, Kc and U.l2 For 

conditions of p rac t i ca l  i n t e r e s t  i n  gas phase isotope separat im,  

however, the range of temperature across the column annulus is 

large,  and the assumption of constant properties is a poor one. 

The most d i r e c t  way of t r ea t ing  t h i s  problem is t o  construct 

tables  of smoothed experimental properties as functions of 

temperature. These t ab le s  ane then used fo r  the numerical 

integrat ion of the several  t heo re t i ca l  equations leading t o  the 

column coeff ic ients .  Where property data are missing, o r  of 

dubious accuracy, they can be calculated,  extrapolated and 

smoothed by use of expressions derived from the k ine t i c  theory 

of gasesz9. 

Recent work by Kestin3', Smith3' and others32 has s ignif-  

icant ly  advanced experimental knowledge of gas v i scos i t i e s  over 

a wide temperature range. 

used to  derive parameters fo r  various models of the interatomic 

potent ia l ,  and these i n  turn can be used to  calculate  the other 

transport  properties of the gas. 

p rac t i ca l  i n t e r e s t  (300 t o  11OOK) the Lennard-Jones 3 0 ,  the 

Dymond-AlderJ3r 34 and the Klein-Hanley 11-6-835r36 po ten t i a l s  

Precisely known v i s c o s i t i e s  can be 

In the temperature range of 
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322 RUTHWFORD 

can a l l  be made t o  f i t  t he  avai lable  v i scos i ty  data. 

be used t o  ca l cu la t e  the thermal conductivity ( for  monatomic 

gases) and the diffusion coeff ic ient  with an accuracy s u f f i c i e n t  

f o r  column calculations.  The thermal d i f fus ion  f ac to r  is less 

w e l l  represented by these potent ia ls ;  however, the Dymond-Alder 

po ten t i a l  appears t o  give the  bes t  f i t  t o  the most r e l i a b l e  of 

the experimental data34.  

They can 

Recent work by Kestin and c o ~ o r k e r s ~ " ~ ~  on an extended l a w  

of corresponding states f o r  the noble gases promises t o  be of 

Considerable u t i l i t y  i n  calculat ing noble gas column transport  

parameters. 

d i c t ing  the  isotopic  thermal diffusion f ac to r  i n  addi t ion t o  the  

other t ransport  properties.  

The Kestin re la t ionships  are successful i n  pre- 

Shape Factors 

According t o  t h e  k i n e t i c  theory of gases the  f i r s t  approxi- 

mations t o  the t ransport  propert ies  of a monatomic gas can be 

wri t ten as follows: 

n (T) 0 (TR) 8 b "  ' ' * ( T i )  lo(' * ') *( 8T*) R ( 3 4 )  

A(T) - (TR)~%(' 9 ' )*(Ti) /d' 9 ')*(8Tfi) ; ( 3 5 )  

%(T) ~~(TR)[~~(BT~)C)/~O(T~)], ( 3 7 )  

D(T) D ( T R ) ~ ~ / ' ~ ( '  , ' )*(Ti)/Q('  ' )*(eTa);  ( 3 6 )  

where d'")*(T*) and d', ')*(T*) are c o l l i s i o n  i n t e g r a l s  f o r  

some specif ied model of t h e  interatomic po ten t i a l ,  and T* is a 

reduced temperature defined by 

T* - kT/E ( 3 8 )  

the quant i ty  E/k is a parameter of the po ten t i a l  model; TR is a 

reference temperature, and 8 - T/TR. 
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THERMAL DIFFUSION COLUMN 323 

If  the cold wall temperature of the column, T 2 ,  is  chosen 

as the reference temperature, then the expressions fo r  the 

column coeff ic ients  become 

a 2d[DplT6T2 k d d , e i  ,Yi) 9 ( 4 1 )  

where y1 - r2/rl. 

The quan t i t i e s  h, kc and kd a re  cal led shape factors .  They 

are dimensionless functions of the reduced temperature a t  the 

cold w a l l ,  the r a t i o  of the hot wall temperature t o  the cold 

wall  temperature and the radius r a t i o .  

given by the following expressions derived from Equations 3-5.  

The shape f ac to r s  are 

1 

where the quantity f ( e )  is given by 

and 

de 

The quantity y(8) is  the solution of 
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with boundary conditions 

Numerous authors have published t ab le s  of shape f ac to r s  fo r  

several  models of the intermolecular po ten t i a l ,  including the  

inverse power3’, the Lennard-Jones 12-6,40 and the modified 

Buckingham4’. 

especial ly  extensive. 

vary qu i t e  rapidly i n  some regions, and conventional interpola- 

t i on  techniques can cause l a rge  e r ro r s .  

obtained by calculat ing column coe f f i c i en t s  f o r  the several  

t ab l e  e n t r i e s  surrounding the desired point,  then interpolat ing 

on the column coeff ic ients .  

The t ab le s  of Von Halle and coworkers are 

It should be noted that the shape f ac to r s  

Accurate r e s u l t s  can be 

The author has used shape f a c t o r s  with 8uccess i n  earlier 

work14; however, none of the models f o r  which tabulat ions a r e  

avai lable  is adequate t o  represent t he  isotopic  thermal 

diffusion factor .  The use of ca re fu l ly  selected experimental 

property values a t  the cold w a l l ,  or  reference, temperature can 

avoid some of t h e  d i f f i c u l t y .  

only i f  t he  thermal conductivity has a temperature dependence 

similar t o  t h a t  of the molecular force model. (The column 

coe f f i c i en t s  depend only on t h e  temperature va r i a t ion  of the 

thermal conductivity and not on i ts  absolute value.) 

Polyatomic gases can be handled 

With the widespread a v a i l a b i l i t y  of d i g i t a l  computer f a c i l -  

ities t h e  use of shape f ac to r s  f o r  calculat ing column coeffic- 

i e n t s  has become anachronistic.  Much b e t t e r  r e s u l t s  are 

obtained by d i r e c t  integrat ion of the respective expressions 

based on t ab le s  of selected values f o r  each of the physical 

properties.  
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111. EXPERIMENTAL EVALUATION OF THERMAL 
DIFFUSION COLUMN PERFORMANCE 

The FJO theory" is generally acknowledged to give a 

qualitatively correct description of the experimental behavior 

of thermal diffusion columns. Until recently, however, quanti- 

tative agreement between separations predicted by the theory and 

experimentally observed separations was seldom obtained. The 

poor results were apparently caused by the following factors: 

1) failure of the experimental geometry and temperature distri- 

bution to match those assumed in the theory; 2) imprecise 

knowledge of the physlcai properties of the mixture being 

separated as functions of temperature; 3) imprecise knowledge of 

the thermal diffusion factor and its variation with temperature; 

and 4) experimental data insufficient to allow separate evalua- 

tion and comparison of the three coefficients H, &, and Q with 

theory. 

imental aspects of this problem, e.g., items 1 and 4. 
The sections which follow will deal with the exper- 

Column Imperfections 

Deviations from the ideal temperature distribution and 

geometry assumed in the theory lead to parasitic circulation 

currents in the column. These tend to reduce the separation. 

In their original review article Jones and Furry" attempted to 

estimate the parasitic effects. For practical gas phase columns 

it appears that uniformity of temperature is seldom of concern 

unless a large number of spacers is inserted to establish uni- 

formity of the annular spacing. The performance of the column, 

however, is very sensitive to deviations from coaxial alignment 

of the hot and cold wa~~~'~-"''. 

found that poor alignment leads to an apparent increase in the 

convective remixing coefficient. 

coefficient can be considered to consist of three terms: 

Experimentally it has been 

Thus the total remixing 
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K Q + Kc + Kp (49) 
where Kp is cal led the  p a r a s i t i c  remixing coe f f i c i en t  and has 

the same dependence on pressure as does K,., i .e.,  

Kp = <P4 ( 5 0 )  

Recently, Sorenson, W i l l i s  and Stewart" published a the- 

o r e t i c a l  treatment of the p a r a s i t i c  remixing problem. The 

treatment is based on an orthogonal expansion method, and var- 

i ab l e  property e f f e c t s  are included. 

theory were found t o  be i n  good agreement with unpublished 

experimental data  obtained a t  Mound Laboratory on neon isotope 

separation i n  columns having known deviations from idea l  

geometry. 

t ion of the method. 

Results predicted from the 

A computer program was provided f o r  general  applica- 

Because of the considerable d i f f i c u l t y  associated with de- 

f ining an imperfect geometry i n  the laboratory,  it is nearly 

always advantageous i n  precise experimental work t o  use great  

care i n  designing and fabricat ing the experimental apparatus. A 

separate evaluation of the t o t a l  convective remixing coeff ic ient  

fo r  a system with well-known physical propert ies  can be used i n  

conjunction with the theory t o  estimate the magnitude of t he  

residual  p a r a s i t i c  e f f ec t s .  

Experimental Evaluation of Column Coefficients 

Measurement of t he  separation f ac to r  a t  t o t a l  r e f lux  as a 

function of pressure can be used i n  conjunction with Equation 13 

t o  der ive experimental values of the r a t i o s  H'/Ki and H ' f Q .  

Frequently a l inear ized form of Equation 13 i e  used as the  bas i s  

f o r  a l i n e a r  least squares f i t  of the data: 

y - ax + b, 

where y * Lp2/ln q, a = q / H ' ,  b = q / H '  and x = p'. 

(51) 
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This procedure, however, gives much greater  weight t o  data  

a t  high pressure, and can lead t o  apparent e r ro r  in the evalua- 

t i on  of t he  intercept ,  Q/H' .  As the author has shown i n  

Reference 16, t he  use of a nonlinear f i t  t o  Equation 13 avoids 

the weighting problem. 

The diffusive remixing coeff ic ient  Q is independent of the 

convection process i n  the column. If  the diffusion coeff ic ient  

of the gas is accurately known a s  a function of temperature, 

then the theoret ical  value of Q can be used t o  calculate  exper- 

imental values of the other two coeff ic ients  from t o t a l  ref lux 

data16. 

If r e l i a b l e  diffusion data cannot be obtained, then addi- 

t i o n a l  experiments are required t o  determine the column trans- 

port  coeff ic ients .  

t o  measure the i n i t i a l  transport  coeff ic ient ,  H, must involve a 

nonzero value of the transport  T i .  

approaches: 

time s t a r t i n g  from a condition of uniform concentration, o r  zero 

~epa ra t ion '~ , ' ' ;  2) measurement of the steady s t a t e  separation 

i n  a column operated with a nonzero ne t  f l ux  (ufO)'6917. Both 

types of experiments have been reported in the l i t e r a t u r e .  

t ransient  experiment is easier  t o  set up and requires  less 

equipment, but a detai led knowledge of the d i s t r ibu t ion  of the 

gas holdup i n  the system is required. 

e f f i c i e n t  is obtained from a solution of the time dependent 

transport  equation with boundary conditions per ta ining t o  the  

pa r t i cu la r  holdup d i s t r ibu t ion  of the experimental setup. Sam- 

pl ing e r r o r s  and cumulative removal of gas from a closed system 

can be problems in such an experiment. 

From Equation 2 it is clear tha t  experiments 

There are two possible 

1 )  measurement of the separation as a function of 

The 

The i n i t i a l  transport  co- 

Method 2 requires measurements of the separation f ac to r  as 

a function of flow rate. For the  case of a binary system the 
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experimental value of H is chosen as t h a t  value which gives the 

beet least squares f i t  t o  Equation 16. 

solut ion of muat ion 25 is used f o r  a multicomponent system”. 

The flow method is tedious but with proper care and s u f f i c i e n t  

data, r e s u l t s  of b e t t e r  accuracy can be obtained with it. 

The f i n i t e  difference 

Over the last decade the  author and coworkers completed a 

systematic evaluation of thermal diffusion column performance 

and t h e  extent t o  which it agrees with theo re t i ca l  predict ions 
1 4 - 2 0 , 3 4 , 4 8 .  

mixtures: 1 )  binary monatomic gas systems; 2) multicomponent 

monatomic gas systems; 3) isotopical ly  subst i tuted polyatomic 

systems; and 4) systems of low atomic o r  molecular weight. 

Mixtures of unlike gases were a l so  studied. 

constructed and aligned metal columns were used i n  a l l  of these 

experiments. Although spacers were used in  some of the longer 

columns to  assure  coaxial  alignment, the dis tance between 

spacers was never less than 1.2 m. 

This work covered the following types of isotopic  

Precisely 

Binary Monatomic Gas Systems 

The 2oNe-22Ne separation was studied as a function of flow 

rate, pressure, column geometry and hot wall temperature i n  an 

extended series of experiments16. 

f igurat ions were used ranging i n  radius r a t i o  (cold w a l l  t o  hot 

wall) from 2.95 t o  20 and i n  hot w a l l  temperature from 108 t o  

815OC. The r e s u l t s  of a typical  set of t o t a l  r e f lux  measure- 

ments as a function of pressure are shown i n  Figure 4 and a 

typical  set of data  f o r  separation as a function of f low rate is 

plot ted i n  Figure 5 .  Theoretical  curves f o r  these two f igures  

were recalculated f o r  t h i s  review based on physical propert ies  

predicted from the  generalized Dymond-Alder potent ia l .  Param- 

eters f o r  the po ten t i a l  were taken from some of the author’s 

recent work3‘. 

Four d i f f e ren t  column con- 
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FIGURE 4 

Separation of 2oNe-22Ne in column C a t  t o t a l  reflux. 
experimental parameters were as follows: 
mm; T2 - 15OC; L - 1.524 m. 
from theory. 
of 200, 500 and 8OO0C, from bottom t o  top, respectively.  

The 
r1 = 0.8 am; r2 = 9.43 

The so l id  curves are calculated 
The three sets of data  are fo r  hot w a l l  tempexatures 

Tables I1 and I11 give experimentally derived values of t he  

column coe f f i c i en t s  f o r  the several  experimental conditions. As 

indicated above, t h e  r a t i o s  Q / H '  and Q / H '  were obtained by a 

nonlinear least squares f i t  of Equation 13, and H, hence H', w a s  

obtained from a s imilar  least squares f i t  of Equation 16. 

t heo re t i ca l  values of the coe f f i c i en t s  are those based on the 

The 

generalized Dymond-Alder potent ia l .  

Table IV is a summary of deviations of the coe f f i c i en t s  

It is expressed as from the values predicted theoret ical ly .  
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0 200 400 

FLOW, STP ML/HR 

FIGURE 5 

Separation of 20Ne-22Ne i n  column D as a function of flow rate 
a t  1208 t o r r .  
TI - 50OoC; T2 - 15OC; r l  - 3.2 mm; rz = 9.43 mn; L = 1.524 m. 
The so l id  curve is calculated from theory. 

The experimental parameters were as follows: 

averages of the r a t i o s  of the experimental values t o  the  

theo re t i ca l  values fo r  a l l  e ight  experimental conditions. 

The r a t i o s  reported in Table IV show t h a t  t he  agreement 

between theory and experiment is good in s p i t e  of the extremely 

wide range of experimental conditions and thus of the values of 

t he  coeff ic ients .  Only the r a t i o  fo r  departs by more than 

one standard deviation from unity. 

includes p a r a s i t i c  contributions a r i s i n g  from imperfectgeometry. 

As s t a t e d  previously, the p a r a s i t i c  e f f e c t s  are qu i t e  s ens i t i ve  

t o  these i r r e g u l a r i t i e s ,  and the r a the r  l a rge  standard deviation 

The quant i ty  reported as 4 
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TABLE I1 

Reduced Initial Transport Coefficients For 
20Ne-22Ne' Separation Experiments 

331 

Column r2frl 

A 20 

B 16 

C 11.8 

D 2.95 

T1(OCla p(torr) 

500 297 
497 

800 300 
553 

500 421 
706 

800 460 
810 

200 765 
500 758 

1058 
800 801 

1257 

108 1262 
500 1208 

10 ~ ' ( g  sec-l atm-') 
Measured Theory 

32.6 33.6 
32.3 
42.1 41.7 
41.6 

13.4 13.2 
13.5 
16.4 16.0 
16.6 

1.57 1.52 
3.73 3.92 
3.72 
4.23 4.60 
4.29 

0.329 0.379 
1.63 1.84 

aThe cold wall temperature was 15OC for all experiments. 

for these measurements reflects this sensitivity. 

low departure of H' from theory, reported in the original paper 

and ascribed to possible errors in the data available for aT, 

is no longer present. 

An apparent 

Multicomponent Monatomic Gas System 

Isotopic separations in the 6-component krypton system" 

and the 9-component xenon systemlg were studied as a function of 

hot wall temperature, pressure, and flow rate in a Single 

7.32 m hot wire thermal diffusion column. 

ranged from 350 to 80OoC. 

reflux are given for the e°Kr-*6Kr pair in Figure 6 and for the 

Hot wall temperatures 

Results for measurements at total 
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TABLE 111 

Remixing Coefficients f o r  oNe-22Ne 
Separation Exper h e n  ts 

1 0 3 ~  
(g. cm sec-l atm-''1 

Column T1(OC) Measured Theory 

A 500 223 210 
800 195 147 

B 500 36.4 29.7 
800 23.8 20.0 

C 200 2.31 1.89 
500 2.44 2.28 
800 1.32 1.42 

D 108 0.226 0.162 
500 0.259 0.215 

10 3~ 

(g cm sec-'1 
Measured Theory 

3.52 4.04 
4.11 4.54 

2.49 2.57 
3.05 2.90 

1 .27  1.25 
1.44 1.44 
1.71 1.64 

1.05 1.10 
1.36 1 .43  

129Xe-136Xe pa i r  i n  Figure 7. 

8 o K r - 8 6 K r  pa i r  as a function of flow rate is plot ted i n  Figure 8 

f o r  a hot wall temperature of 800OC. Separations i n  both gases 

were evaluated f o r  each of three isotopic  pairs .  Withallowance 

fo r  ana ly t i ca l  precision it was found t h a t  the behavior of each 

pa i r  w a s  consistent with the mass dependence predicted by the 

multicomponent transport  equation. 

The separation f ac to r  fo r  the 

TABLE I V  

Average Coefficient Ratios f o r  2 o N e - 2 2 N e  
Separation Experiments 

H'exptl/H'theory 0.972 5 0.052 

G e x p t l / G  theory 

Kd exptl/Kd theory 

1.18 2 0.13 

0.973 5 0.057 
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I I I I 1 

100 200 300 
PRESSURE, TOUR 

FIGURE 6 

m 
100 200 300 

PRESSURE, TOUR 

FIGURE 6 

Separation of 80Kr-86Kr at total reflux. 
parameters were as follows: 
9.525 mm; L = 4.877 m. 
theory. 
350, 500 and 800°C, from bottom to top, respectively. 

The experimental 
T, - 15OC; r, = 0.795 mm; rp = 

The solid curves are calculated from 
The three sets of data are for hot wall temperatures of 

The theoretical curves shown in Figures 6, 7, and 8 were 

recalculated for this review on the basis of the generalized 

Dymond-Alder potential function. 

paper34 that the D-A potential gives a good fit to the isotopic 

thermal diffusion factors of krypton and xenon in the important 

low temperature region. 

It was shown in a recent 

Column coefficients for the multicomponent systems are 

given in Table V. and Gf@ were obtained from 
a nonlinear least squares fit to Equation 26 and was obtained 

The ratios 
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0.15 I I I I I 
f 

- - 
0.10 - - c 

8 

s 
.- 
B - I 
T 

z 
A 0.05 - 3 

m I 

0 I I I I I 

by a least squares f i t  t o  the f i n i t e  difference solut ion of 

Equation 25. 

and the 12sXe-13'Xe pair .  

there  was no discernible  e f f ec t  of the choice of isotope p a i r  on 

the experimental r e s u l t s  f o r  HA. 

The r e s u l t s  reported per ta in  t o  the e°Kr-86Kr pa i r  

Within the e r ro r  of the experiments 

Table VI gives the composite r a t i o s  of the experimental 

coeff ic ients  t o  those calculated from theory. 

are equal t o  unity within one standard deviation; thus the 

experimental r e s u l t s  agree with theory within the mutual uncer- 

t a in ty  of the measurements and of the theoret ical  calculations.  

A l l  three r a t i o s  
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0 50 100 

FLOW, STP ML/HR 

FIGURE 8 

Separation of e ° K r - 8 6 K r  a s  a function of flow r a t e  f o r  T1 = 
8OO0C. 
l i s t e d  fo r  Figure 6 .  
The t r i ang le s  a r e  data for  p = 158 t o r r  and the circles, f o r  
p = 279 t o r r .  

The other experimental parameters are the same as those 
The sol id  l i n e s  are calculated from theory. 

Again, t he re  is evidence of a s l i g h t  p a r a s i t i c  e f f e c t  i n  the 

posi t ive deviation of the r a t i o  f o r  from unity.  

Isotopical ly  Substituted Polyatomic Systems 

Experiments i n  t h i s  series were done on carbon monoxide14, 

methane' 5 ,  nitrogen and oxygen". 

t o  be binary mixtures involving ' 3 C 1 6 ~ 1 2 C 1 6 0 ,  13CH4-12CH4, 

15N14N-14N2, and 'eO'60-1602, respectively.  As i n  the krypton 

and xenon work, separations were measured a s  a function of hot 

w a l l  temperature, pressure and flow r a t e  i n  a 7.32 m hot w i r e  

These systems were considered 
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TABLE VI 

Average Coefficient Ratios for  Kr and Xe 
Isotope Separation Experiments 

column. 

and 10 f o r  methane and nitrogen, respectively.  

Typical sets of t o t a l  r e f lux  data a re  shown i n  Figures9 

0.004 

r 

8 
j 0.002 
a 
Z a 

0 

I I I 

0 400 800 

PRESSURE, TORR 

FIGURE 9 

Separation of 13CH,-'2CH, a t  t o t a l  reflux. 
parameters w e r e  as follows: 
9.525 mm; L - 7.315 rn. 
theory. 
for  48OoC. 

The experimental 

The sol id  curves a r e  calculated from 
T2 - 15OC; r l  = 0.795 mm; r2  

The lower e e t  of points is for  T1 = 320°C and the upper, 
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0.004 

c 

8 
j 0.002 
a 
Z 
A 

0 

I 1 I 

A 

0 400 800 

PRESSURE, TORR 

FIGURE 10 

Separation of 14N1 5N-1 4N2 at  t o t a l  reflux. 
parameters were the same a s  those given f o r  Figure 9. 
set of points I s  f o r  T I  = 5OO0C and the upper, f o r  T1 * 80OoC. 

The experimental 
The lower 

Column coeff ic ients  fo r  the polyatomic systems a re  given in 

Table V I I  along with coeff ic ients  calculated from theory. 

Less information is avai lable  on the transport  propert ies  

of these gases; hence the approach used i n  the theo re t i ca l  cal- 

culations d i f f e r s  somewhat from t h a t  used fo r  the noble gases. 

Experimental values fo r  the properties of CO at  the  cold wall  

temperature were obtained from the l i t e r a t u r e ,  and Lennard-Jones 

shape f ac to r s  were used t o  calculate  the coeff ic ients .  

case of CH, t h i s  approach could not be used because the temper- 

a tu re  dependence of t he  thermal conductivity is substant ia l ly  

I n  the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL
E 
VI
I 

Co
lu
mn
 C
oe
ff
ic
ie
nt
s 
fo
r 
Is
ot
op
ic
al
ly
 S
ub
st
it
ut
ed
 P
ol
ya
to
mi
c 
Sy
st
em
s 

1
0
5
~
’
 

(g
 
se
c”
 

at
m-
2)
 

G
as

 
E

/k
(K

) 
T
l
 ('
Ci
a 

Me
as
ur
ed
 
Th
eo
ry
 

co
 (

ma
ss
 2
8-
 

88
 

35
0 

2.
48
 

2.
40
 

ma
ss
 2
9)
 

50
0 

3.
68
 

3.
26
 

CH
,(
ma
ss
 

16
- 

14
4 

32
0 

1.
48
 

1.
54
 

ma
ss
 1
7)
 

48
0 

2.
12
 

2.
16
 

N
2 
(
’ ,N

2-
l 
‘I
?”
 %

) 
50
0 

3.
29
 

2.
89
 

80
0 

3.
58
 

3.
58
 

02
(l
 
6
0
2
-
’
6
0
1
8
0
)
 13
4 

50
0 

6.
24
 

5.
00
 

80
0 

6.
84
 

6.
21
 

lo
4%

 
(g

 c
m 
se
c-
l)
 

1
0
2
s
1
 

(g
 c

m 
se
c 

at
m-
“1
 

Me
as
ur
ed
 
Th
eo
ry
 

Me
as
ur
ed
 
Th
eo
ry
 

5.
53
 

5.
67
 

7.
17
 

7.
51
 

5.
22
 

5.
22
 

8.
64
 

8.
06
 

2.
40
 

2.
06
 

5.
23
 

5.
39
 

1.
78
 

1.
60
 

5.
88
 

5.
93
 

5.
15
 

4.
78
 

9.
87
 

8.
39
 

2.
48
 

2.
91
 

10
.8
 

9.
55
 

5.
24
 

4.
56
 

11
.2
 

10
.7
0 

2.
51
 

2.
66
 

12
.8
 

12
.3
0 

aT
he
 c
ol
d 
wa
ll
 t
em
pe
ra
tu
re
 w

as
 
15
’C
 

fo
r 
al
l 
ex
pe
ri
me
nt
s.
 

W
 

W
 

\D
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



340 RUTHERFORD 

d i f f e ren t  from t h a t  predicted on the bas i s  of the Lennard-Jones 

potent ia l ;  therefore,  the calculat ion was based on a t ab le  of 

smoothed experimental data fo r  t h i s  property. 

calculat ions were based on selected,  smoothed tables  f o r  a l l  of 

the transport  properties.  

The N2 and O2 

For each gas the  thermal diffusion f ac to r  was taken t o  be 

0.1 times the  value predicted on the  bas i s  of the Lennard-Jones 

model. (CO and CH4 were recalculated using t h i s  assumption f o r  

t h i s  review.) 

fo r  using i t  is based on a limited amount of widely scat tered 

data. The sources of avai lable  thermal diffusion data  f o r  these 

systems are c i t ed  i n  the o r ig ina l  papers; however, addi t ional  

measurements on oxygen4' have appeared s ince Reference 18 was 

published. 

It is a rough approximation, and the  j u s t i f i c a d o n  

Average r a t i o s  of the experimental column transport  co- 

e f f i c i e n t s  t o  those calculated from theory are given i n  Table 

V I I I .  

values because of t he  less sa t i s f ac to ry  knowledge of the trans- 

port properties;  nevertheless,  the r a t i o s  are qu i t e  c lose t o  

unity--within one standard deviation i n  each case. 

There is considerable uncertainty i n  the theo re t i ca l  

System of Low Atomic o r  Molecular Weight 

The FJO theory of the thermal diffusion columns wasderived 

fo r  isotopic  mixtures of high atomic o r  molecular weight; hence, 

TABLE V I I I  

Average Coefficient Ratios f o r  Isotopical ly  
Substi tuted Polyatomic Systems 
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the  theory could not be expected t o  give quan t i t a t ive  r e s u l t s  

f o r  mixtures of l i g h t  isotopes such as hydrogen o r  helium, o r  

f o r  mixtures of unlike gases i n  general. The theory published 

by t h e  author in 1970 does not have t h i s  r e s t r i c t i o n ,  provided 

that v e r t i c a l  concentration gradients are small2'. 

The revised theory was tes ted i n  a series of experiments 

with mixtures of 'He and 'He. 

wire columns with radius  r a t i o s  from 16 t o  26 and a t  hot w a l l  

temperatures from 320 t o  800'C. Mixtures containing high and 

low concentrations of 3He were used. 

The experiments were done i n  hot 

I n i t i a l  t ransport  coe f f i c i en t s  were measured by means of 

flow experiments i n  short  column sect ions i n  order t o  avoid 

excessive concentration differences across  t h e  test section. 

Thus the column coe f f i c i en t s ,  which are concentration dependent, 

could be considered constant i n  the  section. The experimental 

values of the reduced i n i t i a l  t ransport  coeff ic ient  are given i n  

Table IX, along with the  average concentrations of 3He. 

Concentration p r o f i l e s  were measured a t  zero flow rate as a 

function of pressure f o r  each experimental colunm a t  each t e m -  

perature. 

Figure 12 depicts  a typ ica l  set of r e s u l t s  f o r  t he  slope 

Aln q/Az a t  the point where the  3He concentration w a s  50%. 

Several of the p ro f i l e s  are shown i n  Figure 11,and 

The theo re t i ca l  r e s u l t s  given i n  Table I X  and plot ted i n  

Figures 11 and 12 were evaluated using column transport  coeff i -  

c i e n t s  calculated by d i r e c t  n m e r i c a l  integrat ion of the appro- 

p r i a t e  t heo re t i ca l  expressions (Equations 3, 4, 5). The inte-  

grations,  i n  turn,  were based on smoothed t ab le s  of ca re fu l ly  

selected t ransport  propert ies  f o r  'He. 

Corrections t o  the coe f f i c i en t s  were made t o  account f o r  

the e f f e c t  of t he  %e concentration on the propert ies  of thegas.  

The density,  of course, is proportional t o  the average atomic 
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0.50 1.00 0.50 1.00 
3He FRACTION 
FIGURE 11 

Separation of 'He-'He a t  t o t a l  reflux. Concentration p ro f i l e s  
from column 4, T1 - 8OO0C,  p = 501 t o r r  (data and s ingle  curve 
on the l e f t ) ;  and column 2, T I  - 5OO0C, p = 1100 t o r r  (data and 
two curves on the r igh t ) .  The sol id  l i n e s  a re  calculated from 
theory . 

0.0 1s 
r 
I 
E 

I i  

I - a 
0.0050 

350 850 1350 
PRESSURE, torr 

FIGURE 1 2  

Separation of 'He-'He a t  t o t a l  reflux. The data a re  f o r  column 
4 a t  TI = 32OoC (lower set of points) and T1 = 8OO0C (upper set 
of points).  The sol id  curves a re  calculated from theory. 
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weight of the gas, and the viscosi ty  is  proportional t o  the 

square root of the average atomic weight2'. 

coeff ic ient ,  t he  thermal diffusion factor ,  and the temperature 

var ia t ion of the thermal conductivity can be assumed t o  be 

independent of atomic weight. 

The diffusion 

The e f f e c t  of concentration on the column coe f f i c i en t s  is 

shown i n  Figure 13. 

at  two d i f f e ren t  3He concentrations are shown fo r  comparison. 

Experimental r e s u l t s  f o r  the coeff ic ient  H 

For the 3He-bHe experiments the average of the r a t i o s ,  

(H')exptl/ (H')theory, was found t o  be 1.074 & 0.045 and the  

average of the r a t io s ,  (In q)expt l / ( In  q)theory was found t o  be 

0.96 5 0.04. 

experimental evaluations of K& and Q. 

The experimental design did not permit separate 

Mixtures of Unlike Gases 

The modified FJO theory summarized e a r l i e r  i n  t h i s  paper is 

applicable t o  the separation of mixtures of unlike gases, pro- 

1.00 

0.60 

Effect of 3He concentration on the column transport  coeff ic ients ,  
expressed as r a t i o s  of values of the coeff ic ient  t o  those a t  
i n f i n i t e  di lut ion.  The experimental points are derived from 
measured values of 8' f o r  column 4 a t  TI - 8OO0C. The so l id  
lines are calculated from theory. 
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vided tha t  the v e r t i c a l  concentration gradient i n  the column is 

not excessive. 

means of separation experiments with d i l u t e  neon-xenon mixtures. 

The experiments were o r ig ina l ly  designed for  measurement of the 

thermal diffusion factor ;  however, they can be used equally w e l l  

t o  show t h a t  separation i n  t h i s  system is accurately predicted 

by the theory. 

t i on  i n  t h i s  system a s  a function of pressure a t  the two extremes 

of the concentration range. The v e r t i c a l  concentration gradients 

This point was demonstrated by the author by 

Figure 1 4  is a p lo t  of the t o t a l  r e f luxsepa ra -  

0.04 

c 

3 
2 
z 0.02 
-I 

0 
0 400 000 

PRESSURE, TORR 

FIGURE 14 

Separation of Ne-Xe a t  t o t a l  reflux. 
points are, fo r  1 a t  % N e ,  the upper r igh t  curve and points  are 
for  98.7% Ne. 
Tl - 75'C; T2 - 25'C; r l  - 1.59 mu; r2  - 9.43 mm; L = 0.914 m 

The lower l e f t  curve and 

The experimental parameters were as follows: 

(1% Ne); L - 0.457 m (98.7% &). 
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i n  the  experiments were kept small by the use of d i l u t e  mixtures 

and by t h e  use of small temperature differences.  

The thermal diffusion f ac to r s  used t o  ca l cu la t e  t he  

theo re t i ca l  curves shown i n  Figure 14 represent a best  f i t  t o  the 

column separation data;  however, the values are subs t an t i a l ly  the 

same as those of Taylor e t  a15', obtained by another method, 

The r a t i o  G/Q varied by a f ac to r  of approximately 60 over 

the concentration range from 1.3% Xe t o  99% Xe; nevertheless , the 

experimentally derived value remained within 10% of the value 

predicted from theory. The experimental values were high, indi-  

cat ing a s l i g h t  p a r a s i t i c  contribution to  G. 

IV. CONCLUSIONS 

The preceding sect ions sunrmarize column experiments with 

nine d i f f e ren t  gas systems i n  e ight  column configurationsranging 

i n  cold t o  hot w a l l  diameter r a t i o  from 3 t o  26 and i n  experimen- 

t a l  temperature difference from 50 t o  705'C. 

expected values of t he  column coeff ic ients  was over 2 orders of 

magnitude f o r  H', over 4 orders of magnitude fo r  

of magnitude f o r  Q. 

The range of 

and an order 

There was no evidence of any systematic departure of t he  

experimental r e s u l t s  from those expected on the b a s i s  of t he  

modified FJO theory of the thermal diffusion column. 

cases minor differences between theory and experiment could be 

ascribed t o  small p a r a s i t i c  e f f e c t s  i n  the apparatus o r  t o  

imprecise knowledge of the physical propert ies  used i n  the  

theo re t i ca l  calculations.  

bas i s  of t h i s  work t h a t  t h e  t ransport  coe f f i c i en t s  and the  

separation performance of precisely constructed columns can be 

predicted from theory within a few percent f o r  conditionsnormally 

In several  

There appears t o  be no doubt on the  
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considered t o  be of p r a c t i c a l  s ign i f i cance  i n  the  app l i ca t ion  of 

t h i s  separa t ion  method. 

It seems equal ly  c l e a r  that the poor r e s u l t s  which abound 

i n  the  thermal d i f fus ion  l i t e r a t u r e  are caused by one o r  more of 

t h e  following: 1) experimental apparatus which does not conform 

i n  geometry and temperature d i s t r i b u t i o n  t o  t h e  assumptions of 

t he  theory; 2) end e f f e c t s  i n  t h e  experiments; 3) t h e  use in  the  

t h e o r e t i c a l  ca l cu la t ions  of inaccurate values of t he  phys ica l  

p rope r t i e s  of t h e  gas; and 4) t h e  use i n  the  t h e o r e t i c a l  calcula- 

t i o n s  of inaccura te  values of t h e  thermal d i f fus ion  f a c t o r .  

In  i t s  present  state of development the  thermal d i f fus ion  

column can be used a t  small temperature d i f fe rences  f o r  the 

accurate measurement of t he  thermal d i f fus ion  f ac to r .  For 

systems with small thermal d i f fus ion  f a c t o r s  t he  prec is ion  of 

such measurements i s  equal t o  o r  g rea t e r  than t h a t  obtained by 

o ther  methods such a s  the  swing separa tor  o r  trennschaukel. 
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