
C A L C U L A T I O N  O F  M O L E C U L A R  D I F F U S I O N  

IN M U L T I C O M P O N E N T  L I Q U I D  M I X T U R E S  

V . V .  R a i k o  a n d  I . A .  A l e k s a n d r o v  

COEFFICIENTS 

UDC 532.72 

A method is  p roposed  for the calculat ion of p rac t i ca l  diffusion coeff icients  in mul t i compo-  
nent liquid mix tu res  of hydrocarbons  of the paraff in  s e r i e s .  The p roposed  method is used 
to analyze the effect of nonideality of solution on diffusion in liquid mix tu re s .  

Molecular  t r anspor t  of ma t t e r  in mult ieomponent  mix tu re s  involves mot ive  fo rces  involving all  c o m -  
ponents and depends essen t ia l ly  in liquid mix tu re s  on the composi t ion of the mix tu re  and the the rmodynamic  
p a r a m e t e r s  of the s y s t em  which define i ts  lack of ideal i ty.  

I s o t h e r m a l  mult icomponent  diffusion in accordance  with the theory  of i r r e v e r s i b l e  p r o c e s s e s  [1, 5] 
and the pr inc ip les  of s ta t i s t ica l  physics  [2, 6] is descr ibed  by a s y s t e m  of phenomenological  equations [7] 

where  

n �84 

X i =  ~ FIjCj (Ui - -  UI), i = 1, 2 . . . . .  n, (1) 

(1) and (3) for the components  i = 1, 

x, = - I  ) . 
k Ol ]r,v 

In p r ac t i ca l  calculat ions,  the diffusion fluxes Ji  a r e  exp re s sed  as 

(J) = - -  [DI Y (C). (3) 

The re la t ionship  between the p rac t i ca l  diffusivity Dij and Fij is es tabl i shed by joint solution of Eqs.  
2 . . . . .  n -  1 since the X i a r e  re la ted  by the G i b b s - D u h e i m  equation 

n 

C~X~ = 0, (4) 
i 

and the fluxes Ji  by the f r a m e  of r e f e r e n c e  [7]. 
n 

In analogy with diffusion in an ideal gas  mix tu re  [8] consider ing that  ~ Cj = Cmi x and (x) = [~] V(C), 
i 

we obtain an express ion  for p rac t i ca l  diffusivity in the appropr ia te  f r a m e s  of r e f e r ence  

[D] - 1 =  --[~1-1 I~y '  {IUl + ]F-~.] Cmi~--I~1 [B]}, (5) 

where  #ij = - O # i / a C j ,  i, j = 1, 2 . . . . .  n -  1; Bij = Fij -- Fin for the m e a n - m o l e  f r a m e  of r e fe rence ;  Bij 
= Fij -- FinVj/Vn; for the mean-vo lume  f r ame  of r e fe rence ,  and Uij = (Fij -- Fin)Ci. 

We designate 
= +1 1 cm -Lel LsI}, (6) 

where  the diagonal e lements  for the m e a n - m o l e  and mean-vo lume  f r a m e s  of r e f e r e n c e  a re  r e spec t ive ly  
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Fig.  1. Dependence of p rac t i ca l  diffusivity (cm 2 �9 see -z) 
on the composi t ion in the mean-vo lume  f r a m e  of r e f -  
e r ence .  Here ,  and in F igs .2  and 3, numbers  on the 
curves  denote the constant propane  component,  a, b) 
Fundamental  p rac t i ca l  diffusivity; e, d) c r o s s - p r a c -  
t ica l  diffu s ivi ty .  

and the nondiagonal e l ements  a r e  

n 

Kin~ Fi~ , ~ -1- Fu~ ~ Ci + 1, , 

M = l  
M 4 - i  

n 

cM 

M = l  

K m o l  (F~,, Fu) i /  = - -  , 

(7) 

(8) 

(9) 

(10) 

Theore t i ca l  express ions  for the Fij in a b ina ry  mix ture  were  obtained on the bas i s  of the modified 
theory  of absolute r a t e s  [9] 

hN 
F~i - -  exp AGu/RT  , i ~- ]. 

Cmi x a ~ 
(11) 
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For l inear dependence of activation energy on molar  composition, 

AG u = ~ N h lim AG u 
k=l Nh~l 

an express ion was obtained for the Fij in a multieomponent mixture in t e rms  of D~j and ~ij: 
RT 

(12) 

(13) 

The symmet ry  condition for the Fij made it possible to obtain an equation for independent de termina-  
tion of the a i j  [10]: 

~ - -  (v ,  - v~) 
(14) 

Under the conditions of interest  to us, diffusion occurs  at boiling and therefore  the Chueh-Prausn i t z  
corre la t ion  [3] was used for the determination of molar  and part ial  molar  volumes.  

For a constant total concentration of the mixture, the equation for the elements of the matr ix [P] are  
of the form 

O~t i RT 0 1 n T ~  + i, ] = I, 2, .. n - -  1. (15) 
~u = - -  OCj C-~mix ONj Nj ]' "' 

The quantity 01nYi/0N j for hydrocarbons of the paraffin ser ies  can be calculated with the help of the 
Chao-Seade r  corre la t ion [4]. 
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Fig. 2. Dependence of pract ical  diffusivity (cm 2 . see -x) 
on composition in a mean-mole  f rame of re fe rence .  
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Fig. 3. Dependence of p rac t i ca l  diffusivity (cm 2 �9 sec -i) 
on the composi t ion  in the m e a n - m o l e  f r a m e  of r e f -  
e rence  without al lowance for  nonideality of solution. 

Thus Eqs.  (5) and (13)-(15) provide  a bas i s  for an a lgor i thm for calculat ing p rac t i ca l  diffusivity.  

In studies of mult icomponent  diffusion, it is  of in teres t  to d iscover  the effect of nonideali ty of solu-  
t ioa on p rac t i ca l  d[ffusivity, which is cha r ac t e r i z ed  by the extent to which the quanti t ies a i j  differ  f rom 
unity. Expres s ions  for p rac t i ca l  diffusivity obtained f rom the S te fan-Maxwel l  equation for a mix ture  of 
ideal gases  [11] can be used to evaluate the effect  of nonideali ty.  

For a th ree -componen t  mixture,  these express ions  a r e  

0,~ [(1 - - N ~ ) % +  N,O,~] 
Du = �9 NicDjn -~ IVjCDik -~- NnC~i j  ' 

N~@jh (O~h - -  Oi1) (16) 

i, ] =  1, 2, i:#], k = 3 ,  

where  

Nj o Ni o 
(l)~j N~ -~- Nj Dq ~- Ni -k N---~ Dis, (17) 

In a th ree -componen t  mix ture  where the amount of one component is vanishingly small ,  the follow- 
ing l imit ing conditions can be obtained f r o m  an ana lys i s  of Eq. (3) [12]: 

lira D~i = O i k =  Ohm, lira Dii = D~q, 
C]~O C i ,Ck-,.O 

-D O D 0. VJ, (is) 
lim Dig .= ( k i - -  is) l imDu=O,  

cIIck~o ~ Ci~O 
i, / = l ,  2, i # j ,  k = 3 ,  
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Calculations of p rac t i ca l  diffusivity in th ree -componen t  mix tu res  were  made on the bas i s  of the p r o -  
posed a lgor i thm.  Limitat ion of the number  of components  to th ree  der ives  f rom the ease  of graphical  
r ep re sen t a t i on  of p rac t i ca l  diffusivity as  a function of mixture  composi t ion.  Calculations were  made by 
means  of a specia l ly  p r e p a r e d  computer  p r o g r a m  for the mix tu res  m e t h a n e - e t h a n e - p r o p a n e ,  methane 
- p r o p a n e - p e n t a n e ,  m e t h a n e - e t h a n e - p e n t a n e ,  and me thane - l~u t ane -pen t ane  at a p r e s s u r e  of 34.3 �9 105 
N / m  2 and sa tura t ion  t e m p e r a t u r e  of the liquid. Diffusion flux was de termined with r e spec t  to m e a n - m o l e  
and mean-vo lume  f r a m e s  of r e f e r ence .  

The presen t  lack of exper imenta l  studies of diffusion in mix tu res  of condensed hydrocarbons  of the 
paraf f in  s e r i e s  of fers  no opportunity to compare  the calculated r e su l t s  with exper imenta l  data; however,  
the c o r r e c t n e s s  of the calculat ions was indirect ly checked by the sa t is fact ion of the following t h e r m o d y -  
namic conditions: 

F~i  = Fj~ ,  IX~j = Ixi~, 

the la t te r  equality being mainta ined only for  constant Cmi x. 

The calculated r e su l t s  for  p rac t i ca l  diffusivity in a m e t h a n e - p r o p a n e - p e n t a n e  mixture  a r e  given in 
Figs.  1-3; the effect of nonideality of solution on diffusion is  equally cha rac t e r i s t i c  for all the mix tu res  con-  
s idered.  

A two-dimensional  r ep resen ta t ion  of the th ree -d imens iona l  dependence of p rac t i ca l  diffusivity on 
composi t ion [13] is given in Figs.  1-3. The l ines in the plots  r e p r e s e n t  the dependence of p rac t i ca l  dif-  
fusivi ty on the re la t ive  abundance of two components  for a constant content of the third component.  In our 
case,  the propane content was a s sumed  constant and i ts  value in the mix ture  is  given by the numbers  on 
the curves .  

It  is c lear  f rom the curves  that c r o s s - p r a c t i c a l  diffusivi t ies  a r e  comparab le  with the fundamental  
diffusivi t ies  in the neighborhood of c r i t i ca l  p a r a m e t e r s  of the mix tu re  (F ig . l a ,  d). This  is  evidence of 
significant superposi t ion  effects  during diffusion in condensed hydrocarbon s y s t e m s .  

Compar i son  of Figs .  2c and 3c makes  it poss ib le  to analyze the effect of nonideality of solution on 
diffusion. 

In the study of p rac t i ca l  diffusivity dependence on mix ture  composi t ion (Figs.  1-3), it was es tabl i shed 
that the effect  of nonideality of solution appea r s  in a marked  change in the nature of the c r o s s - p r a c t i c a l  
diffusivity dependence on composi t ion and in the values  of fundamental  and c r o s s - p r a c t i c a l  diffusivi t ies  as  
a function of composi t ion.  It should be noted that the most  important  effect of nonideality appea r s  when the 
mean-vo lume  f r a m e  of r e f e r e n c e  is used (Fig. ld) .  

The analys is  shows that the calculat ion of p rac t i ca l  diffusivity in condensed mix tu res  of hydrocarbons  
of the paraf f in  s e r i e s  should take into account nonideality of solution. 
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N O T A T I O N  

a re  the fundamental  p rac t i ca l  diffusivities;  
a r e  the c r o s s - p r a c t i c a l  diffusivities;  
~s the b inary  diffusivity in infinitely diluted solution; 
is the b inary  diffusivity; 
is the chemical  potential  of i - th  component; 
,s the length of diffusion path; 
Ls the f r ic t ion coefficient sat isfying Eqs.  (1), (11), and (13); 
~s the mola r  concentrat ion of i - th  component in mixture;  
t s  the concentra t ion of mixture ;  
Is  the mean absolute  ve loc i ty  vec tor  of i - th  component molecules ;  
ts the mola r  diffusional flux of i - th  component; 
is the par t ia l  mo la r  volume of the i - th  component; 
~s Planck '  s constant; 
~s Avogadro ' s  number;  
ts  the dis tance between two equi l ibr ium posit ions;  
~s the total  act ivat ion energy  of the diffusion p rocess ;  
is the gas constant;  
ts  the absolute  t empera tu re ;  
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Ni is the mole f rac t ion of the i - th  component in the mixture; 
V i is the mole volume of the i - th  component; 

-&ij is the thermodynamic  factor  satisfying Eq.(13); 
i is the act ivi ty factor  of the i - th  component; 

5ij is the Kronecker  delta.  

S u b s c r i p t s  

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