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ABSTRACT. he thermul daffusion factor for (he system hiydrogen and water-vapour,
lws hoen ealeulated from an cquation which utalises only the oxperimental data on transport
properties’ and their temperatuve derivatives und 18 mdependont of uny pmitieular form for
the mtor-molecular potential — The thermal diffusion Jactor has also been computed for othe
systoms which omerge out of the different isotopic species of these fwo prineipal compononts
Tuose values are of patticular nterest m mistpretmng the data obtained on the enrichment
of hydrogen 1sotopes, mn a thertusl diffusion columm, using the followmg chemenl exchango
reaction :

HD4-H,0 & HDO--H,
INTRODUCTION

Considerable intevest centres around the cquilibrium and non-equlibrium
properties of water and 1ts mixtures with other gases. This v because of the
presence of water vapour all avound us in the atmosphere and design-engmeers
need all such data m conncction with their problems mvolving heat transfer ete.
References to such data are found m the work of Keenan and Keyes (1964),
Hirschfolder, Curtiss and Bird (1954a). Powell (1958), and Liley (1958). In
recent years, some success has heen achieved in computing the properties of non-
polar molecules from the theoretical results of statistical mechanics in conjunction
with spherically symmetric intermolecular potentials. Unfortunately, the position
for polar molecules is far from satistactory. For such molecules, the compleated
anglo-dependent potentials make 1t very difficult, it not, mmpossible, to caleulate
the various collision cross-soctions. There is an additional mtercst m the thermal
diffusion factor for the hydrogen and water system, for theral diffusion coupled
with chemical oxchange has been tried by Pierce (1959) to enrich the hydrogen
isotopes in a thermal diffusion column. The theoretical caloulations of the thermal
thffusion factor, in particular, are more complicated because of the following two
reasons :  Firstly, the infinite determinants which represent the thermal diffusion
factor have been expanded mto an mfinite series by two different methods, viz..
Chapman-Cowling (1952) and Kihara (1949), Mason (1957). Secondly, hoth
these infinite series have in general rather poor convergence and consequently,
to arrive at reliable results for actual systems elaborate numerical calculations
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have to be performed for the specific intermolecular potential. In this paper all
these difficulties have been successfully surmounted and the values of the thermal
diffusion factor for the various combinations of the stable isotopes of hydrogen
with normal and heavy hydrogen water have been calculated in the temperature
range 307°K to 350°K for both the ends of the concentration range.

FORMULAE FOR THE THERMAL DIFFUSION FACTOR

The general formula for the thermal diffusion factor, ap, is given in the books
of Chapman-Cowling (1952) and Hirschfelder, Curtiss and Bird (1954) as the ratio
of infinite determinants. Various approximations are then obtained by expanding
these infinite determinants according to the procedure of either Chapman-Cowling
(1952) or Kihara (1949). Mason (1957) has studied in detajl the convergence
errors involved in az on various intermolecular potentials and for specific fypes of
mixtures. Recently, Weissman, Saxend and Mason (1960) have shown that for
a binary mixtiure, where the heavy component is in trace and the ratio of the
molecular masses == (.1 or less, @, can be calculated within one to two percent
by the following formula

lop] = (6C15*—5)(—8,/Qu)(1+K), e (1)

where the subscript 2 represents the lighter component and for a mixture con-
sisting of polar and nonpolar components (being designated by the subscripts
p and 7 respectively) we have:
Sy = — 8y = 16My(Mp—M,) | $MMpd*y
2(M,,+M,‘)2 (M,+M,.)=

— E" ( .__.2M" N )‘ ( 'Zzll—n Qn—n(z"*) @)
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[1—  (6—4B*;un)(8L*pp—5)"], . (6)
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B*, ., = [59’_”11.1)#__401’_"(1.3)#]/0’_"(l.l)l-. )
E#n_" p— Q"_"(E.B)t/n"_m(l.‘l)‘ . (8)

where M represents the molecular mass, Q#* are the reduced Chapman-Cowling
collision integrals and o is the collision diameter. Here, we have arbitrarily
chosen the subscript 2 for the noupolar component, hydrogen, m order to be
consistent with the convention of assigning the subscribpt 1 to the heavier
component. In case, the lighter componentis polar, correct values will be obtained,
if the subscripts representing the molecular species are interchanged.

A straightforward calculation of ay is not possible from these expressions, for
the various collision cross-sections have not been evaluated for such an inter-
molecular potential which takes into account the polar nature of the molecules.
The labour involved in tho evaluation of these collision integrals 18 formidable and
as yet this has not been accomplhshed. However, all these collision mtegrals
(except A*, ,) can be replaced by the absolute values of the transport cooffi-
cients or their temperature derivatives. The required relations are:

s0% 5y =32 | 9— (@I Dpy ] ()
(6C*3-n—5) [‘ <r')ln7' ),, ’ - )

(5—4B*p-u) =5 i[ 2 (0791111‘1[')%!‘ )pl -t ]

0In Dy ) ] 4 dtIn D, 10
[9"2( amT o 3 dmTye - (10

_y _ gy, dInf, 1
(BE*"’_””Z[I AT T oW ] - 1D

15M,(Mp—M,) | &M MpA*pn _ 5

"]
TS = TRy T (MM 3T

ME_ pDynfn, (g2
i B )

Q,,=139 (TW—L%WT)( 1”’:"?1‘;,])((31;1 M 8 MyMA%,) e (13)

fn=1+ Wi (8E*,—n—T). o (14)

In the above equations pr stands for the pressure. When the light component
is in trace following Mason (1957) ayp can be calculated thus:

e - (520), L o () o



452 ", 8. C. Sazxena

where

— (16A'p—75:10)_3(5f4-3.p-n)
S (5 Y. i - 19

Thus, if we know D,,_, and 9,_,83 a function of temperature and A*,_, is assumed,
ap can be calculated. A, , is known to be fairly constant (1.10) over a long
range of temperature, [Saxena, 1960] and does not vary much from the nature of
the potential. Further, it is shown later that ag is insensitive to the value of
Ap-y and so an approximate guess will serve our present purpose. In this way
the form of the intermolecular potential 1s completely removed from the expression
for ay in favour of measureable quantities and their temperature derivatives.
The only limitations of these formulae are the basic assumptions involved ih the
derivation of the kinetic theory of gases. The one of special interest here, rigordusly
speaking, is that these formulae hold only for spherically symmetric molecles.
This assumption is rather serious for the case of water which is polar, but as \the
transport properties are less scnsitive to molecular orientations and as Krieger
(1951) had some success for polar molecules with an angle-independent potential.
we will continue to assume the applicability of central forces.

CALCULATION OF THE THERMAL DIFFUSION
FACTOR

The diffusion coefficients have been experimentally measured for"the hydrogen
and water system by Winkelmann (1884, 1889), Schwertz and Brow (1951) and
Crider (1956). The results of Winkelmann and Crider agree with each other but
are systematically lower than those of Schwertz and Brow. The reason of this
disparity probably lics in the effoct of supercooling at the vapour-liquid interface
(Le Blanc and Wuppermann, 1916) and in the difference in the solubility of hy-
drogen in water. Schwertz-and Brow have avoided this difficulty and 1 fecl
their data is the most reliable one at the moment. This latter data can be re-
presented by a linear plot of log D vs. log 7 in the entire temperature range (307.3
—362.7°K), with the average standard deviation of 0.69, only. Consequently,
we will treat (8 In D/8 In T'),, as constant in the formulae of the previous section
and then to this approximation, 82 In D/ (In 7')% can be neglocted in this tempera-
ture range. B

The data for the viscosity of hydrogen in this temperature range is given
by Trautz and Binkele (1930), Trautz and Heberling (1931), Trautz and Husseini
(1934), Johnston and McCloskey (1940) and Wobser and Nuller (1941). All
this data can again be represented by a linear plot of log % vs. log T in this tempera-
ture range with an average deviation of 0.1% only. The value of the term,
dIn f,/0 In T', was found to be negligible in this temperature range [Saxena, 1956].
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Table I lists the values of the thermal diffusion factor for the {wo limiting
ends of the composition range and for the three temperatures at which the experi-
mental diffusion data are available. In columm 2 are tabulated {he ap values.
caleulated aucordmg to Eq. (1) in conjunction with By. (6) and from (9) to (14)
while the column 4 values emerge oul of the use of Eqns. (15). (16) and (10).
These values, designated as first set, utilise the diftusion data of Sehwertz and-Brow
(1951) The second sct of ap values listed in columns 3 and 5 of Table T hayve sim-
ilarly been calculated, except that the diffusion data of Winkelmann (1884, 1889)
has boen used. In these calculations u constant value of 1.10 for 4* was used.
However, these calculations are insensitive 1o the A* value, in as inuch s
change of 20%, in A* changes a,(X, = 0. at 328.6°K) only by 0.2%. a, values,
calculated using the diffusion data of Schwartz and Brow, arc always higher
than those obtained using the data of Winkelman. The author feels that the
first sot of ay; valnes 15 more reliable

TABLE 1
Thermal diffusion flactor for H, 1,0 system
agp caleulatod, Xy =0 ap caleuluted, Xy - 0

Temp.“K — - - —
Tarst set Socond sel. Tirat set Scecond sot,

307 3 120 101 0 w12 0.61

228 6 1 24 107 0 812 0 6)

352.7 1.30 108 0 BI2 0 61

In Table 11, are tubulated the diffusion coefficients and the thermal diffusion
{factors at 300°K and 350°K for the various systems, permutimg out of the isotopes
of hydrogen (H,, HD and D,) and heavy hydrogen substituted water (1,0, HDO
and D,0). The diffusion coeflicients have been caleulated from the measured
values for H,-H,0 system, by applying the mass correction factor. agp values arve
calculated in the same way as that of Table 1. The 7 values also were generated
from the experimental valucs availuble for hydrogen and by multiplying these
with appropriate mass correction factors. The ap values for those system, whero
the mass ratio is considorably more than 0.1 will he somowhat inaccurate hecause
of the use of Eq.(6). However, even for the worst case of 1),-H,0, K has only
a value of 0.0145 and consequently the values given in Table II can be treated
as fairly reliable. Thesc values of ay arc very uscful in assessing the data obtained”
in connection with the enrichment of hydrogen in a thermal diffusion column,
usmg the following chemical oxchange

HD+H,0 2 HDO-+H,.
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TABLE II
Diffusion coefficients and thermal diffusion factors

Systom Dp.y 1n cm?[sec. agpht 300°K ap at 360°K
300°K 360°K. Xy =0 X,=0 X, =0 X;=0
'H.H,0 0.998 1.105 1.103 0 812 1.200 0.812
H,-HDO 0.994 1.192 1.208 0.812 1.303 0.812
H3-D,0 0.991 1.189 1.217 0.813 1.316 0.813
HD-H30 0.834 1.000 1.078 0 807 1.167 0.807
HD-HDO 0.830 0 996 1.104 0 808 1187 0.808
HD-D,0 0.828 0.993 1.112 0.809 1.203 0.809
D,-H,0 0.739 0.886 0.970 0.803 1.062 0.803
D.,~-HDO 0.736 0.882 0.993 0.803 1.076 0 80!
D,-D,0 0.732 0.878 1.012 0.804 1.007 0.804

In fact, the present work was undertaken out of the need to interpret such resulis.

Unfortunately, at present there is no regorous procedure for calculating the
transport properties of mixtures consisting of a polar and a non-polar component.
Hirschfelder, Curtiss and Bird (1954b) have advanced an approximate procedure,
which also has not been extensively tested so far. This approach is based on
the concept that the effective potential betwecn a polar and a non-polar molecule
has the same form as that between two non-polar molecules. An‘a.ttempt i8
being made to assess such semi-empirical approaches proceeded by a redetermina-
tion of the force constants for pure polar gases from the upto date data.
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