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The de Londe  method is  applied to phase  t r ans fo rma t ion  p r o c e s s e s  in mul t icomponent  s y s -  
t e m s .  It  is  shown that  these  p r o c e s s e s  can be descr ibed  by a single universa l  coordinate  
(the t r ans fo rma t ion  level) and one genera l ized  force  (the mixing affinity).  

In calcula t ions  of p r o c e s s e s  where  n -component  m i x t u r e s  a r e  par t i t ioned by a phase  t r ans fo rma t ion  
method (distil lation, rec t i f ica t ion,  e tc . )  it is  of p rac t i ca l  i n t e r e s t  to cons ider  the possibi l i ty  of descr ib ing  
these  p r o c e s s e s  by fewer  than n - 1  equat ions.  Theore t ica l ly ,  the feas ibi l i ty  of this has  been es tabl ished 
by the Dewgham theorem [1], according  to which the s tate  of a closed sys t em with a known initial  s ta te  can 
at any instant  of t ime  be descr ibed  by just  two independent va r i ab l e s .  The c h a r a c t e r  of these  va r i ab l e s  is  
not defined by this  t heo rem,  however ,  but can be defined only following a the rmodynamic  analys is  of the 
sy s t em.  Such an analys is  in the case  of chemical  r eac t ions  (the de Londe method) [1], using the c o n cep t  
of affinity (general ized potential) yields  

A = Z~i~ (1) 

and the reac t ion  level  ~ (universal  coordinate) defined by the equation 

d~ = dnt (2) 
V i 

In the case  of chemical  reac t ions  it  is  thus poss ib le ,  on the bas i s  of the initial  composi t ion and the 
s to ich iomet r ic  equation of a reac t ion ,  to calcula te  the composi t ion at a given reac t ion  level  [ .  

Despi te  the f a r - r e a c h i n g  analogy between phase  and chemical  t r ans fo rma t ion  phenomena,  it  is  not 
poss ib le  to make  full use  of the de Londe method also in the case  of phase  t r ans fo rma t ion ,  because  no 
s to ich iomet r ic  equations a re  avai lable  for  such t r an s fo rma t ions  of an n-component  s y s t e m .  Neve r the l e s s ,  
the application of this method would seem des i rab le  he re ,  because  the phase  t r ans fo rma t ion  level  can be 
eas i ly  observed  and de termined  by exper iment  (unlike the level  of a chemical  reac t ion) .  

During a phase  t r ans fo rma t ion  (boiling, for  instance) the concentra t ion of a component  in the vapor  
phase  depends not only on i ts  concentrat ion In the liquid phase  but also on the boilIng t e m p e r a t u r e ,  which 
in turn is  de te rmined  by the concentra t ions  of all o ther  components .  The components  change phase  in 
definite p ropor t ions ,  t he re fo re ,  which account for  the in terac t ion  between all  components  s imul taneously .  
These  p ropor t ions  may change during the p r o c e s s ,  but they r ema in  fixed at any instant  and we thus may  
wri te  the s to ich iomet r ic  equation as 

'VlxN1 ' ~  'V2xN2 -~- v z x N  a -[- . .  �9 ~ VlyN1 --'h v2yN2 ~-  vayNa -~- �9 �9 �9 (3) 

It  is  c h a r a c t e r i s t i c  of phase  t r ans fo rma t ion  p r o c e s s e s  that the i n t r amolecu l a r  consti tution of the compo-  
nents does not change and, t he re fo re ,  the symbols  for  the components  (N i) r emaIn  the same on both s ides  
of th is  equation. 

In the case  of chemical  reac t ions ,  the s to ich iomet r ic  r a t ios  a re  de te rmined  by the manne r  in which 
the In t r amolecu la r  constitution of a substance changes;  they r ema in  constant  during a react ion and do not 
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C u r v e s  fo r  ve r i f i ca t ion  of  Eq .  (17) (a) and Eq .  
(18) (b)o 

depend on the r eac t ion  leve l .  In the c a s e  of phase  t r a n s f o r m a t i o n s  these  ra t ios  cannot  r e m a i n  cons tan t ,  
b ecause  t h e  p r o p o r t i o n s  v a r y  dur ing  the p r o c e s s .  Var iab le  s t o i c h i o m e t r i c  r a t i o s  a r e  p e c u l i a r  to Eq .  (3) 
and this  method  d i f fe rs  thus f r o m  the convent ional  method where  an equation of the kind 

Ni(liquid) ~ Ni(vapor) 

is  wr i t t en  down fo r  each  componen t  and the behav io r  of each  componen t  is  cons ide red  independent ly  of the 
o the r  c o m p o n e n t s .  That  method  appl ies  to p r o c e s s e s  where  the phase s  a re  not  unde rgo ing  t r a n s f o r m a t i o n  
(absorpt ion,  ex t r ac t i on ,  e t c . )  and the t e m p e r a t u r e  does not depend on the phase  compos i t i on .  

The phys ica l  mean ing  of  the s t o i c h i o m e t r i c  r a t io s  in Eqo (3) b e c o m e s  c l e a r ,  if  one c o n s i d e r s  that  
(as can be ea s i l y  demons t r a t ed )  in a c losed  s y s t e m  conta in ing  G o = 1 mole  

v~ = vi~ = v~, Y v~ = 1, (4) 

and that  f r o m  Eq.  (2) with the phase  t r a n s f o r m a t i o n  level  

dM 
d z - -  

60 

we have 

dn i 
~ = (5) 

dM 

Evidently, in phase transformations the stoichiometric ratio represents the concentration of a re- 

spective component in the transported mass (undergoing transformation). In other words, the difference 
between two consecutive states consists in that a quantity dM of a substance with concentrations vl, v2 ..... 
has been transformed from one phase to another, irrespective of any particular transfer mechanism. A 
similar conclusion was reached by D. B. Spaulding [2] on the basis of a Reynolds flow model. 

A stoiehiometric ratio is related to the phase concentrations according to the expression 

x ~ Y i [  AHi ] 
v i -- 1 + �9 B (6) 

Xio R ' 

which follows f rom Eq. (5) with these  re la t ions :  

- -  dn.~ = dnly = - -  d [x i (1 - -  z)] = d [giz]; 

Xlo==X i ( 1 - z ) @ - g ~ z ;  k ~ =  gl ; d l n k  s _ AH i (7)" 

The  quanti ty B can be d e t e r m i n e d  f r o m  condit ion (4) as  fol lows:  

d In -1 - -  z R xi0 
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TABLE i. Constants  of the Phase  T rans fo rma t ion ,  Calcula ted for  
the Evaporat ion  of a H e x a n e - H e p t a n e - O c t a n e  Mixture :  AH 1 = 6950 
e a l / m o l e ,  AH 2 = 7430 c a l / m o l e ,  AH 3 = 8880 c a l / m o l e ,  P = 760 m m  
Hg 

Z xx x~ xa y~ Y• Ya ~I V2 V$ ]g K 

0 
0,130 
0,330 
0,440 
0,670 
0,805 
0,895 
1,000 

I 
O, 600 [ O, 1 O0 
0,56310,105 
0,49710,111 
0,45710,112 
0,36710,111 
0,31610,105 
0,285 0,101 
0,256 0,096 

0,300 0,864 0,062 
0,332 [ 0,845 0,068 
0,39210,811 0,078 
0,431 10,784 0,084 
0,52210,715 0,096 
0,579 [ 0,665 0,099 
0,614 0,637 0,099 
0,658 0,600 0,100 

o,o74 o,864[0,o621o,o74i o,o76 
o,o87]o,8251o,o75[O,lOO I 0,072 
O,Ill]O,742Io,o96]o,t62 ] 0,048 
0,132]0,667~0,099~0,224] 0,033 
0,189/0,495]0,12t]0,3841 --0,035 
0,236 0,38310,11410,503] --0,074 
0,2620,~0]0,10510,5751 --0,102 
0,300 0,25610,096[0,658] --0,125 

The val id i ty  of the proposed  method mus t  be a sce r t a ined  t he r m odyna m i c a l l y  and, s ince the na tu re  
of a mix tu re  does  not affect the gene ra l  law of the t h e r m o d y n a m i c s ,  it wil l  suffice to ver i fy  th is  method 
on ideal  m i x t u r e s .  

An inc remen t  of the Gibbs function for  a s y s t e m  d e s c r i b e d  by a s ingle s t o i eh iome t r i c  equation i s  

dG = - -  SdT ~- VdP -k Ad~. (9) 

During equi l ib r ium 

dG = O, dT = O, dP = 0 

and s imul taneous ly  
A = 0. ( l o )  

The affinity i s ,  by defini t ion,  

OG ' OH 

The the rmodynamic  function can be broken down a r b i t r a r i l y  into the no rma l  function (0) and the mixing  
function (M): 

A A ~ -k A M. (12) 

F r o m  the equ i l ib r ium condit ion (10) we have -A0 = A M and th is  a l lows us to deal  fu r the r  with mixing  
functions only, which depend on the composi t ion  only .  

Speci f ica l ly ,  le t  us cons ide r  the in tegra l  

j' d S  M = - -  So = (13)  
o T 

o 

r e p r e s e n t i n g  the total  change of ent ropy of a mix tu re  dur ing a p r o c e s s  f rom ~ = 0 to ~ = 1. During a phase  
t r a n s f o r m a t i o n  f rom an ideal  m ix tu r e  with the composi t ion xi0 t he re  i s  produced a vapor  with the c o m -  
posi t ion Yil, while in a comple te  t r a n s f o r m a t i o n  within a c losed sy s t em 

g~i = X~0; all = nio, 

i . e . ,  the compos i t ions  and the quant i t ies  of the in i t ia l  and the final phase s  a r e  the same  in a comple te  
t r a n s f o r m a t i o n .  The re fo re ,  the mixing en t rop ies  of these  phase s  a r e  a l so  the same:  

S ~  = - -  R E n n  In g~l = SoM=--R2n~o In xi~ , 
Y~, norm xi ,  norm 

if  in the no rma l  s ta te  we le t  Yi ,norm = Xi ,norm" Since the heat  of mixing in ideal  m i x t u r e s  i s  ze ro ,  Eq, 
(13) becomes  
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l I 

0 - 0 

According to Eq. (1), with the volatility equation and the activity equation, the mixing affinity can be ex-  
p ressed  as 

A M = E v i R T  In f~ = R T  In K, (15) 
a i 

where 

l n K = E v  iln -Ai =Ev~lnk i. (16) 
a} 

A substitution into (14) wilt yield:  
! 

In Kd~  = 0. (17) 
0 

Equation (17) represen t s  the formal  thermodynamic  relation between the var iables  determining the phase 
t ransformat ion  of an ideal n-component  mixture .  It expresses  the fact that ideal mixtures  of the same 
composition have the same mixing entropy regard less  of their  aggregate state.  

All concentrat ions during a phase t ransformat ion  must  satisfy Eq. {17), as long as the phase t r a n s -  
formation level z is equivalent to the react ion level [ and the s toichiometr ic  ra t ios  have been defined 
co r r ec t ly .  

Another formal  relation between phase t ransformat ion var iables  follows direct ly f rom Eq. (5): 

1 

.t' v f l z  = x~o. (18) 
0 

This equation ref lects  the fact that the quantity of a component t ransformed from one phase to another in a 
complete p roc e s s  within a closed sys tem is equal to the initial quantity of this component.  

It follows f rom (17) and (18) that the average value K = 1 is reached when 

v~ = xio. (19) 

As an example, we will consider  the evaporation of a t e rnary  mixture:  hexane-hep tane -oc tane  at 
P = 760 mm Hg. For  each specific evaporation level z (within the range f rom 0 to 1) the tempera ture  as 
well as the corresponding values of t~ i and x i were determined f rom the condition 

Ex~ = E x~~ -- t 
(1 - -  z) + ' k i z  

by the matching method.  Then, the s toichiometr ic  rat ios  v i were determined f rom Eq. (6) and the values 
of lnK were determined from Eq. (16). 

The resul t s  of one such ca l cu l a t i ona re  shown in Table 1. The graph of IogK = f(z) is shown in Fig. 
la ,  indicating that the net a rea  between the logK curve and the z-axis  is zero in accordance with Eq. (17). 
The graphs of v i = f(z) are  shown in Fig. lb; evidently, condition (18) is satisfied here .  The value K = 1 
occurs  at z .- 0.53 and, according to Fig.  lb,  condition (19) is a lmost  exactly satisfied at this value of z.  

Consequently, the proposed method of describing phase t ransformat ions  by means of s toichiometr ic  
equations (3), while allowing the de Londe method to be used to the full extent, yields also physical ly valid 
resu l t s .  At the same t ime,  there  appears  the possibil i ty of applying these resu l t s  to nonequilibrium phase 
t ransformat ion p r o c e s s e s  on the basis  of their  analogy to chemical  react ions  [3], with the problem having 
been pret ty well solved for  the la t ter  case .  

A is the affinity; 

u i is the stoichiometric ratio; 

/~i is the chemical potential of a component;, 

is the degree of reaction process; 

N O T A T I O N  
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n i is  the 
z i s the 
M is  the 
xi, Yi i s  the 
AH i i s  the 
R is  the 
k i i s  the 
G is  the 
S i s  the 
V is  the 
T is  the 
H is  the 

num ber  of moles  of a component;  
phase  t r ans fo rma t ion  level;  
num be r  of moles  of the mixture ;  
mole  f rac t ions  of component  i in phase  x and in phase  y respec t ive ly ;  
heat  of phase  t r ans fo rmat ion ;  
gas  constant;  
phase  dis tr ibut ion fac to r  
Gibbs function; 
entropy; 
volume; 
t empera tu re ;  
enthalpy.  

S u b s c r i p t s :  

x, y r e f e r  to phase  x and to phase  y respec t ive ly ;  
0 denotes  initial  state;  
1 denotes  final state;  
i r e f e r s  to component  i; 
M denotes  mixing functions; 
0 denotes normal  functions.  
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