CALCULATION OF MOLECULAR DIFFUSION COEFFICIENTS
IN MULTICOMPONENT LIQUID MIXTURES

V.V. Raiko and I.A, Aleksandrov UDC 532,72

A method is proposed for the calculation of practical diffusion coefficients in multicompo-
nent liquid mixtures of hydrocarbons of the paraffin series., The proposed method is used
to analyze the effect of nonideality of solution on diffusion in liquid mixtures.

Molecular transport of matter in multicomponent mixtures involves motive forces involving all com~
ponents and depends essentially in liquid mixtures on the composition of the mixture and the thermodynamic
parameters of the system which define its lack of ideality.

Isothermal multicomponent diffusion in accordance with the theory of irreversible processes [1, 5]
and the principles of statistical physics [2, 6] is described by a system of phenomenological equations [7]

Xi“‘iFiiCj(Ui*"Uj). i=1,2...,n (1)
el ‘
where I
X, = _(_S’Ei_) ] I
a Jre
In practical calculations, the diffusion fluxes J;are expressed as
(J) = —{Dlv(C). 3)

The relationship between the practical diffusivity Djj and Fjj is established by joint solution of Eqs.
(1) and (3) for the components i =1, 2,..., n— 1 since the X; are related by the Gibbs—Duheim equation

i

and the fluxes J;j by the frame of reference [7].

In analogy with diffusion in an ideal gas mixture [8] considering that 2 Cj = Cpix and x) = [#]V(C),
i

we obtain an expression for practical diffusivity in the appropriate frames of reference

DI = — (™ 1€ {I0; + |F €~ 1€y 1BY), ®)
where Hij =—8#1/BC]-, i, j=1,2,..., n~1; Bjj = Fij ~ Fjp for the mean-mole frame of reference; Bij
= Fij— Fin'Vj/Vn; for the mean-volume frame of reference, and Uj; = (Fij — Fin)Cj.

We designate . .
K) =G {[0) +1F) Cous= € 181}, ©

where the diagonal elements for the mean-mole and mean-volume frames of reference are respectively

All-Union Scientific~-Research Institute of Natural Gases, Moscow. Translated from Inzhenerno-
Fizicheskii Zhurnal, Vol.21, No.5, pp.881-887, November, 1971. Original article submitted October
28, 1970.

© 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011.
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A
copy of this article is available from the publisher for $15.00.

1412



ﬂ’l‘loi a 'DIZ "lo'i

/ a b
15 ‘ 5
UNL || LA
V// :
LR o \
96
K | /
5 \ 5
a4 AN,
, _
0 9z 0% g6 95 w 0 gz g4 g6 48 10
CaMyy CH, CgHyp CH,
Z,x70° Ty *10°
g \3%[ 052%4- g
-4 _4_._
c d
-8 -8
0 9z 9% 06 a8 10 0 42 4% g6 48 10
Colyg CHy  CsHyp GH,

Fig.1. Dependence of practical diffusivity (cm?-sec~?)
on the composition in the mean-volume frame of ref-
erence, Here, and in Figs.2 and 3, numbers on the
curves denote the constant propane component. a, b)
Fundamental practical diffusivity; ¢, dj cross-prac-
tical diffusivity.
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K‘LV'OIZ XFiM CM + Fin ( Cn. _‘_ _L)’ (8)
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Mzi
and the nondiagonal elements are
K;}?OIZ (Fin - Fij) 3 (9)
1 7
K;,{o:(FinVL‘—Fij)- (10)

Theoretical expressions for the Fjj in a binary mixture were obtained on the basis of the modified
theory of absolute rates [9]

= __,_ﬁll’.,2. exp AG,/RT, i |. (11)
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For linear dependence of activation energy on molar composition,
n .
AG” = 2 Nk lim AGij (12)
k=1  Np~l
an expression was obtained for the Fijina multicomponent mixture in terms of ng and @jj:

Fy=-o| 1 (az-)”h]" (ot "o8 1 w;’k)”h}”‘. (13)

Cmix ki, f k#E,f

The symmetry condition for the Fij made it possible to obtain an equation for independent determina-
tion of the &jj [10]:

(-3

k 0
b = D ) (19)
)

Under the conditions of interest to us, diffusion occurs at boiling and therefore the Chueh—Prausnitz
correlation [3] was used for the determination of molar and partial molar volumes.

For a constant total concentration of the mixture, the equation for the elements of the matrix [¥] are
of the form

du;  RT [ dlny; 8;;
My == =

= LS i j=1,2 ..., n—1 (15)
3C,  Cmml OV, N,.] !

The quantity alnyi/ ONj for hydrocarbons of the paraffin series can be calculated with the help of the
Chao~Seader correlation [4].
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Fig.2. Dependence of practical diffusivity (cm?.sec~t)
on composition in a mean-mole frame of reference.
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Fig.3. Dependence of practical diffusivity (cm? - sec™)
on the composition in the mean-mole frame of ref-
erence without allowance for nonideality of solution.

Thus Eqgs.(5) and (13)-(15) provide a basis for an algorithm for calculating practical diffusivity.

In studies of multicomponent diffusion, it is of interest to discover the effect of nonideality of solu-
tion on practical diffusivity, which is characterized by the extent to which the quantities aij differ from
unity. Expressions for practical diffusivity obtained from the Stefan—Maxwell equation for a mixture of
ideal gases [11] can be used to evaluate the effect of nonideality.

For a three-component mixture, these expressions are

_ Dy [(1 = N) D+ N,Dy

1 Ny, + NDy + N, Dy;

16
o Ny Dy =Dy 1o

NiDy, + NDy + N, Dy

iijzli 2! L#L k:31
where

N; 0 N, 0

Dy = t— Dj “— Dy,
! N;+N; /+Ni_l—Nj ! (am

Dy; =Dy;.
ty Ji
In a three-component mixture where the amount of one component is vanishingly small, the follow-
ing limiting conditions can be obtained from an analysis of Eq.(3) {12}:
Hm Dy; == ;= D,;, lim D, = D9,
€;~0 Cpcpmo 1
. v, (18)
lim D, = (P%—DY Y2, lmD, —0
C,--Ck-'O J 4 J) Vi ;0 ij *

Li=12 i) k=3
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Calculations of practical diffusivity in three-component mixtures were made on the basis of the pro-
posed algorithm, Limitation of the number of components to three derives from the ease of graphical
representation of practical diffusivity as a function of mixture composition. Calculations were made by
means of a specially prepared computer program for the mixtures methane— ethane—propane, methane
—propane—pentane, methane—ethane—pentane, and methane——lbutane-pentane at a pressure of 34.3-10°
N/m? and saturation temperature of the liquid. Diffusion flux was determined with respect to mean-mole
and mean-volume frames of reference.

The present lack of experimental studies of diffusion in mixtures of condensed hydrocarbons of the
paraffin series offers no opportunity to compare the calculated results with experimental data; however,
the correctness of the calculations was indirectly checked by the satisfaction of the following thermody-
namic conditions:

Fi; =Fyu Py =W
the latter equality being maintained only for constant C,y ;..

The calculated results for practical diffusivity in 2 methane—propane—pentane mixture are given in
Figs.1-3; the effect of nonideality of solution on diffusion is equally characteristic for all the mixtures con-
sidered.

A two-dimensional representation of the three-dimensional dependence of practical diffusivity on
composition [13] is given in Figs.1-3. The lines in the plots represent the dependence of practical dif-
fusivity on the relative abundance of two components for a constant content of the third component. In our
case, the propane content was assumed constant and its value in the mixture is given by the numbers on
the curves.

It is clear from the curves that cross-practical diffusivities are comparable with the fundamental
diffusivities in the neighborhood of critical parameters of the mixture (Fig.la, d). This is evidence of
significant superposition effects during diffusion in condensed hydrocarbon systems.

Comparison of Figs.2c and 3¢ makes it possible to analyze the effect of nonideality of solution on
diffusion.

In the study of practical diffusivity dependence on mixture composition (Figs.1-3), it was established
that the effect of nonideality of solution appears in a marked change in the nature of the cross-practical
diffusivity dependence on composition and in the values of fundamental and cross-practical diffusivities as
a function of composition. It should be noted that the most important effect of nonideality appears when the
mean-volume frame of reference is used (Fig.1d).

The analysis shows that the calculation of practical diffusivity in condensed mixtures of hydrocarbons
of the paraffin series should take into account nonideality of solution.
NOTATION

Dyy, Dyy  are the fundamental practical diffusivities;
Dyy, Dy are the cross-practical diffusivities;

ng is the binary diffusivity in infinitely diluted solution;
Dij is the binary diffusivity;
Hi is the chemical potential of i~th component;
l is the length of diffusion path;
Fij is the friction coefficient satisfying Eqgs. (1), (11), and (13);
G is the molar concentration of i-th component in mixture;
is the concentration of mixture;

Ui is the mean absolute velocity vector of i~th component molecules;
Jj is the molar diffusional flux of i-th component;
.‘71 is the partial molar volume of the i~-th component;
h is Planck's constant;

N is Avogadro's number;

a is the distance between two equilibrium positions;

AGj; is the total activation energy of the diffusion process;
is the gas constant;
T is the absolute temperature;
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Nij is the mole fraction of the i~th component in the mixture;
V; is the mole volume of the i-th component;

.&ij is the thermodynamic factor satisfying Eq. (13);

Yi is the activity factor of the i~-th component;

0jj is the Kronecker delta.

Subscripts

1 denotes methane;
2 denotes pentane;
3 denotes propane.
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