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A P H E N O M E N O L O G I C A L  D E S C R I P T I O N  OF D I F F U S I O N  

P R O C E S S E S  IN N O N I D E A L  G A S E S  

P .  P~ B e z v e r k h i i ,  V .  G .  M a r t y n e t s ,  
a n d  E .  V .  M a t i z e n  

UDC 532.72.533.27 

A phenomenological  approach  to the diffusion p rob lem is p re sen ted  which allows one to d e t e r -  
mine the behav io r  of the coeff icient  of interdiffusion in nonideal b ina ry  gaseous  solutions in a 
r a t h e r  wide region of var ia t ion  of the p a r a m e t e r s .  

The theory  of diffusion in dense nonideal  gases  st i l l  r ema ins  underdeveloped.  In this connection a 
phenomenological  approach  to the diffusion p rob lem is  of fered  which p e r m i t s  a sa t i s f ac to ry  descr ip t ion  of the 
behav io r  of the coeff icient  of interdiffusion n e a r  the c r i t i ca l  region of vapor iza t ion  of b ina ry  solutions except  
for  a smal l  vicini ty  of the c r i t i ca l  point.  This approach  is ba sed  on propos i t ions  of nonequi l ibr ium t h e r m o -  
dynamics ,  and i ts  succes s  is due to the exper imen ta l ly  es tab l i shed  re la t ionship  consis t ing in the fact  that the 
mobi l i ty  of pa r t i c l e s  in dense gases  depends smoothly  on the p a r a m e t e r s  of the s y s t e m  and, in a n u m b e r  of 
c a s e s ,  is subject  to calculat ion or  expe r imen ta l  de terminat ion .  Thus,  in the given approach pr inc ipa l  a t ten-  
tion is  paid to the ana lys i s  of the the rmodynamic  force  - the gradient  of the chemica l  potential .  One can be 
sure  that a success fu l  explanation of some of the obse rved  dependences of the coefficient  of diffusion on the 
p a r a m e t e r s  of the s y s t e m  through such an approach  will p romote  the m o r e  intensive development  of e x p e r i -  
ment  in this field.  

According to nonequi l ibr ium t h e r m o d y n a m i c s ,  in a one -phase ,  two-component  sy s t em without ex te rna l  
f ie lds ,  with P = eonst  and T = eonst ,  

]~ = - -  L , 2  v~t~  . . . .  n D t ~ v  c ,  ]~ = - -  ] , ,  (1) 
T 

where  the fluxes of the components  are  t r ea t ed  in a re la t ive  coordinate  sy s t em moving with the n u m e r i c a l - m e a n  
ve loc i ty ,  and hence D~2 is t r e a t ed  in the same  coordinate  sy s t em.  

One can show [1] that  

D,~ = bc (1 - -  c) 0 ~ -  p ,T  (2) 

The mobil i ty  en te r ing  into Eq. (2) mus t  be dis t inguished f rom molecu l a r  mobi l i ty .  They coincide if the concen-  
t ra t ion  approaches  zero .  Hencefor th  we have the l a t t e r  case  in mind.  It is seen f r o m  (2) that the coefficient  
of interdiffusion depends on the mobil i ty  and the der iva t ive  of the chemica l  potent ia l  with r e s p e c t  to the concen-  
t ra t ion .  F i r s t  le t  us cons ider  the mobil i ty  and cite expe r imen ta l  data allowing us to make an assumpt ion about 
the weakness  of i t s  var ia t ion .  In Fig.  1 we p re sen t  data on self-diffusion in different  gases  in a wide range of 
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Fig. 1. Dependence of rat io D/D 0 on reduced density P/Pc 
f rom data on self-diffusion in the following sys tems:  Ar 
(1, 2) [2]; Kr (3, 4, 5) [3]; CO2 (6, 7) [4]; N 2 (8) [5]; CH4, 
(9, 10, 11) [6]; SF 6 (12) [7]; 11, 12) data on the boundary 
curve.  Curve I is constructed using the Vande rWaa l s  
equation; II) f rom the Berthelot  equation with T* = 2; 
III) the same with T* = 1; 1) T / T  c = 1.00013; 2) 1.025; 
3) 1.423; 4) 1.472; 5) 1.064; 6) 1.013; 7)'1.030; 8) 2.324; 
9) 1.022; 10) 1.433. 

densit ies at different t empera tu res  [2-5l and on the curve of coexistence [6, 7] (the rat io D/D 0 is laid out along 
the ordinate axis,  where D o is the coefficient of self-diffusion calculated by the Chapman-  Enskog method [8] 
with the pa rame te r s  of the in te rmolecular  potential determined in such a way as to satisfy the experimental  
values of D in the given sys tem at low densit ies) .  It follows f rom Fig. 1 that the coefficients of self-diffusion 
in nonideal gases ,  which are determined by the mobility of the par t ic les ,  depend on the density just  as in the 
case of ra re f ied  gases .  One can ar r ive  at the same conclusion by examining the graphic functions given in 
repor t s  on the measurement  of the coefficients of self-diffusion in Xe on the boundary curve and in the cr i t ical  
region [9], as well as in C2H 4 and H 2 [10]. One should also note [11], in which a s imi lar  conclusion was drawn. 
We note that such a dependence is observed at densit ies somewhat exceeding the cr i t ical  density. Curves with 
allowance for the influence of the nonideal nature of the sys tem on par t ic le  mobility with the help of some equa- 
tions of state are  also given in Fig.  1. Fo r  this we used the express ion [8] 

DV I , where b o = B (T) + T dB (T______)) ; 
Dob o y dT 

v ,  rT*( ) I PoVc 1 (3) 
9 =  T* [ \ OT* ]v*J "RTc 

to calculate the coefficient of self-diffusion. To calculate the quantity (OP*/0T*)v.  we used the Van der  Waals 
equation P* = 8T*/(3V* - 1) - 3/V .2 and the Berthelot  equation P* = 8T*/(3V* - 1) - 3/(T'V*2).  With allow- 
ance for  the nonideal nature of the gas the quantity D/D 0 does not remain constant.  If the Berthelot  equation is 
used it depends on T and p while if the Van der  Waals equation is used it depends only on p. It is also seen 
f rom Fig. 1 that the use of the Berthelot  equation (curve III) pe rmi t s  a be t te r  description of the experimental  
data. In this ease the approximation e r r o r  is ~ 10%. 

Now let us consider  the question of the behavior  of the mobility of molecules  in nonideal gas mixtures .  
The mobility of molecules  in such sys tems  can be determined with the help of (2) f rom known expe.rimental 
values of D~2 and (Sp/~C)p, T o r  by measur ing  this quantity di rect ly ,  such as by the spin echo method. 

By using Eq. (2) to determine b f rom values of D12 and (ap/ae)p,  T taken f rom [12, 13] it was established 
that this quantity, just  as in the case of one-component  sys tems ,  behaves in accordance with the laws of r a r e -  
fied gases ,  despite the considerable densi t ies ,  exceeding the cr i t ical  value. One can draw the same conc lus ion  
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if one cons ide rs  the r e su l t s  of m e a s u r e m e n t s  of the mobil i ty  by the spin echo method [14t. T h u s ,  we propose  
to calcula te  the mobil i ty  in nonideal gas  mix tu re s  f rom the Chapman - Enskog equation [8] 

DO e -----b(l --c) kT=0.32024"10 -~ MIc-~- M2(1--c)  V 
TMiMz 

PO~2 ~ '  ~)* 2 (M, -{- Ms) (4) 

Since the particle mobility b has no singularities in a rather wide region of variation of the parameters of the 
equation of state and even near the boundary of separation into phases, the behavior of the coefficient of dif- 
fusion in nonideal gaseous solutions of low concentration will be determined, in accordance with (2), by the 
dependence of (Dp/ac)p, T on the parameters of the system, especially in those regions where the relative 
variation in the mobility of the diffusing particles is considerably less than the variation of the derivative 

(Op/Oc) p ,  T" 

Let  us cons ider  the dependence of (0/~/0c)p, T on the p a r a m e t e r s  of the s y s t e m  and c lar i fy  some ex p e r i -  
menta l ly  obse rved  p r o p e r t i e s  of the behav ior  of the coeff icient  of diffusion. An explici t  express ion  for  the 
der iva t ive  (0/a/0c)p, T through the equation of state was obtained in [11 under cer ta in  assumpt ions  about the 
behav ior  of the f ree  energy  of a solution in the f o r m  

(-"~cOlX) = kT [ l -  c -  (OPlOc)~'v ] 
p,r c kT :-- (OP/OV)r,c (5) 

o r  in the f o r m  [15] 

P 

" c)~ . ]p,T~ y ( l - - c )  ' -]p,rdP. t : ) , , ,  [ T, o,,,<,, <o> 

Po 

Thus,  to de te rmine  the quantity (~p/0c)p ,  l one mus t  know the equation of s ta te .  It is in teres t ing to analyze 
the behav io r  of (Og/Oc)p, T in the region of appl icabi l i ty  of the V a n d e r  W a a l s -  Landau theory .  We p e r f o r m  
the ana lys i s  within the f r a m e w o r k  of the V a n d e r  Waals equation for  a mixture  of two gases ,  

RT a 
P - -  V - -  b V2 , (7) 

where  a = a l l c  e + 2 a i 2 c ( 1 - c )  + a 2 2 ( 1 -  c) ~, b = b l l c  2 + 2 b 1 2 c ( 1 - c )  + b 2 2 ( 1 -  c) 2. The constants  al l and b il for  
an A r -  CO 2 solution were  de te rmined  f r o m  the values  of T c and V c of pure  h r  [16], while a22 and b22 were  
found by the l e a s t - s q u a r e s  method f rom the data of [17] for  CO2. The constants  a12 and b12 were  de te rmined  
by the l e a s t - s q u a r e s  method f rom data for  an A r -  CO 2 mix ture  [13] by substi tut ing the a ! ready known all  , b l l  , 
a2z, and b22 into Eq. (7). The r e su l t s  obtained a re  p resen ted  in Table 1 .  Now that we have the equation of 
s tate  (7), we can find the der iva t ive  (ap/~c)p ,  T f rom (5) and (6) and, using Eq. (2), we can find the ra t io  of 
the coefficient  of diffusion of the nonideal gas mix tu re  to the coeff icient  of diffusion of an ideal solution ca lcu-  
la ted f rom (4) at the same values  of p and T as for  the nonideal solution: 

D c ( O~t ) = 1  c(1--c)a  { (OP*/Ok)~.v 1 
D~ -- RT ~-c p,r V*a --  (OP*/OV*)r,~ b= 3V* - -  b/b2z 

[ d2b 1 1 ( d b  ~2] 9 1 d2a ! 

X L-~c z + 3V*--O/bzz b2~- \ ~ c  ] j + V* azz dc ~ J" 

8T* 

Here  V and T are  reduced  to the c r i t i ca l  values  Vc = 3522 and Te = 8a22/27b22R for  pure  CO2. 

Of cou r se ,  Eq. (8) is val id in that region where  one can as sume  that the mobil i ty  of the molecu les  is 
de te rmined  by Eq. (4). In addition, for  the reasonable  application of (8) one mus t  de te rmine  the region of 
separa t ion  of the solution into phases .  
by the equation 

(8) 

The metas tab le  region,  in the coordinates  V, T, c,  e . g . ,  is de te rmined  

/~: = 1~ ~g = u~, (9) 

TABLE 1. Constants  of the V a n d e r  Waals Equation 

al l ,  

bar.cm~/ 
mole z 

1,06.106 

Ar 

bll, 
eroS/mole 

25,1 

'rl22 , 

b ~ .  era~ 
mole ~ 
3,20. I0 ~ 

CO, 

b22, 
cma/mole 

35.9 

Ar--C02 mixture - 

a12 b12, 
bar. cm~/ cmS/mole 
mole 

1,77.106 31,0 
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whe re 

I - *  t,l.\;o/ll 'i 

Fig.  2. Dependence of D/D~2 on the reduced density 
P* = P/Pc and the concentration c. 

db da 
cRT b + ( 1 - - c ) - ~ c  2a + ( t --c)  d--~ 

~t, (P (T, V, c), T, c) - -  X, (T) -- In + 
V ~ b V - -  b VRT 

(10) 

ft., (P (T, V. c), T, c) - -  X2 (T) = In 

db da 
b - - c  - - -  2 a ~  t - -  

(1--  c) RT de de 
V ~  b + V - -  b VRT 

(II)  

#iC= RT In (Pci) + %i (T). 

The result ing dependences of D/D~2 on T, V, and c for an A r -  CO2 mixture near  the region of separation 
of the solution, which is adjacent to the c r i t ica l  point of vaporization of pure CO2, are presented in Fig.  2 [at 
T* = T /T  c equal to 1.013 (a) and 0.99 (7o)]. The dependence on the reduced density p* = P/Pc (the values of Pc 
and T c a re  taken for pure CO 2) for  solutions with different Ar  concentrat ions is shownonthe left. The de-  
pendence of D/DO 2 on e at  p* = e o n s t  is shown on the r ight .  The numbers  on the curves  a re  the concentrat ion 
in mole % (left) and the values of the re la t ive  density (right). The dashed lines and the hatched region c o r r e -  
spond to the two-phase  region.  Negative values of (O#/ac)p, T cor respond to the region of absolute instability, 

In Fig.  3 dependences of D/D~z on T at constant P and c near  the separation region,  calculated using (8), 
are compared with experimental  data obtained in [18]. The calculation (solid lines) was made at p r e s s u r e s  
which were adjusted so as to match the tempera ture  of separation into phases.  The dashed lines are drawn 
through the experimental  points. Here some of the data obtained at high tempera tures  far  f rom the boundary 
curve were used to calculate D~2 from Eq. (4) at the following values of the pa ramete r s  of the potential of the 
in termotecutar  interact ion:  a~2 = 4.8/~,  a~2/k = 480~ they were found f rom the condition of the best  approxi-  
mation of these data by Eq. (4). The sa t i s fac tory  agreement  between the resul ts  obtained by the proposed 

i i  ' ---- • ~1 o ' - b  

200 250 

Fig. 3. Dependence of D/D~2 on t em-  
pera ture  T, ~ at P =cons t  and c = 
const:  a) 1 atm; b) 2 atm, data of 
[18] on diffusion in an A r - C O  2 sys -  
tem.  
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calculat ion method and e x p e r i m e n t  is  seen f rom Fig.  3. It should a lso  be noted that the exper imen t  conf i rms  
the sha rp  dec r ea se  in the coeff icient  of diffusion as  the two-phase  region is approached,  which we a s sumed .  

Now let  us de te rmine  the region of va lues  of the p a r a m e t e r s  where the given approach to the diffusion 
p rob l em is  inappl icable .  This is p r i m a r i l y  the region of the liquid state (p* > 1.5), as well as the region n e a r  
the c r i t i ca l  point of vapor iza t ion  of b inary  solut ions,  in which the Onsager  coefficient  can no longer  be con-  
s idered  to be slowly varying .  In fact  (see [19], for  example) ,  this  coefficient  has  a s ingular i ty ,  and i ts  t e m -  
pe r a tu r e  dependence can be wri t ten as 

L~ 2 = Ao ~-~+v �9 (12) 

The behav io r  of the coeff icient  of diffusion i t se l f  n e a r  the c r i t i ca l  point is  desc r ibed  by the equation 

kT 
Dt2 = L~2/(OC/OF)~,r= 6n~lrco~ (13) 

where  rco r = r0 T-v and (Oc/O#)p, T ~ a0T-T" 

Thus,  in the genera l  c a s e ,  the coeff icient  of diffusion can be r e p r e s e n t e d  in the fo rm of two t e r m s :  

D , z = b c ( 1 - - c ) (  OF I + kr  . (14) 
I Oc ]e,r 6~lrcor 

F a r  f rom the c r i t i ca l  point the f i r s t  t e r m  is  l a r g e r  than the second and it p lays  the main role  in diffusion 
p r o c e s s e s .  In the region c lose  enough to the c r i t i ca l  point the second t e r m  p reva i l s  and the diffusion is  d e t e r -  
mined by it .  The f i r s t  t e r m  c o r r e s p o n d s  to the contribution to the diffusional flux a r i s ing  due to the diffusion 

of molecules  whose mobil i ty  v a r i e s  weakly under  the action of the the rmodynamic  force  ~ p / T .  The second 
t e r m  coincides in f o r m  with the Einstein equation and co r r e sponds  to the coefficient  of diffusion of c lu s t e r s  
with a size "~rcor ,  i so la ted  with r e s pec t  to concent ra t ion ,  which undergo Brownian motion.  An es t ima te  [12] 
shows that  fo r  a C 0 2 - A r  s y s t e m  the second t e r m  in (14) s t a r t s  to have an apprec iab le  influence on the be -  
hav ior  of the coeff icient  of interdiffusion only for  �9 -< 10 -3, when c ~ 3 mole  %. 

Thus,  one can conclude that to desc r ibe  the diffusion p r o c e s s e s  at some distance f rom the c r i t i ca l  point 
one can,  as in [12, 13], take the mobil i ty  of the molecu les  as depending weakly on the p a r a m e t e r s  of the s y s -  
t e m ,  and Eq. (2) and an approx imate  equation of state of the V a n d e r  Waals - Landau type can be used to ca lcu-  
late the coefficient  of diffusion. 

NOTATION 

P, p r e s s u r e ;  T, t e m p e r a t u r e ;  V, m o l a r  volume;  p, density of solution, g /cm3;  R, gas constant;  L~2, 
Onsager  kinet ic  coeff icient ;  j 1, J2, fluxes of mix ture  components ;  B(T),  second v i r ia l  coefficient;  p, chemi -  
cal  potential ;  p~d, chemica l  potential  of i - th  component  of a m ix tu r e  of ideal gases  under the same conditions 
as in the mix ture  of nonideal gases ;  Pi, chemica l  potential  of i - th  component  of the actual  mix ture ;  n, num-  
b e r  density of pa r t i c l e s ;  c, concentrat ion of second component ,  m o l a r  f ract ion;  b, mobi l i ty  of molecu les ,  
c m / s e c  .dyn;  DI2 , coefficient  of interdiffusion;  D~2 C h a p m a n - E n s k o g  coefficient  of interdiffusion;  ~(J'~)~ , ' 1 2  ' 

coll ision in tegra l ;  M 1 , M 2, mo lecu l a r  weights of diffusing molecu les ;  D, coefficient  of se l f -di f fus ion;  D o, 
C h a p m a n - E n s k o g  coefficient  of se l f -di f fus ion;  e12, a12, p a r a m e t e r s  of Lennard - Jones  potential ;  k,  Bol tz-  
mann  c o n s t a n t ;  a H ,  a12, a22, b l l ,  b12, b22, constants  of V a n d e r  Waals equation of state of the mix ture ;  
7 = (T - T c ) / T  c,  reduced t e m p e r a t u r e ;  T, v, c r i t i ca l  indices of compress ib i l i t y  and cor re la t ion  rad ius ,  r e -  
spect ive ly ;  rco  r ,  co r re l a t ion  rad ius .  Cr i t ica l  va lues  are  denoted by the index c; values  reduced  to c r i t i ca l  
values  a re  denoted by *; ~?, v i scos i ty ;  a~2,/~. 
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D E P E N D E N C E  B E T W E E N  T H E  C O E F F I C I E N T  OF 

D I F F U S I O N  A N D  T H E  C O N C E N T R A T I O N  OF 

N O N A Z E O T R G P I C  B I N A R Y  M I X T U R E S  

V .  V .  M o l y a v i n  UDC 532.72:541.12.017 

An e m p i r i c a l  re la t ion  is obtained between the coefficient  of diffusion and the difference in equi-  
l ib r ium m o l a r  f rac t ions  of the low-boi l ing-point  component  in the vapor  and liquid phases  of six 
nonideal b inary  s y s t e m s .  

Because  of the complexi ty  and inadequate study of the p r o c e s s  of diffusion in liquid mix tu re s ,  the depen- 
dence of the coefficient  of mo lecu l a r  interdiffusion of the components  on the composi t ion cannot yet  be ex-  
p r e s s e d  s t r ic t ly  analyt ical ly .  Var ious  approximate  equations allowing for  one or  another  f ac to r s ,  which are  
not a lways known in p rac t i ce ,  have been p roposed  for  calculat ing the coeff icients  of diffusion of b inary  mix -  
t u r e s  [1-3]. F o r  example ,  the Wilke equation includes the dependence of the act ivi ty and v iscos i ty  of the 
components  on the composi t ion,  while the Darken equation includes the dependence of the coefficient of activity 
of the components  on the concentra t ion.  In the major i ty  of c a s e s ,  however ,  ne i ther  the act ivi t ies  nor  the i r  
coeff icients  are  known, nor  the equi l ibr ium concentra t ions  of the components  in the liquid and vapor  phases  
of the mix tu re .  

The fo rces  of in teract ion of the molecu les  of the components  have the de te rmin ing  influence on the in- 
tensi ty  of interdiffusion of the components  and the phase equi l ibr ium of nonideal mix tu re s .  These fo rces  a re  
ve ry  smal l  in m ix t u r e s  which are  ideal o r  c lose to it. F o r  such mix tu res  the total and par t ia l  p r e s s u r e s  and 
the coefficient  of diffusion can be calcula ted sufficiently re l iab ly  by the additivity rule with allowance for  the i r  
l inear  dependence on the concentra t ions  of the components .  The composi t ion of the vapor  phase of an ideal 
solution of a mix ture  is also ea sy  to ca lcu la te ,  knowing the composi t ion of the equi l ibr ium liquid phase .  F o r  
nonideal m ix tu r e s  a depar tu re  f rom the ideal (linear) dependence occurs  because  of the influence of the fo rces  
of m o l e c u l a r  in teract ion.  The value of the excess  concentrat ion of one of the components  in the vapor  phase 
re la t ive  to the concentra t ion of the same component  in the liquid phase  evidently can cha rac t e r i ze  to a g r e a t e r  
o r  l e s s e r  degree  the nonideal nature  of the p r o c e s s e s  of vapor iza t ion  and diffusion. The excess  concentrat ion 
AX in the vapor  phase  is a function of the the rmodynamic  p a r a m e t e r s  ( t empera tu re ,  p r e s s u r e ,  and concen t ra -  
tion of the mixture)  and of the p r o c e s s e s  taking place in the liquid l aye r  at the boundary between the vapor  
phase and the main m a s s  of liquid fa r  f r o m  the phase  in te r face .  There fo re ,  g r e a t e r  cor respondence  should 
be obse rved  between the coefficient  of diffusion D1 in the boundary l aye r  and the value of the excess  concent ra -  
tion AX than between AX and the coeff icient  of diffusion D for  the main m a s s  of liquid. 
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