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1 0.1. Introduction 

The the'rmal diffusion column (TOC) is of much importance to Emrich rare or 

even ordin_ary isotop~s as well as to obtain thermal diffusion factor~ of the 

binary isotopic or non isotopic mixture of gas molecules. Accurate experimental -

results of lnqe are, therefore, necessary to improve the colurim theory and to 

estimate experimental ay.ofthe binary or ternary mixture of the gas molecules.

Further the close correlation of ay. with the molecular force parameter elk and 

cr .. inspired us to estimate ely- of pair of molecules by column experiments. 
ij -

The TO column theory as developed by Jones and Furry1> gives radially 

integrated concentration distribution along t~e column. The theory can explain · 

only the column behavior roughly2>. Moreover, the analysis is not so simple and 

it requres numerical calculations with high speedy computer. 

In order to make the methodology simpler, Acharyya et at34 > has, however, 

introduced ·a scaling factor called the column calibration factor CCF, in the-_ 

- relation· 

................................. (10.1) 

to estimate the experimental ay. of isotopic or non isotopic binary gas mixture in 

a TO column. Here lnqmax is the maximum value of the equlibrium separation· 

factor q6. The cold and hot wall radii of a TO column of geometrical length L are · 

rcand rh. Tis the experimental mean temperatuergiven byT= (Th+Tc)/2, Th and 

Tc being the hot and cold wall temperature in K. Using the coefficients of Cohen5> 

the approximate formulation of the TO column coefficients in terms of the column 

geometry are derived explicitly to give the CCF, F
5 
of the column. The columns-

1,11,111 and IV used by Rutherford6l had the cold wall radii rc = 1.27 x 1 Q-2, 1.6 x1 02m, 

1.9x1 0·2m and 2.05x1 0·2m respectively and geometrical length L=3.05m each. 

Experimental F s values for these columns at different experimental temper~tures 
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were obtained in terms of experimentallnqmax an~ reliable aT values of He3-He,4 

gas mixture. Graphical illustrations of the derived F against T in Fig. 1 0.2 are . s . 

found to be close to the experimental F s' Least square fitting technique is I 

·however, applied on the experimental values6> of p2/lnqe against p4 for He3 and . 

He4 gas mixture in all t~e_ columns to obtain a' and b'. the lnqe against the pressure . 

p in pascal at different temperatures in terms, ofthe estimated a' and b' were then 

found out and are shown graphically in Fig. 1 0.1. The optimum pressure, Papt' at 

which lnqe becomes maximum i.e., lnqmax' is further evaluated frorri a' and b' of 

Table 10:1. 

lnqmax as determined from a' and b' is used to obtain the aT values of He3
-

He4 gas mixture at their experimental temperatures from eq (1 0.1 ). These aT's 

are plotted against Tin Fig. 10.3 by curve No I. Expremental aT'sby the existing 

methods using Maxwell and Sli~ker GCF were also worked out in order to 

compare with those by the CSF method. Theoretical ~·s assuming the molecules · 

are perfectly elastic spheres are measured for both ( 12-6) L -J and exp- 6 potentials. 
-

All these aT's as a function of T are graphically shown in Fig. 1 0.3. The . 

. experimental cx.r's from the pr~sent CCF method and the theoretical aT's due to 

elastic collision theory are finally placed in Table 1 0.3. for comparison: 

Approximate formulations of the column coefficients were used again to 

predict the optimum operating pressure, P apt of the TO column. The derivation is 

expressed in terms of the column geometries and the transport coefficients of 

. the gas mixture. The predicted pr~ssure is compared with the experimental data 

as seen in Table 1 0.3. They are also shown by the down headed arrow a) in Fig. 

1 0.1. of lnqe against pressure p is pascal at each experimental temperature in K. 

1 0.2. Theoretical Formulations 

In an ideal TO column both ends being closed the logarithmic separation 

factor lnqe is 

........................... (10.2) . 

· where H, Kc and Kd are proportional to p2, p4 and p0 respectively, p being the 

. pressure in pascal. Due to asymmetry in the column geometry the remixing of the 
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gas mixture always occurs. This is taken into consideration by adding a term K 
. . ' ' p 

called the remixing ~oefficient being proportional to p4 in the denominator of eq 

(1 0.2 ). Now assuming (Kc: + KP)/HL = p2/a' and (Kc + KP)/Kd = p4/b'where a' and b' _ 

are independent of pressure we have 

"""""" ... -.. " ~, ... """. ( 1-0.3) 
. . . 

Least square fitting technique with the available experimental data6> of He3-

He4 gas mixture were made to get the experimental parameter a' and b'. This is 

to obtain the nature of variation of lnqe against pressure pin pascal as illustrated 

graphically in Fig 10.1 for columns I to IV at different experimental temperatures 
' in K. It is seen from Fig 1 0.1 that as p increases lnqe increases and eventually 

reaches a maximum value of lnq6 i.e. lnqmax at an optimum pressure_ Papt for which 

---#--- (lnqe) = 0, at each experimental temperature inK. Thus Popt = (b')114 and. up . 
lnqmax becomes . 

a' 
lnqmax = 2J b' .. "'."" "".""."" "". ·. ( 1 0.4) 

The experimental a,. by ~he CCF method with available F
5 

could, however, be 

obtained,from eqs (10.1) and (10.4). 

Further eq (1 0.2) on maximisation becomes 

In = HL 
qmax 2.JK K 

c d 

"'""'·"':""""""""' (10.5) 

The column coefficients, H, Kc and Kd based on Maxwell model dependent 

CSP> h'·k 'and k 'are 
I I C . d 

· 27t ( rLp2 .. g. H=-- ~ IJ 

6! Tl;j 
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where 

Hence experimental a,. due to Maxwell model dependent CSF is 

. r-r f O<~)'h 
a,.(Maxwellmodel)=2.39 cl h ~T ~· lnqmax"""'""""""""'(10.6) 

The column coefficients due to model independent CSF ofSiieker-4> are : 

where a = rh/rc of the column. The experimental a,. .due to Slieker model 

independent CSF is 
. r c f [ 1t( 1-a2

)( S.F) 3]'h . 
a,.(Sheker) = 2.0L -~T (SF)

1 
lnqmax· .................... (10.7) 

The. experimental a,. by Maxwell model dependent and Slieker model · 

independent CSF methods were obtained from eqs (1 0.6) and (1 0.7) respectively. 

They are placed in Table 10.3 and plotted graphically against Tin Fig 10.3 for 

comparison. 

1 0.3. Theoretical Formulations of Column Calibration 
Factor 

The thermal diffusion column parameter in cylindrical coordinates as given by 

Cohem5> are : 

(rc o Jr . 
H =- 21t Jr a,. B(ln T) dr ( piiur dr ), 

rh r rh 

. [130] 



where r is the radial coordinate. The convective velocity u of the ofthe molecule 

in vertical or downward direction under the influence of temperature gradient 

along the horizontal planes of the column can be derived from the Navier -Stokes 

hydrodynamical equation: 

lPv 1 82u 1 8u p .. g · dT 
--+--------=-'] ___ ' 
8r3 

· r 8r2 r2 8r 11iif dr · 
........................... (10.8) 

If we consider the rectilinearflowofheatfrom hot wire or wall to the cold wall of 

the column, the temperature T is given by : 

or, 
8T_ ~T -----
8r r-r c h 

Now, putting r =ex and solving eq. (1 0.8) we get the convective velocity u up 

and down the TD column : 

......................... (1 0.9) 

in which G =- ( Pug/11uT) {~ T/9(rc- rh)} and<!>= (rlrc) is another variable. The three 

arbitrary·con.stants K1, ~and~ ofthe column in eq. (1 0.9) are, however, derived 

in terms of column geometries satisfying the boundary conditions given below 

i) '\) = 0 at r = rc for which <!> = 1 

ii) u = 0 at r = rh for which <1> =a(= r/rc) and 
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there i~ no transport" of components·of a gas mixture at equilibrium in vertical 

direction ~p and down the column, we have, 

iii) r'
0
f;vcpd(p= 0. 

a 
' 

The dimensionless constants K1, K:z and~ are, therefore, given explicitly in 

terms of a · . : TDC without any approximation, 

5a5.:... (6a5-5a4_ 1) Ina- 5a2( a2+a-1) 
K = -------------

1 5 [a4+ (1-a4)1na + (1-2a2)] 

r 

The column coefficient H in terms of K1, K:z and.~ is derived as follows: 

H = 2rcrcf
1 

~ B~(ln T)d(p ~~iiu(pd(p 

where 

. or 

where 

. ~ a 

-2 ~T Gr 4 
- . rcaT 1-a pii c 

K4 = (- a2/2) {K1 +K:z (Ina -1/2) + ~a2/2 + 2a3/5} is another constant 
. . 

2 p .. g 
H = 2rca r 4 '1 . 

T c n .. T 
'II/ 

~T 
---G1 
(a -1 )9 

........................... (10.10) 

G = ~T ( 
2~- K:z (1-a3)-~(1-a3) 

. 
1 T (1-a) 12 18 
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~a3 ~ 1 
--Ina+- +K (1-a}+-) 
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- { 1'1T .)
2
[ 
2~- ~ -~ {7112 + a41na) 

T (1-a)'. · 48 24 

+~+~(1-a2) + 1/210] 
120 2 ' 

1'1T 3 2~-~ 
+ (T(1-a)) [ · 120 

471<:; ~ K 
--+-+-411-a3)+1/840] · 

3600 420 3' . . 

The coefficient K of a TDC is given by: c 

_ _t d<J> · r~ 2 

Kc - 27J .. D .. q> {; pijuq>d¢ J. 
. a PIJ IJ a 

21tp .. G2r s/1 1 K tt.2 . 
: IJ C _ [ 1'1' + 

. D.. tt. 2 
IJ a 'I' 

......................... (10.11) 

where G2 is a constant being given by : 

K 2 51< 2 ~2 3K I< K I< G = _1_ + _''2 __ K 21na + -- 1''2 + ___:_1".....:::....._3 
2 16 128 4 128 32 24 

K1K4 I< I< I< K4 + ___;,___;__ ( 1- a2) - • '2 · '3 + _ . ....;;,; '3'--
2 36 8 
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For n ~ 4, 'a'is very small compared to unity and hence is neglected in the 

derivations. 

- The coefficient Kd is derived as : 

Kd = 2nrc1~iiDiiSpdip 
a 

= nr/ pipii (1-a2). . ...................... (10.12) 

The column calibration factor per unit length F /L, is obtained 'from eqs 

(1 0.5) and (1 0.1 0)-(1 0.12) 

F /L = G1 .. 
s r [2(1- a2) G ]112 

' c 2 

· ......................... (10.13) 

Thus the CCF per unit length of the column can easily be approximated in terms 

ofG1, G2, a and rc of the column. Theoretical values ofF
5 
for columns I to IV at· 

different experimental temperatures are placed in Table 1 0.1. The CCF per 
-

.unit length, F/L againstTforcolumn I to IV are plottedin Fig 10.2 along with. 

experimental values ofF s1L on them. F /L ,plays an important role in determining 

the thermal diffusion factor ~of any gas mixture3-4>. Its model independency 

was earlier established7l. It can be further used to concentrate the impurity of 

any gas to any desired level in a TDC experiment. The a,. obtained from F s and 

lnqmax helps one to get the force parameters of binary interactions of the 

molecules in order to conceive elastic or inelastic collisions occuring among 

molecules. 

1 0.4~ Optimum Pressure in. a Thermal Diffusion 
Column 

The optimum pressure of a gas mixture in an operating column is derived 

from eq (1 0~2) as a solution of :p (lnqe) = 0 

[134] ' 
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from which the condition for optimum pressure is found out to be 

.................................... (10.14) 

Now, from eqs (1 0.11), (10.12) and (1 0.14) we have 

pijg ·1 ~T 
T rc3 (2Git. = (1-a2fh 

111i D1i . 9(1- a) 

the density pii at a given temperature Tis given by 

pii =·PoptM/(Rf) . 

where M is the molecular weight and R the gram molecular gas constant. The· 

diffusion coefficient is inversely proportional to pressure p. Writting D
1
i = 0'/popt 

·we have, 

""":"""" (10.15) 

where 0 0 = D'/p0 is to be determined at any reference pressu~e p
0

,. Popt thus 

obtained. in terms of the column parameters and the transport coefficients of the 

gas mixture are placed in Table 1 0.3. These are shown by the down headed 

arrows in Fig 1 0.1. of lnqe against p at all the temperatures. The transport 

coefficients which strongly depends on the composition of the He3-He4gas mixture 

is, however, obtained from Yamamoto et aF> at the experimental temperatures. 

1 0.5. Theoretical Formulations for TD Factor · 

The theoretic~! formulation for a,. is obtained from the Chapman - Enskog 

gas Kinetic theory8> which is based on elastic collisions among molecules. For 

monatomic gases like He3-He4 gas mixture the theory is assumed to be suitable 

and the experession for a,. is given by : 

1 S(l) x.- sm x. 
a,.= 6A.ij X).~ VA J (6C*ij- 5} ........................... (10.16) 

The term (6C*1i- 5) depends mainly on the temperature of the mixture. The other 
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terms involved in eq (1 0.16) are complicated functions of composition, masses 

and thermal conductivities of the mixture. The theoretical aT for t'fe3-He4 gas 

mixture are calculated from eq (1 0.16) and are entered in Table 1 0.3.They are 

also shown graphically in Fig 10.3 by curve no IV. 

In accordance with our findings it is claimed by other workers9> that aT 

using Chapman Enskog formula could not interprets the experimental aT for 

He3-He4 mixture. ~ for exp-6 potential are, however, cited from the dissertation 

of Vandervolk10>. These aT are displayed both in Table 10.3 and ~ig 10.3 by 

curve noV for comparison. 

·1 0.6. Results and Discussions 

The equations of p2/lnqe against p4 of He3-He4 gas mixture were· arrived at to 

get a' and b' of ~q (1 0.3) in four columns with different column· geometries at 

different experimental temperatures. They are : · 
. ' 

p2/lnqe = 3.0'934x1 09 + 3.0429x1 0"12 p4 at f = 530.5K_for column I, 

· p21rnqe = 1.8850x1 09 + 7.6073x1 o-12 p4 at T = S30.5K for column II, 

p2/lnqe= 1.8834x109 + 2.3667x10-11 p4 atT = 140.5Kfor column JH, 

p2/lnqe= 1.3383x1 09 + 6.5473x1 o-12 p4 at f = 680.5K for column JH, 

p2/lnqe = 1.7568x1 09 + 3.0142x10-11 p4 at f = 440.5Kfor column IV and 

p2/lnqe = 1.0239x1 09 + 1.0307x1 o-11 p4 at T = 680.5K for column IV. 

In Fig 1 0.1 for all the columns the lnqe's of He3-He4 gas miXture are.found 

to increase gradually as the pressure increases and reaches the maximum 

· value of lnqmax at optimum pressure at all the experimental temperatures T inK 

and then decreases in accordance with eq (1 0.3). The optimum pressure Papt 

as seen by down he~ded arrow in Fig 1 0.1 at which lnqe becomes maximum Is 

of decreasing nature with increasing rirh of the columns. The values of th.e. 

estimated a' and b' in case of He3-He4 gas mixture in different columns at their 
~ " • • f • 

experimental temperatures are placed in the 5th and 6th columns of Table 10.1: 
-

lnqmax's in terms·of a' and b' of eq (1 0.4) are shown in the 7th column of Table 
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Table 10.1 : Geometry of the columns, experimental a', b' and lnqmax and the column constants G1 and G2 together with column calibration factor 
(CCF) F. of the columns. 

Hot Cold Mean a'x10·10 b'x10·20 lnqmax Column. Column CCF(theo) ExptF. 
Geometry wall wall ·Temp pascaJ2 pascal4 constant constant F· 

s using a,.of 
column temp temp Tin K G1x103 G

2
x105 From · Nier101 

inm ThinK T
0
in K eq(10.13) 

Column I 
L = 3.05 773 288 530.5 32.8631 10.1660 5.1535 3.2741 5.4802 75.2540 87.3475 

rc = 1.27x1 0'2 

rh::: 7.95x1 O"" 

Column II 
L::: 3.05 773 288 530.5 13.1452 2.4779 4.1754 3.4089 5.9196 '59.7963 70.7995 ,......., - rc::: 1.6x1 0'2 

Vol 
\0 

rh::: 7.95x10"" ~ 

Column Ill 
L::: 3.05 593 288 440.5 4.225!3 0.7958 2.3685 2.7000 6.3365 38.5345 40.1441 
rc::: 1.9x1 0'2 

1073 288 680.5 15.2735 2.0441 5.3414 4.4637 6.3367. 63.7050 90.5322 
rh::: 7.95x10"" 

Column IV 
L::: 3.05 593 288 440.5 3.3176 0.5828 2.1728 2.7272 6.4985 35.61.79 36.8271 
rc = 2.05x1 0'2 

1073 288 680.5 9.7024 0.9934 4.8673 4.5143 6.1985 58.9577 82.4966 

rh = 7.95x10"" 



.--. ,_. 
..j::.. 
0 ...._. 

Table 10.2 : Maxwell model dependent and Slieker model independent column shape factors (CSF}, 
coefficient of viscosity and diffusion coefficient of He3 - He4 isotopic gas mixture. 

Column Mean Coefficient Diffusion 

temp of viscosity coefficient 

TinK Column Shape Factors TlqX 105 Dij X 104 

kg. m·1 sec·1 m2 sec·1 

Maxwell Slieker 
of He3 - He" of He3 - He4 

h' k' k' (S.F.]1x6! (S.F.]3 x9! mixture mixture 
c d 

Column I 530.5 1.060 3.10 0.715 1.0018 0.6946 2.7443 4.6770 

Column II 530.5 1.035 3.30 0.700 0.9820 0.7155 2.7443 4.6770 

Column Ill .440.5 0.86 2.05 0.795 0.9469 0.7121 2.3777 3.4040 

680.5 1.42 5.70 0.790 0.9469 0.7121 3.3553 7.2344 

Column IV 
440.5 0.84 2.10 0.710 0.9298 0.7086 2.3777 3.4040 

680.5 1.32 5.85 0.705 0.9298 0.7086 3.3553 7.2344 



1 0.1. The F s as funCtions of the column constants G1 and G2 of the four TO columns 

were obtained. G~ and G
2 

are placed in the 8th and 9th columns of Table 1 0.1. 

The experimental F s of each column at each working temperature was als~ · 

determined in order to place them in the 11th column of Table 1 0.1. The close 

agreement of theoretical and experimental F s suggest that the derivation of Fs 

from Navier Stokes equation is more than accurate. The derived values ofF are . s 

then used to obtain a,. of light isotopic He3-He4 gas mixture. The aT's of i-le3~He4 

as obtained through F s are shown in the 3rd column of Table 1 0.3. They are plotted 

against T in Fig1 0.3. The data are found to fall on curve 1 which increase with 

temperature Tin K like those of the existing methods using CSF. 

Slieker's molecular model independent CSF and Maxwell's model 

dependent CSF as presented in the 3rd; 4th, 5th, and 6th , 7th columns of Table 

10.2 respectively were used to get experimental aT's from, eqs (1 0.6) ·and (1 0. 7). 

. They are placed in the 4th and 5th columns of Table 1 0.3 and shown by curve No 

.II and Ill in Fig 1 0.3. They are found to be higherin magnitudes in comparison with 

aT's due to CCF n:tethod, maintaing the same trend with temperature Tin K. 

Theoretical ~·s using L- J (12-6) molecular potential are Galculated at 440.5, 

530.5, and 680.5 Kin order to place them in the 6th column of Table 1 0.3. The 

aT's thus obtained are seen by curve No IV of Fig 1 0.3. They are found not in 

agreement with the experimental ~·s by all the experimental methods cited above. 

The theoretical ~·s by using exp-6 potential were found10
> to be of the same · 

order of magnitudes With aT's obtained by the CCF method. The aT's with T for 

exp-6 model are plotted in Fig (1 0.3) by curve V and entered in the 7th column of 

Table 10.3 for comparison. These a,.'s, ~owever, failed to ·accord with the 

temperature dependence of experimental aT's of He3-He4 gas mixtures by the 

existing experii'T1ental methods. The experimental a,.'s strongly depends on Tan~ 

is in good agreement with the finding of others. 9•10> 

To check howfarthe column coefficient ofeqs (10.10)-(10.12) are reliable 

the optimum pressure Po ,'s of the gas mixture in all the operating columns at their 
. p ' . 

respective temperature are obtained. Taking p0 = 1 05 pascal as the reference 

pressure, Popt's are obtained from eq (1 0.15) in terms of G2 and other transport 
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Table 10.3 : Experimental and theoretical CXr of He3 - He4 isotopic mixture together with optimum pressure in the operating columns 

at different temperatures. 

Column Mean Experimental a,. using Theoretical a,. using pdp~ pqt 

tempT F. of Slieker's Maxwell 12- 6 exp- 6 experimental using 

inK eq(10.13) shape shape potential potential inM.Pa eq(10.15) 

factor factor inM.Pa 

{CSF) (CSF) 

Column I 530.5 0.0685 0.082 0.074 0.0902 0.057 0.1786 0.1862 

Column II 530.5 0.0698 0.087 0.080 0.0902 0.057 0.1255 0.1297 

Column Ill 
440.5 0.0615 0.084 0.072 0.0903 0.057 0.0944 0.0901 

680.5 0.0838 0.109 0099 0.0899 0.058 0.1196 0.1209 

Column IV 440.5 0.0610 0.081 0.070 0.0903 0.057 0.0874 0.0800 

680.5 0.0826 0.109 0.100 0.0899 0.058 0.0998 0.1073 



coefficients. They are compared with the experimental Popt's (Popt = b'114
) of the 

mixture. These are seen in the 9th and 8th columns of Table 10.2 respectively for 

comparison. The p opt ~s derived fr?m eq ( 1 0 .15) are seen to be almost in close 

agreement with the experimental results. These are shown by down headed arrows 

in all the curves of lnqe against pressure p in pascal. 

The established methodology 7
•
11> to estimate Elk from the temperatur~ 

dependence of~ by the CCF method yields 185.78 which is larger than the 

reported one for He3-He4 isotopic mixture. The assumed quantum diffraction effect 

· in He molecule was applied in terms of A*. The q'uantum par~meter A* is 

defined12> as the ratio , ofthe de Broglie wave length 'A of the relative molecular 

kinetic energy E to the molecular diameter cr by: A*= /Jcr =h/{cr(mkT)%} where h 

is the plancks constant and m is the reduced mass. The modified L- J (12-6) 

potential in terms of Elk(= 183.67) is finally obtained to calculate ~of He3-He4 

mixture ~t varius T in K. These ay's of 0.0503, 0.059 and 0.0682 at 440.5K, 

530.5K and 680.5K respectively were found to show the same magnitudes 

maintaining the similar trend with respect to T. 

Due to usual asymmetric nature of TD column remixing coefficient had 

already been taken into consideration by adding a term KP in the denominator of 

eq (1 0.2). LeyarovskP3> had shown thatthis KP~ 20% of Kc. Thus remixing effect 

may creep an error of 9.54%·and 4.46% in experimental ay and in Popt respectively. 

However, the close agreement in magnitudes between the experimental and 

theoretical ay's (curve I and curveV), experimental and theoretical Popt's suggests 

that the derived relationship ofF iL are more' than adequate. 

, It is thus clear once again that the theoretical formulations of the model 

independent CCF is a simple, straightforward and reliable one as observed 

elsewhere7>. 

1 0. 7. ·Conclusions 

The formulations ofF s in terms of the coefficients appears to be an importent 

tool in obtaining both the experimental ay of a~y binary gas mixture as well as Popt · 

of the working column at their respective temperatures. However, the non.:. 
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agreement between the theoretical and the experimental a,.'s is perhaps due to 

quantum effect in He3-He4 gas mixture10>. The CCF, F
5 
should further be used to 

determine the experimental a,. of the interesting pair of molecules only to improve 

the -elastic or inelastic collision theories of thermal diffusion among the pair of 

molecules14>. 
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