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The variation of column calibration factor F, with respect to temperature change 
has been attained for a given column (C.J.G. Slieker and A. E. de Vries: J. Chim. 
Phys. 60 (1963) 172) to estimate the temperature dependence of thermal diffusion fac­
tor ay of trace mixtures of hydro genic isotopes in helium only to detect the existence 
of inelastic collision effect in the mixtures as predicted by T. K. Chattopadhyay and 
S. Acharyya (J. Phys. B 7 (1974) 2277). Attempts have also been made to interpret the 
ay's thus obtained in terms of the available elastic and inelastic collision theories of 
thermal diffusion to establish the importance of the column calibration factor in col­
umn measurements. 

§1. Introduction 

It is a well-known fact that, in the perspec­
tive of the existing column theory1

-
3

) the col­
umn geometry plays a vital role in determining 
the value of thermal diffusion factor aT. As 
asymmetry in the column geometry is almost 
unavoidable, the column measurement as such 
can not yield an actual aT value because the 
question of molecular binary interaction of 
the gas molecules is ultimately called into 
play. Inspite of that, the column has a great ad­
vantage. It is far superior to any other aT 

measuring instruments _like a swing separator 
or a two bulb apparatus with respect to show­
ing very high equilibrium separation factor Qe 

defined by qe=(x1/x2)T/(xl/xz)B, where X1 and 
x2 are the mole fractions of lighter and heavier 
components of the gas mixture, respectively. 
T and B represent the top and bottom of a col­
umn of a certain geometrical length L. · 

With this unique property of the column in 
view, it would be rather convenient to bring 
the column into lime~light as a reliable aT . 

measuring instrument after calibrating with a 
.suitable gas mixture of accurately known 
aT. 4•

5> In fact, when . the mass difference be­
tween the components of a binary gas mixture 
is very small, as in the case of isotopic or 
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isobaric gas mixture, it is more desirable to use 
a calibrated T.D. column for the faithful 
measurement of small aT. This is because of 
the fact that the enhanced separation factor Qe 

ensures aT to be of high degree of accuracy. 
Now in view of avoiding the use of column 

geometry through the rigorous column theory, 
it is better to introduce the column calibration 
factor Fs appearing in the relation: 

In Qmax=aTFs(rc, rh, L, T). (I) 

Here Tis the column mean temperature given 
by f'= (Th + Tc)/2, where n is the temperature 
of the hot wall of radius rh and Tc the tempera­
ture of the cold wall of radius rc. The function 
Fs is supposed to be independent of a binary 
molecular interaction model. Fortunately, it 
contains everything that is related with the col­
umn geometry and can furnish us the reliable 
aT directly from column measurements 
without assuming any molecular models. 
Moreover, the column calibration factor may 
be regarded as an apparatus constant having 
probably the common nature concerning tem­
perature variation. 4•

5> This is .really an ex­
perimental problem to be resolved only by 
careful and extensive works. T. K. Chat­
topadhyay and S. Acharyya6l showed that a 
theory on the inelastic collision effect in ther-
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Fig. 1. The plot .of In q. against pressure in atmosphere at different 1' -·-· - (Least square fitting) ex pt. points: 
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Fig. 2. The curves of p 2 /In q. against p4 at different expt. 1'. 
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mal diffusion was applicable in the case of 
binary gas mixtures containing HT, DT etc. 
All these facts tempted us to analyse the works 
of C. J. G. Slieker and A. E. deVries who 
measured the pressure dependence of Iog10 Qe 
of He-T2, He-HT and He-DT at three ex­
perimental temperatures using a TD column 
of length L= 120 em, rc=2.15 em and rh=0.5 
em. Hydrogenic components in the mixtures· 
were traces, never becoming higher than 5%. 
We converted log10 Qe data to the corre­
sponding In q~ values. These are shown in Fig. 
1, along with their fitted curves obtained by 
the least square technique. The data thus ob­
tained are found to obey the column theory 
because tl:le plots of p 2/ln Qe against p\ as 
shown in Fig. 2, result in straight lines having 
certain slopes and intercepts. For a He-T2 mix-' 
ture, we arrive at the following fitted equa­
tions: 

p 2/ln qe=0.6265 + 1.0741 p 4 at 1'=338.0 K, 

p 2/ln qe=0.3296+0.9092p4 at 1'=378.0 K, 

and 

p 2/ln qe=0.31 +0.78 p 4 at 423.0 K. 

Unlike HT and DT molecules which are eccen­
trically loaded spheres, T2 is symmetric and 
hence the inelastic collision effect is expected 
to be negligibly small because the presence of 
T2 is a trace concentration in helium. That is 
why we have decided to use He-T2 trace mix­
tures as the calibrating gas since their reliable8l 

experimental aT in the range of 100 C to 500 C 
and experimentai7l In Qmax are available, and 
therefore the experimental F, values at 
different Tare obtained from eq. (1), as shown 
in Table I. The following fitted equation gives 
the most probable temperature dependence of 
F, 

F,= -66.52202+0.35022861' 

-4.1879 x w-4 1'2 , (2) 

which is similar to the previous equations4
•
5l ex­

cept that the coefficients A, B and· C in eq. (2) 
differ from the previous ones4

•
5l regarding their 

signs; most probably due to a high value of rei 
rh for this column and thus it is wise to show p, 
by curve I in Fig. 3. With the knowledge ofF, 
and In Qmax(Table I), the experimental aT 
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Fig. 3. The theoretical plot(curve II) and the experimental plot(curve I) ofF, against mean temperature 'f . 

values of He-Tz, He-HT and He-DT mixtures 
at,different temperatures are then estimated. 
The temperature variation of aT's thus ob, 
tained, are shown in Figs. 4-6. 

Finally, we try to interpret the experimental 
aT data in terms of elasticcollision theory .9> So 
far a co-related inelastic collision theory on 
loaded sphere molecules 10> in thermal diffusion· 
is able only to establish the fact that the col­
umn calibration factor is an important 
parameter to yield the actual magnitude and 
trend of experimental aT with respect to 1' for 
the trace mixtures mentioned earlier. 

§2. Mathematical Formulations 

For a closed column of length L, the In qe 
of a gas mixture at a mean gas temperature 
1'[1'= (Th + Tc)/2] is given by 

HL 
lnq=--

e Kc+Kct' 
(3) 

where Th and Tc are the hot and cold wall, tem­
peratures inK respectively, while H, Kc and Kct 
are the functions of the transport coefficients 

. 
of a gas mixture and proportional to p 2

, p 4 

and p 0 respectively, p being the presslllre in at­
mosphere. Thus, eq. (2) becomes 

where 

apz 
lnq =--

e b+p4' 

a= ( ~~ )_p2 
and b~ (~:) p4. 

(4) 

Now due to the existence of asymmetry in col­
umn geometry where usually parasitic remix­
ing occurs, Furry and Jones2 added a term Kp 
proportional to p 4

, to the denominator of eq. 
(2). In consequence, eq. (2) becomes 

a'pz 
In qe= b' +p4 , (5) 

or 

(6) 

which is a straight line with the slope 1/ a' and 
the intercept b' I a'. Obviously, a' and b' are 
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related to a and b of eq. (4) by a=a'(I + Kpl 
Kc) and b=b'(l+KPIKc) respectively. Fur­
ther, since (I+KpiKc)=KdiKc·IIb', 

H=]_!{_K =Kd 
L b' d LC" (7) 

Here the constant term C represents the in­
tercept b' I a' of the plot p 2lln Qe against p 4 

shown in Fig. 2, as demanded by eq. (6). 
So far as the exact expressions for H, Kc and 

Kd are concerned, we have the followings:. 
(i) Maxwellian case (n= I, ay assumed to 

be temperature independent): 

H=!7 (arp 2giY/)t ~ (rc+rh)(rc-rhn2u) 2h', 

_ 2n 3 21 2 .1 . 1 2 ' 
Kc-9! (p g Y/ D)t 2 (rc+rh)(rc-rh) (2u) kc, 

Kd=2n(pD)t ~ (rc+rh)(rc-rh)k~, 

(ii) Slieker case(Interaction model indepen­
dent): 

Ct =H= [SF]tr~(p 2gariY/)t ( LITT)2, 

C2=Kd=n(I.-a2)r~(pD)~, 

(iii) Lennard-J ones case(Interaction model 
dependent): 

_2n 2 I , 4 
H-6! (arp g Y/)trch, 

_ 2n 3 21 2 s Kc-9J (p g Y/ D)trckc, 

Kd=2n(pD)tr~kd. 

Here {h', k~, k~}; {[SF]~, n(1-a2 ), [SF]J} 
and {h, kc, kd} are the dimensionless Maxwell, 
Slieker . and Lennard-Janes shape factor 
respectiveJy·and u=(Th- Tc)I(Th + Tc), a=rhl 
rc and D.T= Th- Tc. Thus, evaluation of ex­
perimental ar through the existing formula­
tions involves the shape factors taking account 
of inherent· asymmetry of column geometry. 
The Lennard-Janes shape factor, however, 
becomes inapplicable when Tc is held fixed. 
The mass density p, the coefficient of viscosity 
11 and the diffusion coefficient D are calculated 
from MTGL of Hirschfelder et al .. 9l The col­
umn shape factors and force parameters 
necessary for the present work are shown in 
Table II. 

Now the important parameters a' and b' of 
eq. (5) govern the nature of In Qe versus 
pressure curve obtained at any experimental 
temperature. It is found out that in most cases, 
as the pressure increases, In Qe increases and 

Table II. · Molecular parameters and shape factors utilised to evaluate aT. 

Shape factors' 
System e/k' a Interaction fin K Molecules inK inA model h kd 

M 0.99102 9.97775 338 
A 

T2, HT 
X Tz 

37.3 2.928 w 1.06388 0.96775 378 
or DT 

E 
L HT 
L 1.14584 0.95650 423 
s 338 
L 0.5433 . 2 378 DT --· -n(1-a) 

423 6! 
He 10.22 2.556 E 

K He 
E 
R 

t A. K. Barua, A. Manna, P. Mukhopadhyay & A. Das Gupta· (1970). 
* N. B. S. Circular 564 (1955). 

** J. G. ·Parker (1959). 

finK lJX IO' 
Zrot 

c~t/R gm/cm Barua Parkers 
/sec. eta/. formula 

338 16.756 4.78t 2.085 
378 18.026 3.80 2.216 
423 19.396 3.05 2.375 
338 13.681 4.78 2.78** 2.085 
378 14.718 3.80 2.91 2.216 
423 15.837 3.05 3.05 2.375 

. 338 15.296 ' 4.78 4.78** 2.085 
378 16.455 3.80 5.01 2.216 
423 17.706 3.05 5.23 2.375 
338 21.754 0 
378 23.388 0 
423 25.148 0 
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becomes maximum atp=(b')114 where a ln Qe/ 

ap.' is zero. However, at the ·point of max­
imum,' eq. (5) takes the form: 

. a' . 
· ln Qmax = !Z' , · 

2 -vb' 
(8) 

where a' and b' are estimated by fitting the 
following equations with the experimental 
data measured at different pressures in at­
mosphere: 

bp4ln qe=a' bp2 -b' b ln Qe, 

bp6 ln qe=a' bp4 -b' bp2ln !Je· (Sa) 

Knowledge of a' and b' at different ex­
perimental temp~ratures helps calculate the 
corresponding ln Qmax values which, in con­
junction with reliable aT values, enables us to 
fix the values· ofF, for a column at experimen­
tal temperatures. Finally, the temperature 
dependence ofF, can be expressed by the rela­
tion. 

F,=A+Bf'+CT2
, 

where A, Band Care the constants to be deter­
mined for a given column. 

For the calibrating gas mixture He-T 2, a' 
and b' at 7'=338.0, 378.0 and 423 K are 
calculated to obtain the corresponding ln Qmax 

values. With these ln q~.x values and the 
reliable aT values of He-T2 mixture,8> the·ex­
perimental F, values are computed. All the 
values of a', b' and F, are shown in Table I. 

§3. Theoretical Formulations 

The Chapman-Enskog expression for the 
first approximation of theoretical aT is given 
by9) 

(9) 

where A is a complicated function of composi­
tion, masses and thermal conductivities of the 
mixture components and (6Cr2- 5) is the tem­
perature dependent factor. cr2 is the ratio of 
collision integrals, a function ofT*= T/ (e/ k), 
where Tis he temperature in K and e/ k is the 
depth of the potential well. Using L-J(12:6) 
potential (Table II), aT values of He-T2, He­
HT and He-DT mixtures having hydrogenic 
components as traces less than 5% are 
calculated from · eq. (9). These elastic 
theoretical aT are shown in Table I for com­
·parison. 

While taking account of only the classical 
theory, we fully ignore the internal degrees of 
freedom of the colliding molecules which, in 
many cases, are capable of transporting ap­
preciable amount of energy. However, with 
regard to. inelastic collision effect, Monchick et 
al. 10> assume that the differential cross-section 
for all the entrance and exit channels are not 
the same except for an angle dependent factor 
which is equal to the probability of a change in 
the internal energy state. The expression for 
the theoretical inelastic thermal difl'usion fac­
tor ri:ii is given by 

Cl!ij (6C?)- 5) Jl.u [ ...1)7rans _ A./7rans J + (5nk[Du])_ 1 [(6Cj;- 5)A.]i'nt (6Cu- 5)At'int]' (IO) 
5nk[Du]I XjAf.i . X;M; , Xj . X; 

where the subscripts 'trans' and 'int' indicate the contributions of translational and internal 
degrees of freedom respectively, and the superscript 00 indicates steady state values for thermal 
conductivities A.. X; and Xj are the mole fractions of ith andjth molecules of molecular weights M; 
and M.i respectively. Jl.u is the reduced mass of the system, n the number density and [Du]1 the 
binary diffusion coefficient. The collision integral ratio cji differs from cr;. In fact, Cu is not sym­
metric with respect to the interchange of the indices i andj and it is very sensitive to inelastic colli-
sions. · 

For a pure gas, within the framework of Wang Chang, Uhlenbeck and deBoer form of kinetic 
theory, the exact value for A.);'rans or A.;'7rans12l is given by 

...1."" ~!l[{~c +PDintC }-(3_C;int) (~-PDint)2 {l+-2 (~Cint+PDint'l}- 1 ] ztrans M 2 vtrans mt Z 2 · z 3 R ' 
. Yf n rot Yf 1rrot Yf; 

(11) 
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where 11 is the- coefficient of viscosity, M the 
molecular weight, Cvtrans= 3R/2 the constant 
value for the translational heat capacity, Zrot 

the rotational translational collision number 
for inelastic collision, p the mass density and 
Dint the diffusion coefficient for the transfer of 
internal energy. pDint!IJ=(6/5)A*, where A* 
is a weak function of temperature and inter­
molecular force. 

For the non-spherical term of eq. (10), we 
use the Hirschfelder-Euken expressions 13l for 
the partial internal thermal conductivity A.;i'nt 

given by 

n [D;;]Cint 
(12) 

f+(x)x;)[Du!Du]t · 

The calculated in_elastic theoretical a.u thus ob­
tained from eq. (10) with the help of eqs. (11) 
and (12) are shown in Table I for comparison 
with our experimental a.T values. These are 
also shown in Figs. (4)-(6). The necessary 
molecular parameters to .calculate a.;j are 
shown in Table II. 

§4. Results and Discussions 

Following Furry and Jones,2l the experimen­
tal a.T values of a He-T2 mixture at 1'=338.0, 
378.0 and 423.0 K were computed from eq. (7) 
using both Maxwell and Slieker shape factors. 
Theoretical CiT values of the same mixture at 
the same temperatures (5% T2 in 95% He) 
were also calculated from eq. (9) based on the 
elastic collision theory. The theoretical calcula­
tion was repeated using eq. (1 0) based on the 
inelastic collision theory10l with rotational 
translational collision number Zro1 = 300, and 
using those of A. K. Barua et a!. 14l Finally our 
calibration factor method4

•
5l was utilized to 

calculate the experimental a.T values for a He­
T2 mixture directly from eq. (1) with the help 
of F, values and the corresponding ln Qmax 

values obtained from eq. (8) in terms -of a' and 
b' of Table I at different T. All the experimen­
tal and theoretical a.T thus obtained for the 
He-T2 mixture are indicated in Table I and 
their temperature dependence is shown in Fig. 
4 for comparison. The estimated errors in our 
regression technique in obtaining In Qmax 

through eq. (8) from the experimental ln Qe 

data at different pressures in atm were only 
1.14%, 0.159% and 0.107% at three ex-
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Fig. 4. Temperature dependence of ay of He-T 2 mix-
ture: 

I -o--o-- expt. ay (our met_hod). 
II-- theor. ay (elastic). 
III -- theor. ay (inelastic, with 

Z,0 ,=300). 
IV-- theor. ay (inelastic, with Zmt 

A. K. Barua et al., 1970). 
V -- expt. ay (Maxwellian case) and ... 
VI-.-- expt. ay (Sliekerian-case). 

perimental temperatures. These are well 
·within the limit of tolerance. 

The curves III and IV in Fig. 4 obtained by 
the crude inelastic collision theory (eq. · (10)) 
showed the positive temperature dependence 
of a.T, whereas the curves V and VI obtained 
by the experimental a.T using the existing col­
umn theoretical formulations of Maxwell & 
Slieker respectively from eq. (7) were found to 
be convex in nature. As evident from the 
Table I, the Slieker formulations in a rough 
estimation of experimental a.T is one order of 
magnitude higher while the experimental a.T 

due to the Maxwellian model is one order of 
magnitude less than our experimental a.T curve 
I in Fig. 4. But in view of both trend and 
magnitude, the curve I obtained from our 
calibr~tion factor method fairly well cor­
responds with the curve II to support the 
elastic collision effect in a He-T 2 mixture. This 
is what is u_sually expected on a symmetric 
diatomic molecule like T2 where the angle 
dependent part of molecular potential is trivial 
in comparison with those of eccentrically 
loaded sphere molecules like HT and DT. 
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Now to verify the trustworthiness of the 
role of experimental F, we calculate the 
theoretical F, values from theoretically ob­
tained elastic ay (eq. (9)) at different T. These 
are indicated in Table I and shown by the 
curve II in Fig. 3, which is expressed by the 
following fitted equation: 

p~heo= -62.43218+0.3286909 T 

-3.93039 x w-4 ri. (13) 

The curves I and II in Fig. 3 are almost iden­
tical, showing the same . temperature de­
pendence; thu~ signifying that the role ofF, is 
correct and hence the choice of a He-T 2 mix-
ture as calibration gas is valid. . 

Both mass and size differences play a key 
role in yield,ing the magnitude of ay. For a 
He-HT mixture, the magnitude of ay should 
be small because mass difference between He 
and HT is practically nil. Moreover, in addi­
tion to the other influencing factors, eccen­
tricity of the loaded sphere molecules like HT 

· or DT affects the thermal diffusion through 
the inelastic collision. Consequently the ay 
values of the latter two mixtures are expected 
to be temperature dependent. The Table I as 
well as the curves I of Figs. 5 and 6 respec­
tively proves that the magnitude and trend of 
experimental ay obtained from our calibration 
factor method are in line with our expectation. 
The experimental ay of a He-DT mixture first 
decreases with T to assume a minimum value 
at about 375.0 K and then begins to increase, 
while those of a He-HT mixture .show a 
monotonic increase with T. The ay values of a 
H2-He(1:1) mixture, as reported elsewhere,l5l 

are then plotted into tJ:.e curve VI in Fig. 6, 
showing the temperature dependence similar 
to He-Dt. Although H2 is a symmetric 
molecule, still it shows the inelastic collision in 
helium: This is perhaps due to concentration 
effect. Had H2 been a trace component in He, 
it would have shown the elastic collision effect 
like a trace component T2 in helium (Curve I, 
Fig. 4). 

For an eccentrically loaded sphere type col­
liding molecules like HT or DT, the. angle 
dependent part of molecular potential has a 
great influence over thermal diffusion 
phenomenon. This is better realised when the 
concentration of HT or DT is very low. 

0.15 

0:: 
0 -1- Ill 
(.) 

~ 
z 
Q 

0.10 oJ) 
::;:) 
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!!:: 
c 
...J 
<( 

::E 

"' w 
:r 

0.05 1-

.: IV 

'71 

t ~~-0 
300 350 ·400 450 

--l- 'f, MEAN TEMP IN OK. 

Fig. 5. Temperature dependence of CYy of He--HT mix­
ture: 

I -o-o- expt. CYy (our method). 
II-- theor. CYy (calculated with elastie 

theory). 
Ill-- theor. CYy (calculated with inelastic 

theory with z,o,=300).' 
IV-- theor. CYy (inelastic, with Z,01 

A. K. Barua eta/., 19'70). 
V -- theor. ay (inelastic with Z,01 . 

Parker, 1959). 

Neither the elastic collision theory eq. (9) nor 
the inelastic collision theoyy eq. (10), i'.e. the 
curve II or III in Figs. 5 and 6 could not ex­
plain our experimental ay, although the curve 
HI of Fig. 5 shows the T dependence similar to 
the curve I for the experimental ay of He-HT. 
Thus the role ofF, in favour of inelastic colli­
sion effect on thermal diffusion of a He-HT 
mixture is quite reasonable when Zrot=300. 
Zrot = 300 is of the right order of ma.gnitude10l 

when we remember that we have not quantised 
the rqtational contribution. Due to lack of ac­
curate and extensive data of Z,01 we are com­
pelled to calculate aij (inelastic) with available 
Zrot for the hydrogenic gas13l (Table I). For­
tunately for the case of He-HT and He-DT, 
one value of the theoretical ay obtained from 
the theoretical estimation (eq. (10)) coincides 
with the experimental points at 423 K and 338 

. K, as illustrated from the curve IV in Figs. 5 
and 6._ This coincidence immediately prompts 
us to adjust Z~t, i.e., the tran!!lational rota­
tional collision number of hydro genic isotopes 
at a higher temperature and Zrot as g:iven by the 
Perkar's formula, 16l though it is valid for 
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Fig. 6. Temperature dependence of aT of He-DT mixture: 
I -o-o- expt. aT (our method). 
II-- theor. aT (elastic theory). 
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IV-- theor. aT (inelastic, with Zrot A.K. Barua eta/., 1970). 
V -- theor. aT (inelastic with Zrot Parker, 1959). 
VI-- temperature dependence of expt. aT of He-H2 (1:1) mixture (Ghosh et al., 1968). 

homonuclear diatomic molecule: 

[ 
n3/2 ( c; )+ 

Zrot=Z;;;t 1+2 kT 

where e is the maximum energy of attraction 
between the t~o molecules. The values turn 
out to be Zr';;t= 12.15 and 7.08 for DT and HT 
respectively. Tl).e corresponding Zrot at other 
temperatures are then calculated and placed in 
Table I to compute au from the theoretical in­
elastic formulation (eq. (10)). The curves V in 
Figs. 5 and 6 are now in excellent agreement 
with our experimental exT. This study is finally 
substantiated with the calculated values of mo­
ment of inertia l.i of HT and DT molecules 

from their eccentricity and bond length data. 6l 

The values of K turn out to be 10.5378 and 
5.914538 by the method of successive approx­
imation to yield the theoretical moment 
of inertia Ij= 0.2424 X 1 o-40 gm. cm2 and 
J.i=0.6774 x 10-40 gm · cm2

, which are close to 
the .experimental J.i=0.2727 X 10-40 gm · cm2 

and lj=0.6896 x 10-40 gm · cm2 respectively, 
giving Zrot=4.78 and 3.05 at 1'=338 K and 
423 K for DT and HT molecules respectively. 
The close agreement of the theoreticalJ.i with 
the experimental ones thus establishes that the 
choice of the magnitude of Zrot for HT and DT 
molecules (Ta)Jle II) used. to calculate a;/s (in­
elastic) from eq. (10) is correctly performed. 

Our calibration factor method is so sensitive 
and reliable that it can detect the collision 
effect of even trace hydrogenic isotopes in 
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helium, giving at the same time the actual 
magnitude of ay. It also unambiguously 
points outJhat the so-called existing crude in­
elastic theoretical formulations eq. (10) with 
proper choice of Zrat or alternative molecular 
model could also explain the temperature 
dependence of ay of He-DT and He-HT trace 
mixtures, .as shown by the curve V in Figs. 5 
and 6 respectively. 

§5. Conclusions · 

Thus the role of Fs in the study of tempera­
ture dependence of thermal diffusion factor of 
He-T2, He-HT and He-DT mixtures appears 
conspicuous. This study clearly indicates that 
a more refined theoretical approach is yet to 
be developed for proper explanation of the 
temperature dependence of ay. We may con­
clude that the calibrated T.D. column is a 
reliable ay measuring instrument. The process 
adopted here is a straightforward one. Too 
rriuch attention to the column geometry 
through the rigorous formulations of column 
theory is, therefore, shifted to a simple Fs 
which, being free from a binary molecular in­
teraction model, depends entirely on the 
geometry of the column. The study also sug­
gests that there exist some functional relation­
ships between Fs and the column-parameters. 
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The available concentration variation on In q. data of isobaric N2-CO gas mixtures 
in a hot wall thermal diffusion column has been utilised to calculate the composition 
dependence of thermal diffusion factor aT at three experimental temperatures 350.1, 
368.1 and 432.0 K. It is found that there is always an inversion of aT as a function of 
composition for these experimental temperatures, indicating further that this inver­
sion phenomenon occurs in a well-defined temperature range 248.6'K to 610.1 K. If 
the experimental conditions on composition and temperature fall within the area en­
closed by the inversion curve and the temperature axis, in general, N 2 enriches at the 
top of the column; if they are outside, then N2 enriches at the bottom. 

§1. Introduction 

During the past few years, the thermal diffu­
sion · phenomenon in the isotopic or 
nonisotopic gas mixture was regarded as a sen­
sitive t.ool to investigate binary interactions be­
tween like and unlike molecules. Both ex­
perimental and theoretical investigations were 
performed by a number of workers 1

•
2) in this 

field. But the measured results on aT could 
hardly be explained by the existing theories 
based on either elastic4l or inelastic3l collisions. 
This is because of the inadequate assumptions 
made on various kinds of molecular cross sec­
tions. Chattopadhyay and Acharyya5l had also 
shown that the recent theor.y of inelastic colli­
sions on thermal diffusion was not widely ap­
plicable; the present NrCO system fails to 
fit. s) However, the N2-CO system is an in­
teresting binary gas mixture, having com­
ponents of nearly identical mass, size and 
molecular force field. The elastic theory ob­
viously yields a vanishingly small aT of the 
order of 10-4 for the system of interest, since 
aT depends· on the mass difference, size 
difference and the dynamics between colliding 
molecules. But, in pra~tice, the result is quite 
different. Several workers6

-s) observed higher 
thermal equilibrium separation factors Qe, as 
well as higher thermal diffusion factors aT for 
the same system. Moreover·, perplexing and 

2381 

contradictory informations on the enrichment 
of N2 between at the top and at the bottom ·of 
a column were reported. 

The thermal diffusion phenomenon in a gas 
mixture is usually studied by the observation 
of aT either by varying the temperature for a 
fixed composition or by varying the composi­
tion at a fixed temperature. However, the 
temperature dependence of aT of N2-C0(1:1) 
mixture in a TD column had already been 
analysed using a method prescribed by 
Acharyya et af.9l In this note, an attempt has 
been made to analyse the composition depend­
ence and inversion of both In Qe and aT of a 
N2-CO gas mixture at three experimental tem­
peratures 350.1, 368.1, and 432.0K and to 
explore the actual situation of enriching either 
N2 or CO at the top of a TD column. In fact, 
no extensive measurement have yet been done 
on N2-CO system regarding the composition 
dependence of aT. Miiller6l used a TD column 
of length 260 em with a hot wire temperature 
n= 1058.0 K and the cold wall temperature 
Te= 300.2 K yielding the mean gas tempera­
ture 1=679.1 K, and found N2 always en­
riched at the bottom. deVries7l used a TD col­
umn of length 1000 em containing NrCO(l:l) 
system at T= 350.0 K found N2 enriched at the 
top of the column, despite the fact that mass 
of N2(28.016)>mass of ·co(28.011). On the 
other hand, Bhattacharyya8l et al. measured 
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' 
the composition dependence of aT on the 
same mixture in a trenschaukel apparatus at 
1'=299.0 K using Nz as the heavier compo­
nent. We, thus, intend to avail ourselves of the 
opportunity to utilise the unpublished 
I.A.C.S. TD column data on In Qc of Nz-CO 
mixtures at different compositions of CO, in 
conjunction with those reported by Miiller, 6> 

de Vries 7> ~nd Bhattacharyya 8> et a/., in order 
to estimate the composition dependence of aT 

and to compare and study the general 
behaviour of equilibrium separation including 
inversion. 

The experimental equilibrium 
separation factor Qc was measured by 

(xN,/Xcohop 
Qe (xN,/ Xcohouom ' 

thermal' 

(I) 

of a N2-CO mixture at various compositions, 
but at different experimental temperatures 
350.1, 368.1 and 432.0 K, in an all metal con­
centric tube type hot wall TD column de­
scribed elsewhere. 10

> This column had the cold 
wall redius rc= 1.1113 em, the hot wall radius 
rh=0.5556 em and the length L=305.2 em. 
The experimental In Qe, unpublished hitherto, 
are shown in Table I with their respective 
standard deviations. Nz was supplied by In-

dian Oxygen Ltd, Calcutta, while CO was 
. prepared in I.A.C.S. laboratory, the purity of 

which was better than 99.5% as proved by a 
mass spectrometer (Model MS-3, Associated 
electrical Industries, U.K.). The pressure of 
the mixture was kept at 0:60 atm in the col­
umn for overnight run. At all the experimental 
temperatures 1'=305.1, 368.1 and 432.0 K, Nz 
was found enriching at the top of the column 
until CO reached a certain percentage in the 
mixture. When the CO concentration was 
increased further, nitrogen enriched at the 
bottom: 

§2. Theoretical Formulations 

At any mean gas temperature T== H-(Th + 
Tc)L the equilibrium thermal separation factor 
Qc of a binary gas mixture in an ideal column 
of length L closed at both ends is given by 

(2) 

where H is the transport coefficient, and Kc 
and Kct respectively are the convective and 
diffusive remixing coefficients. They are pro­
portional to p 2

, p 4 and p 0 respectively, p being 
the pressure. Thus eq. (2) becomes 

apz 
lnqe=--

4
, 

. b+p 
(3) 

Table I. I.A.C.S. Column data oilln q, for different compositions of N2-CO at constant pressure and tempera-
tures. 

Cold-wall Hot-wall Mean Mole Pressure tempera-
(atm) temperature ture Th tempera- fraction In q, 

T, (K) (K) ture T (K) of CO (Xco) 

24.8 0.053 ±0.004 
33.0 0.0:50±0.004 

0.60 305.2 395.1 350.1 63.0 0.017±0.005 
76.0 -0.040 ± 0.003 
89.1 -0.198±0.005 
76.0 

20.1 0.(177 ±.0.005 
33.0 0.067 ± 0.006 

0.60 305.2 431.0 368.1 48.8 0.060±0.005 
69.2 0.005 ±0".009 
85.9 -0.128±0.006 

24.8 0.081 ±0.003 
32.8 0.082±0.004 

0.60 305.2 558.8 432.0 
62.8 0.074 ± 0.003 
69.2 0.049±0.006 
79.9 0.000±0.007 
88.8 -0.067±0.005 
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where a= (HL/ Kc)P 2 and b = (Kd/ Kc)P 4
• But 

in a practical column, due to the presence of 
asymmetries in the column geometry, parasitic 
remixing usually occurs. The aftermath of this 
parasitic remixing is the reduction in separa­
tion. Nevertheless, according to Furry and 
Jones, 11

> the quilibrium separation factor for 
this realistic situation is obtained by simpiy 
adding a term Kp, proportional to p 4

, to the 
denominator of eq. (2) and hence eq. (2) 
becomes 

or 

a'p2 
ln qe=-, --

4
, 

b +p 

. 2f -- b' 1 4 
P In qe---;+--; p . 

a a 

(4) 

(5) 

Equation (5) is thus a straight line bet~~enp 2/ 
In qe and p 4

, having a certain slope and an in­
tercept. In fact eq. (5) proclaims the nature on 
the variation of p 2 /ln qe with respect to p 4 as 
demanded by the column theory. 11-13> Taking f3 
as the ratio between the intercept and slope of 
the straight line, we haye 

(6) 

Having been expressed in the unit of p4, the 
magnitude of /3 becomes equal to b'. Equation 
(6) is finally written as 

Kd ( 1) H=L 1 +17 . ln q0 , 

or 

(7) 

since H=HocxT. exT can be obtained at different 
compositions of the mixture, provided that 
the value of b' be known from the variation of 
ln qe against pressure, at least at one composi­
tion14' of the mixture. For H, Kc and Kd, in 
practice, we can proceed in three ways where 
the L-J model is not applicable to a problem 
where Tc is held fixed. However in the Maxwell 
case (n= 1 and exT is assumed to be tempera­
ture independent), we have 

_ 2n {CXT p2g} _!_ . 3 2 ' H-
6

! 
11 1 2 

(rc+lh)(rc-rh) (2u) h , 

K 2n { 3 2/ 2 } 1 c=9! P g 11 D 12 (rc+rh)(rc-rh)1(2u)2k~, 

1 
Kd=2n {pD} 12 (rc+rh)(rc-rh)k~, 

and in the Slieker-case (interaction model in­
dependent): 

Kd = c2 = n ( 1 - ~) r~ {pD} 1 respectively. 

Here h', k~, k~, [SF]~, [SFh and (1- rh/ rc) are 
the Maxwell and Slieker dimensionless shape 
factors. 11 the coefficient of viscosity, p the 
mass density, and D the diffusion coefficient of 
a binary mixture like N2-CO which are found _ 
to be composition independent due to the 
same masses and force parameters were 
calculated from ref. 4. Here u = [(Th- Tc)/ 
(Th + Tc)], Ll T= Th- Tc and g is the accelera­
tion of gravity. 

The values of b' for a NrCO(l: 1) gas mix­
ture at different temperatures had already 
been obtained in our previous work. 9> As KP/ 
Kc is nearly composition independent, 14> the 
graphical extrapolation technique is used in 
getting the b' values 1.3338, 1.5771 and 1.5651 
at f'= 350.1, 368.1 and 432.0 K respectively, in 
order to estimate exT from eq. (7). 

§3. Results and Discussions 

The experimental points of In qe for NrCO 
mixtures with their standard deviations are 
shown in Fig. 1 at 7'=:=350.1, 368.1 and 432.0 
K respectively, for different CO concentra­
tions; they are reproduced in Table I. From 
Fig. 1 it is clear that as the concentration of 
carbon monoxide increases, ln qe decreases 
down to negative values through zero. In fact, 
this involves inversion of exT of the system due 
to variation of composition. However, unlike 
the present case, the measurements of Miiller6> 

exhibit no such changes as shown in Fig. 1. 
From the curves of In qe against the CO con­

centration (Fig. 1), the special values of Xco 

undergoing no separation were found out to 
be 65.25, 71.50 and 80.75% at 350.1, 368.1 



2384 l. L. SAHA, A. K. DATTA, A. K. CHATTERJEE and S. ACHARYYA (Vol. 56, 

.---------------------,o.3 

0.1 

Q) 

0" 
c .,., 

0.0 . 1 00.0. --: 
..j..)~ 
QL 
X<D 
w'3 
-;~ 

1 ~C) .,.,~ 

-0.3 

-0.2 

Fig. 1. In q. of N2-CO gas mixtures against Xco· 

---Q----2-- at 1'=350.1 K, ---§---Q--at 1'=368.1 K. -~-~-at 1'=432.0 K. -o--o- Muller. 

4.0 

I' 
0.05 

(0 
~ 

t:: I <D 
((l 0 » .j.J 

..-,>, Q 2.01- ~ '-((l 

I 0.(0 LL x..c 
c wo 
0 

t:. ?x 
~c:o 

"(j) .iJ I 
f-~ 

::J " '8 "' ~~ 
tt:.-, 0 " 0 j..c () () a ~ ·-~ T . m 0 ~0.0 

25.0 _jQ.01%ara 75.0 100.0°"
0 -w <·> ~~ Cl 

'- '8' 
Q) 
..c 
t: " 

I 
"' 7 -2.01-a 

X 
f-
~ 

XX 

-4.0 () 0.05 

Fig. 2. Experimental ~T against CO concentrations at different mean temperatures 1' in the N2-CO mixture. 
[!] ->(Slieker at 1'=432.0 K), & ->(Slieker at 1'=368.1 K), 0 ->(Slieker at 1'=350.1 K), < • )->(Maxwell at :r= 
432.0K), 'W->(Maxwell at 1'=368.1 K), )(•)(->(Maxwell at 1'=350.1 K), I->(Bhattacharyya et at. at :r'= 
299.0 K). 

(Xco)Jnq,=o= -374.8806+2.1226041" 

-2.472 x w- 3 1"2 • (8) 

and 432.0 K respectively. In order to focus our 
attention on the inversion and enrichment of 
a mixture component, an empirical relation 
b.etween T and Xco satisfying In qe=O was 
derived as 

Equation (8) shows that the highest CO con­
centration .having no separation was found to 
be nearly 80%, as evident from Fig. 3. The 
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Fig. 3. CO concentration Xco against mean tempera­
ture T of N2-CO mixtures satisfying In q,=O. 

minimum and maximum temperatures 'for 
which In qe=O are 248.6 and 610.1 K. These 
are the special percentage and temperatures 
for the Nz-CO system. Nature of variation of 
Xco with respect to f' for which· In qe=O is 
shown in Fig. 3. It has a well-defined tempera­
ture domain ranging from 248.6 to 610.1 K 
and a composition range of CO from 0 to 
81.32%. This is called the inversion curve (I C) 
which has an interesting field of application. It 
can unambiguously predict the nature of 
enriching a component in a N2-CO mixture 

simply by knowing f' and Xco in an experi­
ment. For example, if the exp~rimental condi­
tions regarding the temperature f' and com­
position Xco fall within the area enclosed by 
the IC aqd the temperature axis (Fig. 3), N2 

will enrich at the top of the column. If they lie 
outside, on the other hand, N2 will enrich at 
the bottom. These are the cases in the Miiller 
and deVries experiments using N2-CO 
systems. But when they fall on the IC itself, 
there will be no separation. The effectiveness 
of the IC was also tested by applying it to con­
jecture the enrichment of N2 in the different ex­
perimental observations6- 8l already reported in 
the literatures. The successful results are sum­
marised in Table II. But when Xco>81.32%, 
neither In qe nor aT will experience inversion. 

Lastly, the aT values of Nz-CO mixtures were 
estimated from eq. (7). The aT thus obtained 
for the cases of the Maxwellian model and the 
Slieker case were shown in Fig. 2, in order to 
compare with those of Bhattacharyya et a!. 8l 
But no smooth aT against Xco curves could be 
drawn with certitude over t,heir data, which 
still showed inversion at about 45% of CO as 
shown in Fig. 2. This fact is corroborated also 

Table II. Nature of enrichment as predicted by IC of Fig. 3. 

References 

Present 
work (LA. 
C.S. Column) 

II 

II 

Muller 
(1962) 
(column) 

de Vries 
(1956) 
(column) 

Bhattach­
aryya eta/. 
(1975) 
(Trenschaukel) 

Tin 
K 

350.1 

368.1 

432.0 

679.1 

350.0 

299.0 

%of CO in 
the mixture 

Below 65.25 
Above 65.25 
Just 65.25 

Below 71.50 
Above 71.50 
Just 71.50 

Below 80.75 
Above 80)5 
Just 80.75 

Any percen-
tag e. 

50.0 

Below 45.0 
Above 45.0 
Just 45.0 

Position Enrichment of N2 
of (T, Xc0 ) 
in Fig. 3 Predicted Observed/Reported 

Under I. C. Top Top 
Above I. C. Bottom Bottom 
On I. C. Nil Nil 

Under I. C. Top Top 
Above I. C. Bottom Bottom 
On I. C. Nil Nil 

Under ·r.c. Top Top 
Above I. C. Bottom Bottom 
On I. C. Nil Nil 

Above I. C. Bottom Bottom 

Under I. C. Top Top 

Under I. C. Top Top 
Above I. C. Bottom Bottom 
On I. C. Nil Nil 
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by our inversion curve of Fig. 3. 

§4. Conclusion 

The inversion curve thus plays a vital role in 
showing an interesting state of interacting 
molecules in a binary gas mixture particularly 
at the specific temperature and specific mole 
fraction. The inversion phenomenon observed 
in the thermal diffusion of a.N2-CO system in­
vokes a thorough study inasmuch as it is 
capable of throwing much light into the colli­
sion processes. To further our knowledge in 
this field, both the experimental as well as 
theoretical investigations are of necessity. 
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