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Reasons for divergence between theoretical and experimental values of the ther- 
modiffusion constant of an Ar--Kr mixture at temperatures below 273~ are studied. 

Experimental and theoretical studies of the temperature and concentration dependences of 
the thermodiffusion constant s t of an Ar--Kr mixture have been performed in [i-8]. In the 
temperature range below 273~ the measurements of [1,2,4,6] indicate a monotonic decrease of 
at with decreasing temperature, while the data of [5] indicate the presence of a minimum in 
this function, which shifts toward higher temperatures with increasing krypton content. Sim- 
ilar anomalous behavior of the temperature dependence of a t was observed by Grew and Mundy 
[3], who explained the presence of a minimum in their data as the effect of krypton adsorp- 
tion in the measurement equipment. 

Calculation of the thermodiffusion constant of an Ar--Kr mixture by the Chapman--Enskog 
method with the potential models (12-6), (exp-6) in the second approximation does not produce 
a temperature dependence adequately agreeing with experiment. Using the multiparameter po- 
tential function of [8], one can satisfactorily approximate the experimental dependence of 
a t of an Ar--Kr mixture on temperature which was obtained in [5]; however these potentials 
cannot explain the shift of the minimum with increasing krypton content. Qualitatively this 
peculiarity of the experimental results is reflected by the at values calculated in [7] with 
consideration of the effect of krypton molecule dimerization, but these calculations do not 
agree quantitatively with experiment. 

In our opinion these divergences may be produced by the following causes: errors in 
the experimental data; use of different methods for processing of experimental values of 
separation or the separation constant to determine at; the effect on thermodiffusion separa- 
tion produced by dimerization of gas molecules, which increases significantly at lower tem- 
peratures; convergence errors in the Chapman--Enskog approximations; inappropriate choice of 
potential model and molecular interaction parameters. 

It is thus of interest to consider the possible degree of influence of the above factors 
on the thermodiffusion constant of an Ar--Kr mixture. 

Experimental studies of s t in the temperature range T = 168-272~ were performed with a 
two-reservoir system, using the equipment described in [9], at an initial start-up pressure of 
380 mm Hg at room temperature. The temperature of the upper reservoir Tu was maintalned con- 
stant over the experiment while that of the lower reservoir Tl was adjusted. Under the in- 
fluence of the constant temperature gradient thus produced, thermodiffusion separation of the 
binary gas mixture occurs, resulting in development of a concentration gradient, which in the 
stationary state is equal to [lO]: 

VX~ = ktvln  T. (1) 

If we assume that the thermodiffusion constant is temperature independent over the small in- 
terval (Tu, Tl) , then from Eq. (I) we obtain the integral value of the quantity s t 

~t = S 
xlx2 In (Tu/T ~ ) (2) 

o r  

~t  = In q 
In (Tu/Tz) ' (2 ' )  

where S and q are experimentally determined values. 
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Fig. I. Temperature dependence of a t of Ar--Kr mixture for various 
krypton contents: A) 25%; B) 50%; C) 75%. Calculated values ob- 
tained as follows: 1,1') second approximation of Chapman-Enskog 
theory using (12-6), (exp-6) potentials with parameters of [7], 
[18]: 2, 4, 3) Eq. (4) at 380 and 100 mm Hg with consideration of 
pressure change, (12-6) potential, and parameters of [7]; 5) third 
approximation of Chapman--Enskog theory with (exp-6) potential and 
parameters from [18]. Experimental data: a) 46.5% [I]; b) 54.1% 
[2]; c) 49.98% [5]; d) 49.98% (data of [5] processed by present 
authors; e) 50% (data of present authors) [12]. 

However, in practice the assumption of a small temperature gradient is not satisfied in 
the two-reservoir apparatus, and determination of the thermodiffusion constant with Eq. (2) is 
not correct. Thus to determine ~t we must use a differential method of processing the mea- 
surement results 

I dS 
a t - -  (3) 

xi~  d In (Tu/~.) 

or 

d l n q  

a t =  d l n ( ~ l T t )  " (3 ' )  

The values of a t obtained from Eq. (3) are more "sensitive" to the character of the 
thermodiffusion separation process than those of Eq. (2). 

Measured values of the thermodiffusion separation S and its temperature dependence were 
processed by the method of least squares in the form of a polynomial, subsequent differentia- 
tion of which was used to determine ~t values (Fig. I). We estimate the uncertainty in sep- 
aration measurement to be 4% at the 0.95 confidence level. The ~t values obtained refer to 
a mean temperature T [11], since the value of the thermodiffusion separation, while being a 
function of temperature of the lower vessel, also depends on the temperature of the upper. 

For a correct comparison of the data of the various authors it is necessary that the a t 
values be obtained by processing the experimentally measured values (S or q) by one and the 
same method. Figure I presents ~t values from data of [1,2] obtained with Eq. (3). Since in 
[6] the concentration dependence of thermodiffusion separation was the measured quantity, 
these data cannot be processed by an analogous method and so were not used in the comparison 
of experimental results 

As is evident from Fig. I, the temperature dependence of st obtained by the present 
authors, as well as the data of [i, 2],show nominimum over the parameter range limiting the 
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gaseous state of the mixture. In this region at decreases monotonically with temperature 
reduction, with its decrease being nonlinear, gradually disappearing with approach to the 
phase transition region, as is especially noticeable inmixtures with a high krypton content. 
With further decrease in temperature (in the region near the krypton saturation line) we 
observed a sharp increase in a t for all compositions studied [12], similar to the anomaly 
observed in [5]. However, in this range of parameters for Ar--Kr mixtures (as was indicated 
in [12]) the observed minimum in the at dependence is produced by partial condensation of 
the krypton. 

Analysis of the conditions under which the experiments of [5] were performed shows that 
at the temperature producing the minimum value of ~t the mixture studied was quite far from 
the phase transition region. In [7] an attempt was made to explain the presence and charac- 
ter of the minimum in the experimental temperature dependence of ~t found in [5] through the 
effect of krypton molecule dimerization on the process of thermodiffusion separation. 

The effect of gas molecule dimerization, experimentally established in [13,14], should 
have an influence on transfer processes, since it leads to the appearance of a new component 
and converts a pure gas into a binary mixture, and an initial binary mixture into a multi- 
component system. A method for calculating the thermodiffusion constant of binary gas mix- 
tures with consideration of the effect of dimerization was presented in [13]. The process of 
formation of dimers from molecules of component A was considered as a chemical reaction of the 
type 2A~A=, the rate of which is comparable to the thermodiffusion separation process, such 
that a local equilibrium is established between dimers and monomers in the mixture. 

Assuming that dimers are formed in the mixture only from the heavier component A, and 
that the pressure remains constant, the thermodiffusion constant of a mixture consisting of 
components A and C can be calculated from the relationships of [7] 

Y z  ( 1 +  ?4t+ 2~xc) - -  Ytx~  ~Kz)~T (4) 
at(A, C ) =  

where 
(~ -6 ~ + ~xc) (1 + 2@ z 

Yl = xADisD23 - -  2DI2D23 -6 (1 -6 Xc) DizDt3, 

Y~. = (D,3 - -  2D~). P~'xADt2 + (1 + 2~) xADt3D23 (a~) -6 r-2'"~'(3)'13, -6 (t -6 2p.) xcDi z (a~.~),~ -6 21za23(3~ D23), 

Z = (1 -6 2}x) xADt3D,23 -6 xcD1zDt3 -6 41xDtzD23, 

~, = {[1 -64 (1 ~ x~) nKz] '/2 - -  1}/2 (1 -6 xc). 

The numerator of Eq. (4) consists of two terms: the first generated by the process of 
thermodiffusion of the ternary gas mixture, and the second by formation of double molecules. 

The diffusion coefficient of a binary mixture is calculated by the formula of [I0] 

T3/2( Mi-I-M,  tl/~" 
2MiMj Dr j =  2.68.10 - r  

w h i l e  t he  t h e r m o d i f f u s i o n  c o n s t a n t  of  t h e  components  i and j of  a t e r n a r y  m i x t u r e  i s  g i v e n  by 
[16] 

Gtl al2 at3 

a ( 3 ) - -  - 00~3:G~j2 ~23 i,i -- : azt a22 a~3 ' (6) 
G~: t233 

bl ,ii b2 ,il b3di a3t a32 (Z33 

where 
Fs~ F;s + 6rsX Xl - - ,  

ars = xsMrsMsr Esr t Es 

6c - 5 
bi el ---- -- (1 - -  xk) M~i 6C~ -- 5 xhMki 

" Ei. ~ Eik 

' Ej~ -- -6 x~Mh~ E~ ' 
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6 c t  - 5 - 
bk,ij .... xl~Mik ~ki xhMjh ~kj ' 

~ j  ~= 6M7i~ 5,---~12 B~ M 2ii+T16 MijM~iA~, F~=--11 +-~-  ~ , 

, ~ L !  ~ i i  ~, 
EiJ T M, l ~}},1). MiJ- , M J i = - - "  ~j / Mi+ Mj M~+ Mj 

The quantity nK2 (where Kz is the equilibrium constant of the chemical reaction) is de- 
fined for every temperature by the components of the second virial coefficient B~(T*) and 
B~(T*), produced by the presence within the mixture of stable and metastable dimers, respec- 
tively [17] : 

P b otB~(T~) +B~(T~)], bo= 2 gN,o]. nK2 - kT "-3 (7) 

The dependence of the quantities B~ and B m on reduced temperature was tabulated and approxi- 
mated by a seventh-order polynomial in [17]. 

The calculation of a t values performed in [7] with use of the (12-6) potential over a 
parameter range corresponding to the experiments of [5] (at a pressure of 100 mm Hg) revealed 
that consideration of dimerization produces values which at low temperatures significantly 
exceed those produced by calculating the thermodiffusion constant of a binary mixture using 
the second approximation of the Chapman-Enskog theory, with the divergence increasing with 
increasing krypton content. Qualitatively, the theoretical dependence obtained in this manner 
is similar to the experimental one:. there is a minimum, which shifts toward higher tempera- 
tures with increase in krypton content [7] (Fig. l, curve 4). On this basis [7] concluded 
that the increase in the thermodiffusion constant of an Ar--Kr mixture observed experimentally 
in [5] could be explained by the effect of dimerization on thermodiffusion separation, al- 
though in experiment the minimum occurs in the region of positive a t values and at a higher 
temperature, where theory indicates practically no effect from dimerization on the thermo- 
diffusion process. It should be noted that the calculation of the thermodiffusion constant 
in [7] was performed with constant pressure over the entire temperature range considered, 
while in the experiments of [5] one and the same quantity of gas mixture was subjected to 
thermodiffusion separation at different equipment temperatures, so that a different pressure 
was established for each concrete temperature difference. Since the number of dimers in the 
mixture is proportional to the pressure, consideration of its change in accordance with real 
conditions in the measurement apparatus while performing calculations with Eq. (4) would un- 
doubtedly produce some other temperature dependence of the thermodiffusion constant than that 
obtained in [7]. 

Therefore the present authors performed a calculation of the temperature dependence of 
s t with consideration of the change in pressure, using Eqs. (4)-(7) and the (12-6) potential, 
with the same potential parameters used in [7], and also in the second approximation of the 
Chapman-Enskog theory using the (12-6) and (exp-6) potentials with parameters taken from [7] 
and [18] respectively. The parameters for interaction of the differing types of molecules 
were calculated with the usual combination rules [10]. Mixture pressure in the apparatus at 
various temperatures was determined from the equation of state. 

It is evident from Fig. I that the divergence of the a t values calculated with and with- 
out consideration of dimerization is decreased significantly if the change in pressure during 
experiment is considered. Thus dimerization of krypton moleculesproves to have a more sig- 
nificant effect on the thermodiffusion process occurring in the two-reservoir apparatus 
during measurement of the temperature dependence of a t of an Ar--Kr mixture than was assumed 
when [7] explained the observed experimental minimum as the product of dimerization. 

Despite the fact that Fig. Ib presents experimental values of at relating to different 
Ar--Kr mixture compositions (maximum concentration difference does not exceed 8%) it is of 
interest to compare these data, since they were obtained at significantly differing mixture 
pressures (700 mm Hg [I]; 20 mm Hg [2]; 120 mm Hg [5]; 380 mm Hg in the present experiments). 
Since the number of dimers in the mixture increases with increasing pressure and decreasing 
temperature, one would expect an increase in divergence of experimental a t values obtained 
at various pressures as temperature decreases, if the dimerization process does have a sig- 
nificant effect on thermodiffusion separation. However, evaluation of the experimental 
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Fig. 2. Contribution of third approxima- 
tion to value of the thermodiffusion con- 
stant calculated in the second approxima- 
tion of the Chapman--Enskog theory [6 = 
(~t(2) -- at(3))/aT(2)-100%], versus kryp- 
ton concentration. 

results shown in Fig. ! indicates that with decrease in temperature the agreement of the data 
of various authors does not deteriorate (the uncertainty in determination of the thermodiffu- 
sion separation or constant does not exceed 5% for all data). 

The a t values obtained by the present authors by processing the results of [5] on ther- 
modiffusion separation in the form of a polynomial without consideration of extremal S values, 
which produced the minimum in at, also correspond to the general character of the temperature 
dependence (Fig. 1) . 

Thus, analysis of the experimental facts has shown no effect of krypton molecule dimer- 
ization on thermodiffusion separation of Ar--Kr mixtures, so that the divergence of theoretical 
s t values from experiment in the temperature range under consideration cannot be explained by 
the presence of dimers in the mixture. 

It is known that the strict Chapman--Enskog molecular-kinetic theory [I0], even in the 
first approximation (with consideration of one term in the expansion in Sonin polynomials), 
conforms well to all experimental facts concerning viscosity coefficient, while for the dif- 
fusion constant the results are also satisfactory. The thermal conductivity and thermodiffu- 
sion coefficients do not appear in this case. To describe the processes of thermal conducti- 
vity and thermodiffusion, and also to obtain the dependence of the diffusion coefficient on 
concentration it is necessary to use two terms in the expansion in Sonin polynomials (in 
Devoto's terminology [19] this is the second approximation of the Chapman--Enskog theory for 
transfer coefficients, which corresponds to the term "first" approximation used in [|0] in 
the sense of the first nonzero approximation). We note that, likethe first, all higher 
approximations of the transfer coefficients refer to systems with a low temperature gradient, 
since the heat flux and temperature gradient are related linearly. 

In [20,21] it was shown that the number of approximations necessary to realize correct 
theoretical values of the thermodiffusion constant of a gas mixture must be not less than 
three, while use of a larger number of terms in the expansion in Sonin polynomials ensures 
rapid convergence of the series. In accordance with this, the authors calculated the ther- 
modiffusion constant of an Ar--Kr mixture in the third approximation using the (exp-6) poten- 
tial function and potential parameters of [18] (for the (12-6) potential the collision inte- 
grals needed fo~ this case are unavailable) using the method of [19] 

5 1 Q~ 
~t(3) = -ff xix2n "Qo,, ' 

where 
/ 

QD~ = 1 ~ o  , QDil = qh~'  qh~ 2 0 

I ,~  0 o o 0 0 

The elements ~ for a binary mixture are a matrix of form 
13 

q'~f ~g 
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and are functions of the numerical density of the components, the molecular mass of the cQm- 
ponents, the potential parameters, and the collision integrals [19]. To obtain the second 
approximation the elements with m, p = 2 are cancelled from the determinants QD~ and QDij " 

i 

The contribution of the third approximation to the quantity ~t(2), calculated in the 
second approximation, increases with growth in concentration and varies insignificantly over 
the temperature interval ]85-300~ (Fig. 2). 

It is evident from Fig. ] that use of the third approximation of the Chapman--Enskog 
method produces a significant improvement in the agreement between theory and experiment, 
both qualitatively and quantitatively. 

NOTATION 

s t = kt/x1(l -- xl), thermodiffusion constant of binary gas mixture; kt, thermodiffusion 
ratio of binary gas mixture; x~, concentration of lighter component; T, temperature, ~ S = 
(xT u -- xTZ), thermodiffusion separation; xTu, x~l, concentration of lighter component at tem- 
peratures Tu, TZ, respectively; q= [x~u/(l -- x~u)]/[x~(] -- xTZ) ], separation constant; T = 
(TuTZ/(T u -- Tl~)'Zn (Tu/TZ) , Brown temperature, ~ p, pressure, atm; n, numerical density of 
mixture molecules, m-3; Mi, molecular weight of i-th component of mixture, kg/kmol'O~aS~*,-~ (T~i)" 
reduced collision integral; the quantities A*, B*, C* being combinations of the collision in- 
tegrals of []0]; Tij = kT/eij , reduced temperature; Eij/k , oij, interaction potential param- 
eters, ~ and ~; NA, Avogadro's number, kmol-~; Dij, diffusion coefficient, m2/sec; k, 
Boltzmann's constant, J/~ 
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