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ABSTRACT

T h e  s t a t i s t i c a l - m e c h a n i c a l  l o c a l  c o m p o s i t i o n  m o d e l  

h a s  b e e n  a p p l i e d  t o  d e s c r i b e  t h e  c o m p o s i t i o n  d e p e n d e n c e  o f  a 

r e c e n t l y  d e v e l o p e d  e q u a t i o n  o f  s t a t e  f o r  u s e  i n  v a p o r - l i q u i d  

e q u i l i b r i a  c a l c u l a t i o n s .  The  c o m p o s i t i o n - d e p e n d e n c e  f o r  t h e  

m i x t u r e  p r o p e r t i e s  i s  d e r i v e d  f r o m  a  l o c a l  c o m p o s i t i o n  m o d e l  

e x p r e s s i o n  f o r  t h e  H e l m h o l t z  f r e e  e n e r g y .  T h e  l o c a l  

c o m p o s i t i o n  m i x i n g  r u l e s  h a v e  b e e n  t e s t e d  f o r  a  w i d e  v a r i e t y  

o f  b i n a r y  m i x t u r e s :  m i x t u r e s  c o n t a i n i n g  c a r b o n  d i o x i d e ,

a c e t o n e ,  h y d r o g e n  s u l f i d e ,  a m m o n i a ,  m e t h a n o l ,  e t h a n o l ,  

1 - p r o p a n o l ,  w a t e r ,  e t c .  When c o m p a r e d  w i t h  t h e  c o n v e n t i o n a l  

c o n f o r m a i  s o l u t i o n  m o d e l ,  a  s i g n i f i c a n t  i m p r o v e m e n t  i s  

o b t a i n e d  f o r  v a p o r - l i q u i d  e q u i l i b r i a  p r e d i c t i o n s  f o r  

s t r o n g l y  n o n i d e a l  m i x t u r e s .  T h i s  l o c a l  c o m p o s i t i o n  m o d e l  

c a n  b e  u s e d  t o  e x t e n d  a n y  c o r r e s p o n d i n g - s t a t e s  t y p e  e q u a t i o n  

o f  s t a t e  t o  m i x t u r e s .

IX



APPLICATION OF THE LOCAL-COMPOSITION MODEL TO A GENERALIZED 

EQUATION OF STATE FOR REPRESENTING VAPOR-LIQOID 

EQUILIBRIA OF NONIDEAL MIXTURES

CHAPTER I .

INTRODUCTION

Many e n g i n e e r i n g  p r o c e s s e s  i n v o l v e  v a p o r - l i q u i d  

s e p a r a t i o n  p r o c e s s e s  s u c h  a s  f l a s h  s e p a r a t i o n ,  d i s t i l l a t i o n ,  

a b s o r p t i o n ,  e t c .  K n o w l e d g e  o f  p h a s e  e q u i l i b r i a  i s  n e c e s s a r y  

f o r  u n d e r s t a n d i n g  t h e s e  s e p a r a t i o n  p r o c e s s e s  a n d  e f f i c i e n t  

d e s i g n  o f  t h e  s e p a r a t i o n  p r o c e s s  u n i t s  r e q u i r e s  q u a n t i t a t i v e  

i n f o r m a t i o n  o n  t h e  p h a s e  e q u i l i b r i a  o f  m i x t u r e s .

The  t h e r m o d y n a m i c  m e t h o d s  f o r  c a l c u l a t i n g  v a p o r -  

l i q u i d  e q u i l i b r i a  (VLE) u s u a l l y  a r e  b a s e d  o n  u s e  o f  a n  

e x p r e s s i o n  f o r  a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  l i q u i d  p h a s e  

a l o n g  w i t h  t h e  u s e  o f  a n  e q u a t i o n  o f  s t a t e  f o r  v a p o r  

f u g a c i t y  c o e f f i c i e n t s  o r  u s e  o f  f u g a c i t y  c o e f f i c i e n t s  f r o m  

a n  e q u a t i o n  o f  s t a t e  f o r  b o t h  l i q u i d  and  v a p o r  p h a s e s .  The 

a c t i v i t y  c o e f f i c i e n t  a p p r o a c h  w o r k s  w e l l  a t  lo w  r e d u c e d  

t e m p e r a t u r e s  w h e r e  t h e  l i q u i d  p h a s e  i s  r e l a t i v e l y  

i n c o m p r e s s i b l e  a n d  up t o  m o d e r a t e  p r e s s u r e s .  H o w e v e r ,  when 

s u p e r c r i t i c a l  c o m p o n e n t s  a r e  i n v o l v e d  i n  t h e  m i x t u r e ,  i t  i s



n e c e s s a r y  t o  u s e  a h y p o t h e t i c a l  r e f e r e n c e  s t a t e  f o r  e a c h  o f  

t h e  s u p e r c r i t i c a l  c o m p o n e n t s ,  w h i c h  m a k e s  t h e  c a l c u l a t i o n s  

c u m b e r s o m e -  A l s o ,  t h e  m i x t u r e  c r i t i c a l  r e g i o n  c a n n o t  b e  

a c c u r a t e l y  d e s c r i b e ! .  T h e  a p p r o a c h  o f  u s i n g  a n  e q u a t i o n  o f  

s t a t e  f o r  b o t h  t h e  l i q u i d  a n d  v a p o r  p h a s e s ,  m i x t u r e  

c o n t a i n i n g  s u p e r c r i t i c a l  c o m p o n e n t s  d o e s  n o t  r e q u i r e  t h e  u s e  

o f  h y p o t h e t i c a l  s t a n d a r d  s t a t e s -  A l s o ,  b e c a u s e  t h e  v a p o r  

a n d  l i q u i d  p h a s e s  a r e  b o t h  d e s c r i b e d  by t h e  s a m e  e q u a t i o n  o f  

s t a t e ,  a c c u r a t e  d e s c r i p t i o n s  o f  v a p o r  l i q u i d  e q u i l i b r i u m  a t  

s t a t e  c o n d i t i o n s  n e a r e r  t h e  m i x t u r e  c r i t i c a l  p o i n t  a r e  

p o s s i b l e -

The c o n v e n t i o n a l  m e t h o d  f o r  e q u a t i o n  o f  s t a t e  

p r e d i c t i o n  o f  m i x t u r e  p r o p e r t i e s  i s  b a s e d  on  t h e  van  d e r  

K a a l s  o n e - f l u i d  m i x i n g  r u l e s ,  o r  t h e  s o - c a l l e d  C o n f o r m a i  

S o l u t i o n  M o d e l  (CSfl) .  I t  i s  s u p p o s e d  i n  t h e  CSS t h a t  t h e  

p r o p e r t i e s  o f  a  m i x t u r e  a t  t e m p e r a t u r e  T,  a n d  p r e s s u r e  P ,  

a n d  c o m p o s i t i o n  x a r c  t h e  s a m e  a s  t h o s e  o f  a  h y p o t h e t i c a l  

p u r e  f l u i d  ( a t  t h e  s a m e  T a n d  P) w h o s e  c h a r a c t e r i s t i c  

p a r a m e t e r s  a r e  f u n c t i o n s  o f  t h e  c o m p o s i t i o n  x .  T h e s e  

f u n c t i o n s ,  c a l l e d  m i x i n g  r u l e s ,  a r e  q u a d r a t i c  i n  m o l e  

f r a c t i o n .  T h i s  m o d e l  h a s  b e e n  s h o w n  t o  w o rk  w e l l  f o r  

m i x t u r e s  o f  n o n p o l a r  a n d  s l i g h t l y  p o l a r  s u b s t a n c e s [ S t a r l i n g  

e t  a l - ,  1977 ;  P e n g  e t  a l - ,  1 9 7 6 ;  R o b i n s o n  e t  a l - ,  1 9 7 7 ) .  

One o f  t h e  r e a s o n s  t h a t  t h e  c o n v e n t i o n a l  m i x i n g  r u l e s  do  n o t  

w o rk  w e l l  f o r  p o l a r  f l u i d s  i s  t h a t  t h e  q u a d r a t i c  m o l e -  

f r a c t i o n  m i x i n g  r u l e  f o r  p a r a m e t e r s  d o e s  n o t  h o l d  a t  l i q u i d



d e n s i t i e s  f o r  n o n - s i m p l e  m i x t u r e s  [ W h i t i n g  a n d  P r a u s n i t z ,  

1932) .

S i n c e  t h e  p r e s e n t a t i o n  o f  t h e  l o c a l - c o m p o s i t i o n  

c o n c e p t  ( W i l s o n ,  1 9 6 4 ) ,  t h i s  c o n c e p t  h a s  b e e n  w i d e l y  a p p l i e d  

t o  d e v e l o p  m o d e l s  f o r  l i q u i d  a c t i v i t y  c o e f f i c i e n t s .  T he  

a c t i v i t y  c o e f f i c i e n t  a p p r o a c h  b a s e d  on  t h e  l o c a l  c o m p o s i t i o n  

m o d e l  h a s  b e e n  t e s t e d  f o r  a  w i d e  v a r i e t y  o f  f l u i d  m i x t u r e s  

i n c l u d i n g  s t r o n g l y  n o n i d e a l  l i q u i d  m i x t u r e s  (B enon  a n d  

P r a u s n i t z ,  1 9 6 8 ;  B r u i n ,  1 9 7 0 ,  1 9 7 1 ;  A b r a m s  a n d  P r a u s n i t z ,

1 9 7 5 ;  F r e d e n s l u n d  e t  a l - ,  1 9 7 5 ) .

Due t o  t h e  s u c c e s s f u l  a p p l i c a t i o n s  o f  t h e  l o c a l  

c o m p o s i t i o n  m o d e l  t o  t h e  a c t i v i t y  c o e f f i c e n t  a p p r o a c h  i a  

p r e d i c t i o n  o f  v a p o r - l i q u i d  e q u i l i b r i a ,  som e  a t t e m p t s  h a v e  

b e e n  made t o  b r i d g e  t h e  g a p  b e t w e e n  t h e  e q u a t i o n  o f  s t a t e  

a p p r o a c h  a n d  t h e  a c t i v i t y  c o e f f i c i e n t  a p p r o a c h  by  u s i n g  t h e  

l o c a l  c o m p o s i t i o n  c o n c e p t  i n  e q u a t i o n s  o f  s t a t e -  H u ro n  a n d  

V i d a l  (1 9 7 9 )  h a v e  i n t r o d u c e d  t h e  e x c e s s  G i b b s  f r e e  e n e r g y  

f o r m u l a t i o n  b y  B e n o n  an d  P r a u s n i t z  (1968)  i n t o  t h e  e n e r g y  

p a r a m e t e r  * a * i n  t h e  B e d l i c h - K w o n g  e q u a t i o n  o f  s t a t e -  

V a c h h a n i  and  A n d e r s o n  (1 9 8 2 )  h a v e  a p p l i e d  t h e  l o c a l  

c o m p o s i t i o n  f o r m u l i s m  t o  t h e  a t t r a c t i v e  p a r t  o f  t h e  S o a v e -  

P e d l i c h - K w o n g  e q a t i o n  o f  s t a t e  a n d  e m p i r i c a l l y  i n t r o d u c e d  

d e n s i t y  d e p e n d e n c e  i n t o  t h e  m i x i n g  r u l e s .  W h i t i n g  a n d  

P r a u s n i t z  ( 1 9 0 2 )  h a v e  d e v e l o p e d  l o c a l  c o m p o s i t i o n  d e n s i t y -  

d e p e n d e n t  m i x i n g  r u l e s  f o r  t h e  a t t r a c t i v e  p a r t  o f  t h e  v a n



d e r  W a a l s  e q u a t i o n  o f  s t a t e -  M a t h i a s  a n d  Copem an [1 9 8 3 )  

h a v e  d e v e l o p e d  d e n s i t y - d e p e n d e n t  l o c a l  c o m p o s i t i o n  m i x i n g  

r u l e s  t o  e x t e n d  t h e  P e n g - E o b i n s o n  e q u a t i o n  o f  s t a t e  t o  

h i g h l y  n o n i d e a l  m i x t u r e s .

I t  i s  t h e  p u r p o s e  o f  t h i s  s t u d y  t o  a p p l y  t h e  l o c a l  

c o m p o s i t i o n  m o d e l  t o  a  r e c e n t l y  d e v e l o p e d  e q u a t i o n  o f  s t a t e  

f o r  v a p o r - l i q u i d  e q u i l i b r i a  p r e d i c t i o n  f o r  s t r o n g l y  n o n i d e a l  

l i q u i d  m i x t u r e s .



CHAPTER I I  

LOCAL COMPOSITION MODEL

T h e  l o c a l  c o m p o s i t i o n  c o n c e p t  o r i g i n a t e s  f r o m  t h e  

q u a s i - c h e m i c a l  t h e o r y  o f  G u g g e n h e i m  [ 1 9 3 5 ,  195 2  a n d  1966)

f o r  l a t t i c e  g a s e s .  I t  i s  b e l i e v e d  t h a t  t h e  m o t i o n ,  p o s i t i o n  

a n d  o r i e n t a t i o n  o f  a  g i v e n  m o l e c u l e  a r e  s t r o n g l y  a f f e c t e d ,  

d u e  t o  i n t e r m o l e c u l a r  f o r c e s ,  by  i t s  n e i g h b o r h o o d  m o l e c u l e s .  

T he  n e i g h b o r h o o d  m o l e c u l e s  a r e ,  i n  t u r n ,  a f f e c t e d  b y  t h e  

g i v e n  ' c e n t r a l )  m o l e c u l e .  When d i f f e r e n t  t y p e s  o f  m o l e c u l e s  

c o e x i s t  i n  a m i x t u r e ,  a  g i v e n  ( c e n t r a l )  m o l e c u l e  may 

" p r e f e r "  t o  s u r r o u n d  i t s e l f  w i t h  o n e  t y p e  o f  m o l e c u l e  r a t h e r  

t h a n  a n o t h e r  t y p e  o f  m o l e c u l e .  Due t o  t h i s  p r e f e r e n c e ,  t h e  

m o l e c u l e s  d i s t r i b u t e  n o n - r a n d o m l y  i n  t h e  m i x t u r e .  To 

v i s u a l i z e  t h e  p h y s i c a l  m e a n i n g  o f  t h e  l o c a l  c o m p o s i t i o n  

m o d e l ,  wo c o n s i d e r  tw o  r e p r e s e n t a t i v e  f l u i d  r e g i o n s  i n  a 

b i n a r y  m i x t u r e  a s  s h o w n  i n  F i g .  1 .  T h e s e  tw o  f l u i d  r e g i o n s  

h a v e  a t y p e  *A'  m o l e c u l e  a n d  a t y p e  • B '  m o l e c u l e  a s  t h e  

c e n t e r  m o l e c u l e ,  r e s p e c t i v e l y .  T h e  l o c a l  c o m p o s i t i o n  o f  t h e  

f l u i d  r e g i o n  w i t h  a  t y p e  *A'  m o l e c u l e  a s  t h e  c e n t e r ,  i s  

d i f f e r e n t  f r o m  t h a t  o f  t h e  f l u i d  r e g i o n  w i t h  a t y p e  *B'  

m o l e c u l e  a s  t h e  c e n t e r .
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Figure 1. Local Composition Model. 
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STATISTICAL HBCHIHICAL INTERPRETATION OP LOCAL COMPOSITION

A s t a t i s t i c a l  m e c h a n i c a l  i n t e r p r e t a t i o n  o f  t h e  l o c a l  

c o m p o s i t i o n  m o d e l  h a s  b e e n  g i v e n  by  L e e ,  e t  a l .  ( 1 9 8 3 ) .  F o r  

a  b i n a r y  m i x t u r e  o f  m o l e c u l e s  o f  t y p e  A a n d  m o l e c u l e s  

o f  t y p e  B,  t h e  e x p r e s s i o n  f o r  t h e  n u m b e r  o f  n e i g h b o r h o o d  

m o l e c u l e s  s u r r o u n d i n g  a  c e n t r a l  m o l e c u l e  i s  g i v e n  by  t h e  

d i s t r i b u t i o n  f u n c t i o n s ( f o r  s i m p l i c i t y  a s p h e r i c a l l y  

s y m m e t r i c a l  p a i r  p o t e n t i a l  i s  a s s u m e d  h e r e ) ,  g { r )

|A A

" aA ^ W  *  *AA(^) (2-1)
0

H a

" ba^^BA  ̂ -  (2 .2 )
0

(AB ,

" ab^^ab) ■ Pa 1**’̂  :A B <')

BB
dr g j j ( r )  (2 .6 )

w h e r e  i s  t h e  n u m b e r  o f  i  m o l e c u l e s  s u r r o u n d i n g  o n e

c e n t r a l  j  m o l e c u l e  w i t h  a  s p h e r i c a l  v o l u m e  o f  r a d i u s  L^^, 

w h i c h  i s  t h e  r a d i u s  a p p r o p r i a t e  f o r  f i n d i n g  t h e  f i r s t  

n e i g h b o r s  o f  a  c e n t r a l  m o l e c u l e .  o n l y  t h e  n e a r e s t - n e i g h b o r  

i n t e r a c t i o n s  a r e  t a k e n  i n t o  a c c o u n t  i n  t h e  l o c a l  c o m p o s i t i o n  

m o d e l .



A p p l y i n g  t h e  p o t e n t i a l  o f  mean f o r c e ( a c c o r d i n g  t o  

K i r k w o o d ,  1 9 3 5 ) ,  e g n .  ( 2 . 1 )  b e c o m e s

^AA
" aa^ W  »  ®A 1***̂

rAA
»  | d r  4%r2 #xp [ - 6 W ^ ( r ) J  

» ® A  ^ A A “ p [ " ® " aa] (2 .5 )

an d  e g n .  ( 2 . 2 )  b e c o m e s

h A
" b a ^ W  * *24 (r)

0

ÏBA
-  Oj Jd r Aitr exp [ “ 6W ^(r)J

5  0 ,  ^ba **P r -B W ..l (2 .6 )

w h e r e  V i s  t h e  s p h e r i c a l  v o l u m e  ^  nL.^,  a n d  The
•«A 3  a a  BA 3 BA

l a t t e r  e q u a l i t i e s  a r e  o b t a i n e d  u s i n g  t h e  m e a n - v a l u e  t h e o r e m  

o f  c a l c u l u s ,  i . e . ,  t h e  p o t e n t i a l  o f  mean f o r c e  i s

e v a l u a t e d  a t  some mean l o c a t i o n  i n  t h e  r e g i o n  o f  i n t e g r a t i o n  

t o  o b t a i n  .  6 i s  1 / k T  a n d  k i s  t h e  B o l t z m a n n  c o n s t a n t .

S i m i l a r  e x p r e s s i o n s  c a n  b e  o b t a i n e d  f o r  e g o s .  ( 2 . 3 )  a n d

(2 .U )  .

T he  l o c a l  c o m p o s i t i o n s  a r e  d e f i n e d  a s  f o l l o w s :



C o m b i n i n g  t h e  e g n s .  ( 2 .  5 ) - ( 2 . 8 ) ,  t h e  l o c a l  c o m p o s i t i o n s  h a v e  

t h e  f o l l o w i n g  f o r m s .

-----------------

w h e r e  A„. i s
i5A

'^BA **p (-®Wba>
A # ------------------  —  ■ F  ~  (2 ,11)

“  V ^ .x p ( - 6 W ^ )  “

w h e r e  F i s  t h e  r a t i o  o f  v„ .  t o  v . .  ,  a n d  N i s  t h eoA b a AA
A v o g a d r o ’ s  n u m b e r .

T h u s ,  t h e  l o c a l  c o m p o s i t i o n s  a r e  p r o p o r t i o n a l  t o  b o t h  

t h e  b u l k  c o m p o s i t i o n  a n d  t h e  B o l t z m a n n  f a c t o r  w h o s e  a r g u m e n t  

c h a r a c t e r i z e s  t h e  i n t e r a c t i o n  o f  m o l e c u l e  p a i r s .
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A s s u m i n g  a d d i t i v i t y ,  t h e  t o t a l  c o n f i g u r a t i o n a l

i n t e r n a l  e n e r g y  o f  t h e  b i n a r y  f l u i d  m i x t u r e  c a n  be  o b t a i n e d -

f r o m  t h e  c o n t r i b u t i o n s  o f  t v o  t y p e s  o f  r e g i o n s .  T h e  t o t a l

c o n f i g u r a t i o n a l  i n t e r n a l  e n e r g y  U* fO*= U -U . . , ) i s* ideal gas
d e t e r m i n e d  ( B h i t i n g  a n d  P r a u s n i t z ,  1982) by

- S -  "  X , (  x , , u , ,  +  * 2 1 “ 2 1  ^ * 2 ^ * 1 2 “ l 2  * 2 2 * 2 2 ^I
(2 . 12)

w h e r e  i s  t h e  m o l a r  c o n f i g u r a t i o n a l  i n t e r n a l  e n e r g y  o f  a 

f l u i d  w h o s e  m o l e c u l e s  i n t e r a c t  a c c o r d i n g  t o  i j  p o t e n t i a l  a n d  

H i s  t h e  t o t a l  n u m b e r  o f  m o le s .  S u b s t i t u t i n g  t h e  l o c a l  

c o m p o s i t i o n ,  i n t o  t h e  e q n .  ( 2 . 1 2 ) ,  we h a v e

E Xj exp(-N^^W j^/RT)

E X J----------------------------: -----------------
1 1 E X, P . .  exp(-N .W,,/RT)

U' (2 .1 3 )

j  j i av  ji

A r e l a t i o n  f o r  t h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  

e n e r g y  w h i c h  i s  c o n s i s t e n t  w i t h  t h e  t h e r m o d y n a m i c  r e l a t i o n  

b e t w e e n  t h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y  a n d  t h e  

c o n f i g u r a t i o n a l  i n t e r n a l  e n e r g y .

3(
A’

)NRT

3(
1 \
RT )

U'
N

(2 .16)

V.n
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i s  ( L e e ,  e t  a l . ,  1983)

o ’A'

NRT
•  Z X , I n  Z X F exp(-N W../RT)

j j  j i av j i (2-15)

I n  e g n .  ( 2 . 1 5 )  a* i s  a  p r o p o r t i o n a l i t y  f a c t o r  w h i c h  r e l a t e s  

t h e  m ean  p o t e n t i a l  o f  mean  f o r c e  a n d  t h e  c o n f i g u r a t i o n a l  

i n t e r n a l  e n e r g y .

' j l . 3(  1 /  RT )
(2 .16)
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CHAPTER I I I  

MIXING BOLES FROM THE LOCAL COMPOSITION MODEL

T he  c o m p o s i t i o n  d e p e n d e n c e  f o r  e q u a t i o n  o f  s t a t e  

c a l c u l a t i o n s  o f  m i x t u r e  p r o p e r t i e s ( V L B ,  PVT, e t c . )  c a n  b e  

d e r i v e d  f r o m  t h e  l o c a l  c o m p o s i t i o n  m o d e l  e x p r e s s i o n  f o r  t h e  

H e l m h o l t z  f r e e  e n e r g y .

LOCAL COMPOSITION MIXING BOLES

T h e  f o r m  o f  t h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y  

A* u s e d  i n  t h i s  s t u d y  i s  ' L e e ,  e t  a l . ,  19 8 3 )

in  :  . j  F j ,  (3.1)

w h e r e  i s  t h e  mean p o t e n t i a l  o f  mean f o r c e  f o r  a  p a i r  

m o l e c u l e s  o f  t y p e s  j  a n d  i .  i s  t h e  v o l u m e  r a t i o  g i v e n

b y  t h e  f o l l o w i n g  r e l a t i o n :

i  «irr^dr

w h e r e  i s  t h e  r a d i u s  a p p r o p r i a t e  f o r  s e l e c t i o n  o f  f i r s t -  

n e i g h b o r h o o d  c o o r d i n a t i o n .  F o r  e q u a l l y  s i z e d  m o l e c u l e s ,

L. ,=L. ,=L, ,  , a n d  P.. i s  e q u a l  t o  u n i t y .  T h e r e f o r e ,  P., i sji jj ii ji ^ ji
e q u a l  t o  1 f o r  p u r e  f l u i d s .

12



T h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y  a n d  t h e  

mean p o t e n t i a l  o f  mean f o r c e  c a n  b e  r e l a t e d  by  c o n s i d e r i n g  a 

p u r e  f l u i d .  F o r  a p u r e  f l u i d ,  e g n .  [ 3 . 1 )  b e c o m e s

o '  A . .
N W„ -   Ü -  (3 .3 )

T h e r e f o r e ,  o '  i s  a  p r o p o r t i o n a l i t y  f a c t o r  b e t w e e n  t h e  mean 

p o t e n t i a l  o f  mean f o r c e  a n d  t h e  c o n f i g u r a t i o n a l  H e l m h o l t z  

f r e e  e n e r g y  p e r  m o l e .

C o m b i n i n g  e g n s .  [ 3 . 1 )  a n d  [ 3 . 3 ) ,  t h e  c o n f i g u r a t i o n a l  

H e l m h o l t z  f r e e  e n e r g y  h a s  t h e  f o l l o w i n g  f o r m ;

a -  A-
r  I n  Z exp(--------------- ) (3 .4 )

RT i  j  J J RT

w h e r e  i s  t h e  m o l a r  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y  

o f  a  s y s t e m  o f  m o l e c u l e s  w h i c h  h a v e  j - i  i n t e r a c t i o n s  o n l y .

The  H e l m h o l t z  f r e e  e n e r g y  a n d  t h e  i n t e r n a l  e n e r g y  

f o l l o w  t h e  r e l a t i o n .

A'
)

“ H' (3 .5 )

V,n

3( —  )

3 ( - ^ )

T h u s ,  d i f f e r e n t a t i n g  e g n .  (3 .U )  w i t h  r e s p e c t  t o  1 / T  y i e l d s  

t h e  m o l a r  c o n f i g u r a t i o n a l  i n t e r n a l  e n e r g y  ( a s s u m i n g  t h a t  F j i  

i s  i n d e p e n d e n t  o f  t e m p e r a t u r e )
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E « J  F j ,  u ; ,  . x p ( -

y* -  E x  ----------------------------------------- — —  (3 .6 )
1 _ 'A!

Z X. F . ex p ( ^ — )
j  J J RT

w h e r e  i s  t h e  m o l a r  c o n f i g u r a t i o n a l  i n t e r n a l  e n e r g y  o f  a 

s y s t e m  o f  m o l e c u l e s  w i t h  j - i  i n t e r a c t i o n s .

T h e  e x p r e s s i o n  f o r  t h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  

e n e r g y ,  e g n .  %3.W),  w i t h  a d d i t i o n  o f  t h e  i d e a l  g a s  p a r t ,  c a n  

b e  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  v o l u m e  t o  o b t a i n  t h e  

e q u a t i o n  o f  s t a t e

’A’
E X, F F expC- 2 _ = l i )
. ]  RT

E X, ----------------------------------------------  ( 3 . 7)
1 ^ “ ' è U

E X F ex p ( — )
1 3 31 RT

- j i  • - j i »  ^ j i  e g n s .  (3.%) -  ( 3 . 7 )  a r e  t h e

p r o p e r t i e s  o f  a  s y s t e m  o f  m o l e c u l e s  w i t h  j - i  i n t e r a c t i o n s  

and  a r e  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  o f  s t a t e  f o r  p u r e  

s u b s t a n c e s .  T h e  e q u a t i o n  o f  s t a t e  f o r  p u r e  f l u i d s  u s e d  

h e r e i n  i s  a r e c e n t l y  d e v e l o p e d  g e n e r a l i z e d  e q u a t i o n  o f  s t a t e  

f o r  p o l a r  f l u i d s  (K h a n ,  e t  a l , ,  1 9 8 3 ) .  T h e  e q u a t i o n  o f  

s t a t e  h a s  b e e n  t e s t e d  f o r  d i f f e r e n t  g r o u p s  o f  s u b s t a n c e s .

in



i n c l u d i n g  n o c o a l  p a r a f f i n s ( C 2 - n C 2 0 ) ,  r i n g  c o m p o u n d s ,  a n d  

p o l a r  c o m p o u n d s ( C 0 2 ,  H2S, e t c . ) ,  a n d  p o l a r  a n d  a s s o c i a t i n g  

c o m p o u n d s t N H 3 , w a t e r ,  a n d  a l c o h o l s ,  e t c . ) .  The  r e s u l t s  

u s i n g  t h e  p u r e  f l u i d  e q u a t i o n  o f  s t a t e  a r e  a c c u r a t e  e n o u g h  

f o r  e n g i n e e r i n g  d e s i g n  c a l c u l a t i o n s .  T h e  e q u a t i o n  o f  s t a t e  

an d  t h e  p u r e  f l u i d  p a r a m e t e r s  a r e  g i v e n  i n  A p p e n d i x  A.

REDUCED TEHPBHAYOHE AND DENSITY

F o r  t h e  e q u a t i o n  o f  s t a t e  u s e d  h e r e i n ,  ,  u!^ ,
*

a n d  a r e  f u n c t i o n s  o f  t h e  r e d u c e d  t e m p e r a t u r e ,  ,  t h e

r e d u c e d  d e n s i t y ,  a n d  t h e  s t r u c t u r e  p a r a m e t e r ,  ( s e e

A p p e n d i x  A ) .  H e r e i n  t h e  r e l a t i o n s  u s e d  f o r  T*^ a n d  p*^

a r e

T y  -  kT/ C y  (3 .8 )

" î j  "

w h e r e

\  “  B n (3 .10)

*
The  u s e  o f  t h e  a b o v e  r e l a t i o n  f o r  c o r r e s p o n d s  t o  a

m u l t i f l u i d  m o d e l ,  w h i l e  t h e  u s e  o f  t h e  a b o v e  r e l a t i o n  f o r

p*j c o r r e s p o n d s  t o  a o n e  f l u i d  m o d e l .  A ppend ix .  C p r e s e n t s

*  *r e l u l t s  u s i n g  a  m u l t i f l u i d  m o d e l  f o r  p ) ,  w h i c h

y i e l d s  e x c e p t i o n a l l y  g o o d  r e s u l t s  f o r  m i x t u r e s  o f  s i m i l a r l y  

s i z e d  m o l e c u l e s .  U n f o r t u n a t e l y ,  t h e  m u l t i f l u i d  m o d e l  f o r
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*
c a n n o t  b e  u s e d  f o r  l a r g e  m o l e c u l a r  s i z e  d i f f e r e n c e s .  

T he  o n e  f l u i d  m o d e l  f o r  w a s  c h o s e n  f o r  u s e  h e r e i n  s o

t h a t  t h e  p r o b l e m s  e n c o u n t e r e d  u s i n g  t h e  m u l t i f l u i d  m o d e l  f o r  

p*j f o r  m i x t u r e s  w i t h  l a r g e  m o l e c u l a r  s i z e  d i f f e r e n c e s  a r e  

n o t  e n c o u n t e r e d  ' s e e  A p p e n d i c e s  D a n d  £) .  I t  s h o u l d  b e

n o t e d  t h a t  b y  v i r t u e  o f  t h e  c h o i c e s  f o r  t h e  r e l a t i o n s  f o r
*  *  ,

a n d  p^j u s e d  h e r e i n ,  t h e  p r e s e n t  f o r m u l a t i o n  o f  t h e

l o c a l  c o m p o s i t i o n  m o d e l  h a s  c h a r a c t e r i s t i c s  o f  b o t h  o n e

f l u i d  a n d  m u l t i f l u i d  m o d e l s .  B e c a u s e  t h e  p r e s e n t

f o r m u l a t i o n  c a n  b e  a p p l i e d  r e g a r d l e s s  o f  m i x t u r e  c o m p o n e n t

m o l e c u l a r  s i z e s ,  i t  i s  t h e  m o s t  b r o a d l y  a p p l i c a b l e  m e t h o d

c o n s i d e r e d .

THE COMBINING ROLES

T h e  p a i r  c h a r a c t e r i z a t i o n  p a r a m e t e r s ,  ,  v*^ , a n d

a r e  f u n c t i o n s  o f  t h e  c o r r e s p o n d i n g  p u r e  f l u i d  

c h a r a c t e r i z a t i o n  p a r a m e t e r s  f o r  c o m p o n e n t s  i  a n d  j ,  a n d  a r e  

c a l c u l a t e d  h e r e i n  u s i n g  t h e  f o l l o w i n g  c o m b i n i n g  r u l e s :

X ..  4- X. .
X - . 1 1  i L  (3.11)
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D..  + D . ,
D .  —l i  ü -  (3.14)

IJ 2

E . . /  k  •  e . .  /  k  + ---------  (3 .15)
T

w h e r e  t h e  s u b s c r i p t s  i i  a n d  j j  r e f e r  t o  t h e  p u r e  c o m p o n e n t  

p a r a m e t e r s  f o r  c o m p o n e n t s  i  a n d  j ,  r e s p e c t i v e l y ,  a n d  Ç a n d  

Ç a r e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s .  I t  w o u l d  b e  m o r e  

l o g i c a l  t h e o r e t i c a l l y  t o  b a s e  t h e  r e l a t i o n  f o r  on  known 

r u l e s  f o r  d i p o l e  m o m e n t s  ( g e o m e t r i c  mean)  t h a n  t h e  a r b i t a r y  

a r i t h m e t i c  r u l e ;  h o w e v e r ,  i t  i s  n e c e s s a r y  t o  e s t i m a t e  t h e  

i n d u c e d  p o l a r  e f f e c t  f o r  a  m i x t u r e  o f  n o n p o l a r  a n d  p o l a r  

f l u i d  i f  t h e  g e o m e t r i c  mean f o r  i s  u s e d .  F o r  t h e  s a k e

o f  s i m p l i c i t y ,  an  a r b i t a r y  a r i t h m e t i c  r u l e ,  e g n .  ( 3 . 1 4 ) ,  i s  

c h o s e n .  The v a l u e s  o f  c h a r a c t e r i z a t i o n  p a r a m e t e r s  f o r  j - i  

i n t e r a c t i o n s  a r e  s e t  e q u a l  t o  t h o s e  f o r  i - j  i n t e r a c t i o n s .

COMPONENT FOGACITY

When d e a l i n g  w i t h  p h a s e  e q u i l i b r i a  p r o b l e m s ,  t h e  

f u g a c i t y  c o e f f i c i e n t s  f o r  t h e  c o m p o n e n t s  i n  s o l u t i o n  m u s t  b e  

e v a l u a t e d .  By a p p l y i n g  t h e  t h e r m o d y n a m i c  r e l a t i o n

j  V
-  i n  ( 2 )

(3.16)
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T h e  f u g a c i t y  o f  i t h  c o m p o n e n t  i n  s o l u t i o n  h a s  t h e  f o l l o w i n g  

f o r a :

p#r /

[ p
In  I  X. F. . -  1 + I  X, ------ ^  1

"  j  ^ :  V k j  ^

+ ( Z -  1 ) * \ ] (3.17)

The  d e r i v a t i v e  i n  e g n -  1 3 .1 7 )  i s :

1 9V* r Z X. V. ,
, j  I j

-  2 ^----------— -  1
V

L X
T.V .n ,^ ,

j f i

(3.18)
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CHAPTSB I ?

BESOLTS AND DISCUSSION

F o r  p u r p o s e s  o f  c o m p a r i s o n ,  T a p o r - l i g u i d  e q u i l i b r i a  

c a l c u l a t i o n s  w e r e  p e r f o r m e d  u s i n g  b o t h  l o c a l  c o m p o s i t i o n  a n d  

c o n f o r m a i  s o l u t i o n  m i x i n g  r u l e s .  The c o n f o r m a i  s o l u t i o n  

m o d e l  a s s u m e s  t h a t  t h e  m i x t u r e  p r o p e r t i e s  a r e  t h e  s a m e  a s  

t h o s e  o f  a  h y p o t h e t i c a l  p u r e  f l u i d  c h a r a c t e r i z e d  by  e q u a t i o n  

o f  s t a t e  c h a r a c t e r i z a t i o n  p a r a m e t e r s ( V*, e ,  a n d  X ) w h i c h  

a r e  f u n c t i o n s  o f  c o m p o s i t i o n .  I n  A p p e n d i x  B t h e  c o n f o r m a i  

s o l u t i o n  m i x i n g  r u l e s  f o r  v * ,  e  a n d  X a r e  g i v e n ,  a l o n g  w i t h  

r e l a t i o n s  f o r  p e r t i n e n t  d e r i v e d  p r o p e r t i e s .

T h e  v a l u e  o f  o '  i n  e q n .  ( 3 .  U),  i s  r e l a t e d  t o  t h e  

c o o r d i n a t i o n  n u m b e r ,  a n d  i s  t h e  p r o p o r t i o n a l i t y  f a c t o r  

b e t w e e n  t h e  mean p o t e n t i a l  o f  mean f o r c e  a n d  t h e  

c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y .  I n  t h e  q u a s i c h e m i c a l  

t h e o r y  [ G u g g e n h e i m ,  1 9 5 2 ) ,  f o r  a  l a t t i c e  g a s  a t  l o w  

d e n s i t i e s .

a ’ = - 4 —  (4 .1 )

w h e r e  Z i s  t h e  c o o r d i n a t i o n  n u m b e r .  F o r  a  s i m p l e  c u b i c  

l a t t i c e  2 = 6 ,  f o r  a  b o d y - c e n t r e d  c u b i c  l a t t i c e  Z = 8 ,  a n d  f o r  a  

f a c e - c e n t r e d  c u b i c  l a t t i c e  Z = 1 2 .  I f  t h e  c o o r d i n a t i o n  n u m b e r  

i n  a  d e n s e  f l u i d  i s  a p p r o x i m a t e l y  8 ,  t h e  v a l u e  o f  s h o u l d  

b e  a r o u n d  0 . 2 5 .  I n  t h e  o r i g i n a l  w o r k  o f  W i l s o n  [1964)  , t h e
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v a l u e  a '  =1 w a s  u s e d .  I n  t h e  w o rk  o f  B e n o n  a n d  P r a u s n i t z  

( 1 9 6 3 ) ,  a '  i s  a n  e m p i r i c a l  p a r a m e t e r  w h i c h  v a r i e s  b e t w e e n  

0 . 3  a n d  0 . 4 7 .  A b ra m s  a n d  P r a u s n i t z  p 9 7 5 )  u s e d  a ' = 1 .  i t

h a s  b e e n  s t a t e d  by  B h i t i n g  a n d  P r a u s n i t z  ( 1 9 8 2 )  t h a t  a '  

s h o u l d  b e  a n  u n i v e r s a l  c o n s t a n t ,  o t h e r w i s e  t h e  l o c a l

c o m p o s i t i o n  m o d e l  c a n n o t  b e  e x t e n d e d  t o  m u l t i c o m p o n e n t  

m i x t u r e s ,  a n d  t h e y  u s e  oi' = 0 . 5  i n  t h e i r  w o r k .  He a l s o

c h o o s e  a* e q u a l  t o  0 . 5  i n  t h i s  w o r k ,  t h e  v a l u e  u s e d  by

W h i t i n g  a n d  P r a u s n i t z .

T he  q u a n t i t y  i s  t h e  r a t i o  o f  t o  ,  w h e r e

i s  t h e  v o l u m e  a p p r o p r i a t e  f o r  t h e  s e l e c t i o n  o f  f i r s t -  

n e i g h b o r h o o d  c o o r d i n a t i o n .

F o r  m i x t u r e s  o f  e q u a l  s i z e d  m o l e c u l e s ,  t h e  F^^ w o u l d  bo  

u n i t y .  To a c c o u n t  f o r  t h e  v a l u e  F^^ ( i V j )  t h e  b i n a r y  

i n t e r a c t i o n  p a r a m e t e r  5 i s  i n t r o d u c e d ,  w h e r e

.  H e r e i n  i t  i s  a s s u m e d  t h a t  t h e  f i r s t -

n e i g h b o r h o o d  v o l u m e ,  ,  i s  p r o p o r t i o n a l  t o  t h e  m o l a r
*

c o v o l u m e  p a r a m e t e r ,  s o  t h a t

*

3 ^ i i  ^F = 6-̂  ( ) (4 .3 )

H e r e a f t e r ,  We r e f e r  t o  t h e  two m i x i n g  r u l e s  u n d e r  

s t u d y  a s  C S H ( c o n f o r m a  1 s o l u t i o n  m i x i n g  r u l e s )  a n d  L C . I t l o c a l  

c o m p o s i t i o n  m i x i n g  r u l e s ) .
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T h e  n u m b e r  o f  p a r a m e t e r s  u s e d  i n  t h e  m i x i n g  r u l e s  

g e n e r a l l y  a f f e c t s  t h e  r e s u l t s  i n  v a p o r - l i q u i d  e q u i l i b r i a  

c a l c u l a t i o n s .  T h e  m o re  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  a r e  

u s e d ,  t h e  m o re  a c c u r a t e  r e s u l t s  a r e  e x p e c t e d .  T h e  m i x t u r e  

o f  m e t h a n o l - C 0 2  w a s  s e l e c t e d  t o  t e s t  t h e  e f f e c t s  o f  c h o o s i n g  

v a r y i n g  n u m b e r s  o f  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  u s e d  i n  t h e  

CSB a n d  LCH. T h e  e x p e r i m e n t a l  v a p o r - l i q u i d  e q u i l i b r i a  d a t a  

r a n g e s  u s e d  i n  t h i s  s t u d y  a r e  g i v e n  i n  T a b l e  1 .  I n  T a b l e  2 

r e s u l t s  c a l c u l a t e d  f r o m  b o t h  t h e  CSB a n d  t h e  LCB a r e  g i v e n .  

The n u m b e r s  o f  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  f o r  t h e  CSB a r e  

t w o ,  t h r e e ,  a n d  f o u r ,  a n d  f o r  t h e  LCB a r e  t w o ,  a n d  t h r e e .  

E v e n  w i t h  f o u r  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s ,  t h e  CSB s t i l l  

c a n n o t  work w e l l  f o r  t h e  m e t h a n o l - C 0 2  s y s t e m { s e e  T a b l e  2 ) .  

T h i s  i n d i c a t e s  t h e  c o m p o s i t i o n  d e p e n d e n c e  d e f i c i e n c y  o f  t h e  

CSB f o r  s t r o n g l y  n o n i d e a l  m i x t u r e s .  H o w e v e r ,  t h e  LCB 

g r e a t l y  i m p r o v e s  o n  t h e  CSB f o r  v a p o r - l i q u i d  e q u i l i b r i a  

c a l c u l a t i o n s  f o r  t h e  m e t h a n o l - C 0 2  s y s t e m .  The  i m p r o v e m e n t  

i n  t h e  f i t  o f  t h e  m e t h a n o l - C 0 2  d a t a  by  u s e  o f  t h e  LCB i s  

d r a m a t i c a l  g o o d  u s i n g  e i t h e r  t w o  o r  t h r e e  b i n a r y  i n t e r a c t i o n  

p a r a m e t e r s .  I n  F i g .  2 t h e  c o m p a r i s o n s  o f  r e s u l t s  f r o m  t h e  

CSB w i t h  f o u r  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  a n d  f r o m  t h e  LCB 

w i t h  t w o  a n d  t h r e e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  a r e  sh o w n  

t o  i l l u s t r a t e  t h e  a b o v e  r e m a r k s .

B a s e d  o n  m u l t i p r o p e r t y  a n a l y s i s ( S t a r l i n g ,  e t  a l . ,  

1 9 7 1 ) ,  i t  i s  b e l i e v e d  t h a t  a  r e a s o n a b l e  m i x i n g  r u l e ,  i n  

p r i n c i p l e ,  s h o u l d  d e s c r i b e  n o t  o n l y  v a p o r - l i q u i d  e q u i l i b r i a
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T a b l e  1- V a p o r - l i q u i d  e q u i l i b r i a  a n d  d e n s i t y  d a t a
u s e d  i n  t h i s  s t u d y

S y s t e m P r o p -
e r t y

R e f e r e n c e No.  o f
d a t a
p t s

T e m p e r 
a t u r e

C

P r e s s u r e
r a n g e

a tm

E t h  a n e — 
n - B u t a n e

VLB
d e n .

M e h r a , i 9 6 5  
K a y , 19*0

19
*9

6 5 - 1 2 1
0 - 1 * 0

3 2 - 5 5
5 - 5 5

M e t h a n e -
n - D e c a n e

VLE
d e n .

S e b a s t i a n , 1979 
R e a m e r ,  19*2

12
36

2 7 0 - 3 1 0
3 7 - 2 3 8

3 0 - 1 2 5
1 3 6 - 6 1 2

H e t h a n e -
C02

VLE H raw , .1978 20 - 5 *  - 6 3 6 - 6 3

C 0 2 -
n - H e x a n e

VLE O h g a k i , 1976 10 25 * - 5 1

C 0 2 -
B o n z e n e

VLE O h g a k i , 1 9 7 6 17 2 5 - * 0 8 - 7 6

C 0 2 -
n - D e c a n e

VLE S e b a s t i a n , 1980 16 1 8 9 - 3 1 0 1 * - 5 1

C 0 2 -
n - H e x a d c c a n e

VLE S e b a s t i a n , 1 9 8 0 16 1 8 9 - 3 9 0 1 9 - 5 0

E t h a n e -
A c e t o n e

VLE K a t a y a m a , 1976 8 25 * . 7 - 3 9

P r o p a n e -
A c e t o n e

VLE T h o d o s , 1 9 7 8 b 8 77 3 . * - 2 7

n - P e n t a n e -
A c e t o n e

VLE K a r r , 1962 11 3 1 - * 9 1

A c e t o n e -
B e n z e n e

VLE T a s i c , 1 9 7 8 11 25 . 1 5 - . 3 0

A c e t o n e - VLE R a t c l i f f , 1972 a 65 . 7 6 - 1 . 3 5
n - H e p t a n e

2 2



T a b l e  1 .  ( C o n t i n u e d )

S y s t e m P r o p 
e r t y

R e f e r e n c e No.  o f
d a t a
p t s

T e m p e r 
a t u r e

C

P r e s s u r e
r a n g e

a t m

E t h a n e -
M e t h a n o l

VLE K a t a y a m a , 1976 5 25 1 1 - 4 1

H e t h a n o l -
B e n z c n e

VLE
d e n .

H a g a t a ,  1969 
S u m e r , 1 9 6 7

18
15

5 8 - 7 6  
2 0 - 4 0

1
1

P r o p a n e -
E t h a n o l

VLE T o d o s , 1 9 7 8 a 16 1 2 7 - 1 5 1 6 . 8 - 5 4

B e n z e n e -
E t h a n o l

VLE S m i t h , 197 0 9 25 . 1 1 - .  16

E t h a n o l -
n - D e c a n e

VLE E l l i s , 1961 11 8 0 - 1 6 0 1

n - H e x a n e -
1 - P r o p a n o l

VLE P r a b h u ,  1963 8 66— 89 1

B e n z e n e -
1 - P r o p a n o l

VLE T o j o , 1973 50 7 7 - 9 6 1

1 - P r o p a n o l -
n - D e c a n e

VLE E l l i s , 196 0 10 7 5 - 9 8 0 - 3 9

M e t h a n e -
W a t e r

VLE C u l b e r s o n ,
1951

10 171 1 3 - 2 0 4

E t h a n e -
R a t e r

VLE C u l b e r s o n ,  
1 9 5 0

10 171 1 3 - 2 0 4

A c e t o n e -
C02

VLE K a t a y a m a , 1975 11 25 4 - 5 5

H e t h a n o l -
C02

VLE K a t a y a m a , 1975 13 25 2 - 6 0
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T a b l e  1.  ( C o n t i n u e d )

S y s t e m P r o p 
e r t y

R e f e r e n c e No. o f
d a t a
p t s

T e m p e r 
a t u r e

c
P r e s s u r e
r a n g e

a tm

A c e t o n e -
E t h a n o l

VLE A m e r ,  1956 9 5 7 - 7 6 1

A c e t o n e -
M a t e r

VLE
d e n .
d e n .

G r i s w o l d , 1952 
N o d a , 1982 
T h o m a s ,  1957

25
9

39

2 0 0
2 5

2 0 - 8 0

1 8 - 2 9
1
1

H e t h a n o l -
1 - P r o p a n o l

VLE S c h m i d t , 1926 9 5 0 . 1 6 - . 5 1

M e t h a n o l -
w a t e r

VLE
d e n .

G r i s w o l d , 1952  
M i k h a i l , 1961

9
25

150
2 5 - 5 0

5 . 3 - 1 3 . 2
1

E t h a n o l -
1 - P r o p a n o l

VLE K o j i m a , 1969 9 8 0 - 9 9 1

E t h a n o l -
W a t e r

VLB P a u l , 1976 12 7 8 - 9 6 1

C n 2 -
W a t e r

VLE T a k e n o u c h i ,  
196 1

9 2 7 5 9 9 - 6 9 0

H 2 s -
W a t e r

VLE S e l l e c k , 1 9 5 2 11 171 1 3 - 1 7 0

A m n o n ia -
W a t e r

VLE C l i f f o r d , 1933 20 1 0 - 1 7 0 1 - 1 0
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T a b le  2 .  T a p o c - l l q n i d  e q u i l i b r i a  c a l c u l a t i o n s  u s i ng  
l o c a l  c o m p o s i t i o n  and co nf orm ai  s o l u t i o n  

mixing r u l e s  f o r  metbanol -C02 a t  25 C

Mixing No. o f  
R u l e s  BIPs

Binary  I n t e r a c t i o n  Pa rameters

C Ç V T S

i . i . D .  i

K1 K2

csn

css

css

2 0 . 963» 1 .0963

3 0 . 9 6 1 0  1 . 1 2 39  0 . 9 0 9 8

0 0 . 9 8 8 3  1 .0 83 5  0 . 8 8 8 2  1 .0 532

2 2 . 7  2 7 . 8

2 2 . 7  2 6 . 6

37 . 9  9 .7 8

LCS

ICS

2 0 - 7 8 1 5  0 .9531

3 7 .9 9 9 7  0 .8 0 0 0 1 . 072 2

1 8 . 7

9 . 1 3

5 . 7 2

3 . 2 0

a

^ij " Cj°) ^

-  Vij

. a t  -  1

A.A.D. Z ■sJ ? [
*̂«xp~*‘cal

exp
X 100

NP: number of data points
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M ETH A N 0L(1)-C 02(2)
TEMPERATURE : 25  C 

• +  : d ata  o f  k a t a y a m a . 1975

S 35

E 30

M 25

NO. OF 
BIPS

DM

*1.................1................... 1...........   I ..................   „ ; m , ..................................   T

0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E  2 . PP.ES S U RE -C O M PO SniC 'N  DIAGRAM
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b u t  a l s o  b u l k  p r o p e r t i e s ,  s u c h  a s  m i x t u r e  d e n s i t y .  

T h e r e f o r e ,  b o t h  v a p o r - l i q u i d  e q u i l i b r i a  a n d  m i x t u r e  d e n s i t y  

d a t a  c a n  be  u s e d  t o  t e s t  t h e  m i x i n g  r u l e s .  F i v e  s y s t e m s ,  

e t h a n e - n - b u t a  n e ,  m e t h a n e - n - d e c a n e ,  a c e t o n e - w a t e r , m e t h a n o l -  

b e n z e n e ,  a n d  m e t h a n o l - w a t e r  w e r e  s e l e c t e d  i n  t h e  t e s t -  The  

v a p o r - l i q u i d  e q u i l i b r i a  a n d  t h e  m i x t u r e  d e n s i t y  d a t a  w e r e  

u s e d  s i m u l t a n e o u s l y  i n  m u l t i p r o p e r t y  r e g r e s s i o n  a n a l y s i s  t o  

d e t e r m i n e  t h e  o p t i m a l  v a l u e s  o f  t h e  b i n a r y  i n t e r a c t i o n  

p a r a m e t e r s  f o r  e a c h  s y s t e m .  A s u m m a ry  o f  t h e  r e s u l t s  i s  

g i v e n  i n  T a b l e  3-

F o r  m i x t u r e s  o f  e t h a n e - n - b u t a n e ,  a n d  m e t h a n e - n -  

d e c a n e ,  a l t h o u g h  b o t h  t h e  CSN a n d  t h e  LCH f i t  t h e  VLE a n d  

t h e  m i x t u r e  d e n s i t y  d a t a  r e a s o n a b l y  w e l l ,  t h e  LCM c a l c u l a t e s  

m i x t u r e  d e n s i t y  s l i g h t l y  b e t t e r .  F o r  m i x t u r e s  o f  a c e t o n e -  

w a t e r ,  t h e  CSM s h o w s  i t s  p o o r  r e s u l t s  f o r  b o t h  t h e  VLE a n d  

t h e  m i x t u r e  d e n s i t y -  F o r  m i x t u r e  d e n s i t y ,  t h e  a v e r a g e  

a b s o l u t e  d e v i a t i o n  p e r c e n t a g e  f r o m  t h e  CSM i s  7 - 9  % a n d  f r o m  

t h e  LCM i s  2 .  3 X. F i g -  3 i s  a  p l o t  o f  p e r c e n t a g e  d e v i a t i o n  

o f  c a l c u l a t e d  d e n s i t y  v e r s u s  d e n s i t y  f o r  t h e  a c e t o n e - w a t e r  

s y s t e m -  As s h o w n  i n  F i g .  U,  t h e  a c e t o n e - w a t e r  s y s t e m  f o r m s  

a maximum p r e s s u r e  a z e o t r o p e  a t  2 0 0  C- T h e  CSM g i v e s  v e r y  

p o o r  r e s u l t s  f o r  VLE n e a r  t h e  a z e o t r o p e  r e g i o n ;  , s i m i l a r  

r e s u l t s  w e r e  n o t e d  by  H u r o n  a n d  V i d a l  { 1 9 7 9 ) .  T h e  LCM g i v e s  

q u i t e  a c c u r a t e  r e s u l t s  n e a r  t h e  a z e o t r o p e  r e g i o n ,  a s  sh o w n  

i n  F i g -  U.
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K>
00

T a b l e  3 .  V a p o r - l i q u i d  e q u i l i b r i a  a n d  d e n s i t y  c a l c u l a t i o n s  u s i n g  
l o c a l  c o m p o s i t i o n  a n d  c o n f o r m a i  s o l u t i o n  m i x i n g  

r u l e s  f o r  f i v e  b i n a r y  s y s t e m s

S y s t e m  M i x i n g  r  ç 6
r u l e s  d o n .  Kl K2 x1 x2 y1  y 2

A .A .D .  %

E t h a n e -  CSM 1 . 0 0 0 6  0 . 9 9 9 2  —  2 .  15 1. 35 2 .  19 2 . 2 8  2 . 0 7  1 . 9 1  3 . 8 0
n - E u t a n e

LCM 1 . 0 0 9 7  0 . 9 8 9  3 1 . 0 2 8 3  1. 96 1 . 6 9  2 .  29 2 . 9 9  3 . 0 3  2 . 0 6  9 . 5 7

M e t h a n e -  CSM 1 . 0 7 9 1  1,  1 163  —  1 . 0 7  9 . 9 7  9 .  28 9 . 3 3  2 .  13 3 . 0 7  9 . 5 6
0 - D e c a n e

LCM 1 . 0 8 8 9  0 . 5 6 7 5  0 . 6 2 8 1  1.  09 9 . 0 5  2 .  35 9 . 9 9  1 . 9 8  1. 18 3 .  29

A c e t o n e -  CSM 0 . 9 7 9 7  1 . 0 0 1 2  —  7 . 9 0
W a t e r

LCM 1 . 0 8 6 2  0 . 8 8 5 0  1.  1613  2 . 2 6

M e t h a n o l  CSM 1 . 0 0 2 7  0 . 9 2 1 0  —  3 . 1 0
- B e n z e n e

LCM 0 . 9 9 5 9  0 . 7 9 9 3  0 . 7 5 7 0  2 . 2 0

M e t h a n o l  CSM 1 . 0 1 7 9  1 . 0 0 9 9  —  3 .  18 5 .  75 5 . 5 9  9 . 9 9  9 .  59 3 . 0 0  1 . 9 9
- W a t e r

LCM 1 . 0 1 8 9  0 . 9 8 2 5  1 . 0 9 3 9  2 . 8 3  9 .  39 5 .  93 3 . 9 5  1 . 5 5  3 . 5 8  9 .  39

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  R u l e s
LCM : L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



ACETONE( 1 )-WATER(2)
TEMPERATURE : 2 0 -8 0  C 

DATA SOURCES: N0DA.1982, AND THOMAS, 1957 
Y : CSM 
+ : LCM

t
0
E
V

2 ,2 2.60 .6 1.0 1.8 3.0i.q
OENSITT. LBHOLE/CU.FT.

F IG U R E  3 . TH E  DEW OF D E N S IT Y  PR EDICTIO N S VS. D E N S I T Y
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ACETONE( 1 )-WATER(2)
TEMPERATURE : 200 C 

• + : DATA OF GRISWOLD, 1952
-----------------------: CSM

-----------------------  : LCM

#

U 23

n 21

0.0 0.1 0.2 0.3 O.W O.S 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E  4 . PP.ESSURE-COMPOSmON D U G P ^ M
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F o r  t h e  a e t h a n o l - b e n z e n e  s y s t e m ,  t h e  CSM g i v e s  a 

r e a s o n a b l e  f i t  t o  m i x t u r e  d e n s i t y  d a t a ;  h o w e v e r ,  t h e  CSM 

c a l c u l a t e s  t h e  VLE v e r y  p o o r l y  ( s e e  F i g .  5 ) .  The  LCM 

c a l c u l a t e s  t h e  VLE g u i t e  w e l l  e x c e p t  i n  t h e  h i g h  m e t h a n o l  

c o n c e n t r a t i o n  r a n g e .  T h e  p u r e  f l u i d  e q u a t i o n  o f  s t a t e  

p r e d i c t s  t h e  b o i l i n g  p o i n t ( a t  o n e  a t m o s p h e r e )  o f  m e t h a n o l  

w i t h  an  e r r o r  o f  2 .U  C ( e x p e r m e n t a l ,  6 U .7  C; p r e d i c t e d ,  6 2 . 3  

C ) .  T h e  i n a c c u r a t e  p u r e  c o m p o n e n t  b o i l i n g  p o i n t  p r e d i c t i o n  

f o r  m e t h a n o l  f r o m  t h e  e q u a t i o n  o f  s t a t e  a r t i f i c a l l y  d i s t o r t s

t h e  VLE c a l c u l a t i o n s  n e a r  t h e  r a n g e  o f  p u r e  m e t h a n o l .  I n

o r d e r  t o  p r o v e  t h i s  p o i n t ,  o n e  o f  t h e  e q u a t i o n  o f  s t a t e  

p a r a m e t e r s  f o r  m e t h a n o l ,  A ,  w as  r e d e t e r m i n e d  t o  m a t c h  t h e  

e x p e r i m e n t a l  b o i l i n g  p o i n t  a t  o n e  a t m o s p h e r e .  The

r e d e t e r m i n e d  A i s  2 . 1U95,  w h i c h  g i v e s  t h e  c o r r e s p o n d i n g  

b o i l i n g  p o i n t  6 U -7 1  C.  U s i n g  t h i s  new a f o r  p u r e

m e t h a n o l ,  b o t h  t h e  CSM a n d  t h e  LCH b i n a r y  i n t e r a c t i o n  

p a r a m e t e r s  f o r  t h e  m e t h a n o l - b e n z e n e  s y s t e m  w e r e  r e d e t e r m i n e d  

a n d  a r e  g i v e n  i n  T a b l e  4 .  As i s  s how n  i n  P i g .  6 ,  t h e  LCM

VLE r e s u l t s  h a v e  b e e n  g r e a t l y  i m p r o v e d  i n  t h e  h i g h  m e t h a n o l

c o n c e n t r a t i o n  r a n g e .  T h i s  t e s t  d e m o n s t r a t e s  t h a t  t h e  

a c c u r a c y  o f  t h e  e q u a t i o n  o f  s t a t e  p r e d i c t i o n s  o f  p u r e  f l u i d  

p r o p e r t i e s  i s  o f  g r e a t  i m p o r t a n c e  f o r  c a l c u l a t i o n s  o f  

m i x t u r e  p r o p e r t i e s .

Even  t h o u g h  m e t h a n o l  a n d  w a t e r  a r e  b o t h  p o l a r  a n d

a s s o c i a t i n g  s u b s t a n c e s ,  t h e  m e t h a n o l - w a t e r  s y s t e m  i s  n o t  a

s t r o n g l y  n o n i d e a l  s y s t e m  i n  t e r m s  o f  t h e  a c t i v i t y
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METHANOL( 1 )-B EN ZEN E(2)
PRESSURE ; 1 ATM 

•  + : DATA OF NAGATA, 1969
 : CSM

-----------------------  : LCM

E 72

A 69

60

0.0 0.1 0.2 0.3 O.y 0.5 0.6 0.7 0.8 0.9 l.O
XI

FIGL-RE 5. TEMPERATURE-COMPOSITION DUGRaM

32



T a b l e  U. The r e d e t e r m i n e d  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  
f o r  m e t h a n o l - b e n z e n e  s y s t e m  a t  o n e  a t m  u s i n g  

t h e  r e d e t e r m i n e d  X f o r  m e t h a n o l

M i x i n g  B i n a r y  I n t e r a c t i o n  P a r a m e t e r s
R u l e s  ------------------------ ------------— — —  ---------------

CSM 0 . 9 7 2 2  0 . 9 1 6 5

LCM 1.  1736 0 . 7 4 5 b  0 . 9 1 4 4

n o t e :  The r e d e t e r m i n e d  X f o r  m e t h a n o l  i s  2 . 1 4 9 5
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METHANOU1 )-B E N Z E N E (2)
PRESSURE : 1 ATM 

• + : DATA OF NAGATA. 1969
 : CSM

-----------------------  : LCM

E 72

A 69

0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U RE 6 . T E M P E R A TU R E -C O M P O S IT IO N  DlAGRvM
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c o e f f i c i e n t s .  The  a c t i v i t y  c o e f f i c i e n t s  a t  d i l u t e

c o o  p o s i t i o n s  a t  150 C a r e  2 . 6  a n d  1 , 6  f o r  a e t h a n o l  a n d  

w a t e r ,  r e s p e c t i v e l y  ( G r i s w o l d ,  1553)  .  The CSM g i v e s  good  

r e s u l t s  f o r  b o t h  m i x t u r e  d e n s i t y  a n d  VLB f o r  t h e  m e t h a n o l -  

w a t e r  s y s t e m ( s e e  T a b l e  3 ) .  T h e  LCM y i e l d s  s l i g h t l y  b e t t e r  

VLB r e s u l t s  t h a n  t h e  CSM f o r  t h e  m e t h a n o l - w a t e r  s y s t e m ,  a s  

shown i n  F i g .  7 .

O v e r a l l ,  f o r  n o n p o l a r  m i x t u r e s  s u c h  a s  e t h a n e - n -  

b u t a n c ,  a n d  m e t h a n e - n - d e c a n e ,  t h e  LCM g i v e s  a s  g o o d  o r  

s l i g h t l y  b e t t e r  r e s u l t s  t h a n  t h e  CSM- F o r  s t r o n g l y  n o n i d e a l  

m i x t u r e s  s u c h  a s  a c e t o n e - w a t e r ,  m e t h a n o l - b e n z e n e ,  a n d  

m e t h a n o l - c a r b o n  d i o x i d e ,  t h e  LCM i s  o b v i o u s l y  s u p e r i o r  t o  

t h e  CSM.

The a p p l i c a b i l i t y  o f  t h e  LCM h a s  a l s o  b e e n  t e s t e d  f o r  

o t h e r  p o l a r  m i x t u r e s ,  i n c l u d i n g  s y s t e m s  c o n t a i n i n g  c a r b o n  

d i o x i d e ,  a c e t o n e ,  m e t h a n o l ,  e t h a n o l ,  1 - p r o p a n o l ,  w a t e r ,  

a m m o n i a ,  a n d  h y d r o g e n  s u l f i d e .

F o r  m i x t u r e s  o f  c a r b o n  d i o x i d e  w i t h  h y d r o c a r b o n s ,  

f i v e  s y s t e m s ,  m e t h a n e - c a r b o n  d i o x i d e ,  c a r b o n  d i o x i d e - n -  

h e x a n e ,  c a r b o n  d i o x i d e - b e n z e n e ,  c a r b o n  d i o x i d e - n - d e c a n e ,  a n d  

c a r b o n  d i o x i d e - n - h e x a d e c a n e  w e r e  s e l e c t e d  f o r  t e s t .  A 

sum m ary  o f  t h e  r e s u l t s  i s  g i v e n  i n  T a b l e  5 .  The  LCM g i v e s  

q u i t e  go o d  r e s u l t s  a s  s h o w n  i n  F i g s .  8 - 1 h .  F o r  s y s t e m  o f  

c a r b o n  d i o x  id  e - b e n z e n e ,  t h e  i m p r o v e m e n t s  i n  t h e  c a l c u l a t i o n s  

o f  t h e  l i q u i d  c o m p o s i t i o n  by u s e  o f  t h e  LCM a r e  shown i n



METHANOL( 1 )-WATER(2)
TEMPERATURE : 150 C 

• +  : DATA OF GRISWOLD, 1952
---------------------- : CSM

-----------------------  : LCM

114

P
R
E
SsuR
E
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M

0.0 0.1 0.2 0.3 O.M 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIGURE 7 . PP.ESSURE-COM POSmON DIAGRAM
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T a b l e  5 .  Vap o r - l i i u i d  e ' l u i l i b r i a  c a l c u l a t i o n s  u s i n g  
l o c a l  c o m p o s i t i o n  a n d  c o n f o r m a i  s o l u t i o n  

m i n i n g  r u l e s  f o r  C02 b i n a r y  m i x t u r e s

S y s t e m M i x i n g
r u l e s K1 K2 x l x2 y1 y2

M e t h a n e -  CSM 
C02

LCM

A* A • D • %

0 .  Qflf)7 0 .  H71R —  3 . 7 1  5 .  00 3 . 0 4  4 . 3 0  2 . 2 5  6 . 9 1

1 . 0 4 2 9  0 . 0 4 5 9  1. 1120 3 . 4 5  3. 25 2 . 9 0  2 . 9 1  1 . 4 5  2 . 9 9

CO2-  CSM 1 . 0 4 3 0  0 .  R723 - -  0 . 9 3  1 5 . 4  9 . 7 3  9 . 0 9  0 . 4 5  2 2 . 9
n - M e x a n e

LCM 1. 1736 0 . 7 B 1 9  1. 1024 4 .  34 1 2 . 3  4 . 0 5  4 . 7 5  0 . 3 3  1 3 . 7

C 0 2 -
B e n z e n e

CSM 1 . 0 2 8 6  0.  9 4 0 5

LCM 1. 2044 0 .  7 0 7 0  1. 1369

7 . 7 0  1 5 . 2  8 . 0 7  1 2 . 1  0 . 2 9  2 4 . 1

1 . 6 5  1 3 . 7  1 . 6 4  5 . 7 0  0 . 1  1 9 .  10

C 0 2 -
n - D o c a n e

CSM 1 . 0 5 3 9  0- 9 0 0 2  - -  0 . 5 8  5 .  41 6 . 2 4  1 . 18 2 . 5 2  4 . 3 4

LCM 1 . 2 4 3 3  0; 7511  1. 1255  3 . 7 6  2 . 6 6  3 .  10 0 . 5 0  1 . 2 4  2 . 4 4

C0 2 -
n - H e x a -
d e c a n o

CSM 1 . 0 7 9 9  0 - 9 0 5 1

LCM 1.  3504 0 .  7200  1.  1274

1 2 . 9  8 .  92 1 2 . 5  2 . 7 2  1. 19 0 .  14

1 0 . 2  9 .  01 10.  8 2 .  32 1 . 7 2  1 0 . 2

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  R u l e s

LCM ; L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



M ETH A N E(1)-C 02(2)
TEMPERATURE : -5 3 .9  C 

• + : DATA OF MRaW. 1978 
— — — — — — : CSM 

-----------------------  : LCM

SO

10

E 35

R 30

T 25

0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 8 .  P R E S S U R E -C O M PO SIT IO N  DIAGR.VM
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M ETH A N E(1)-C 02(2)
TEMPERATURE ; -6 3  C 

* + ; DATA OF MRAW, 1976
 : CSM

-----------------------  : LCM

55

P 50

S W9

R W8

A <47

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 9 .  P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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C02(1)-N-HEXANE(2)
TEMPERATURE ; 25 C 

• +  : DATA OF OHGAKI. 1976
---------------------- : CSM

-----------------------  : LCM

5SH

S 30

E 25

H 20

15-

0.0 0.1 0.2 0.3 O.y 0.5 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E 1 0 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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C02(1)-BENZENE(2)
TEMPERATURE : 25 C 

• + : DATA OF OHGAKI, 1976
---------------------- : CSM

-----------------------  : LCM

R 35

U 30

A 25

0.0 0.1 0.2 0.3 O.M 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 1 1 . P R E S S U R E -C O .yP O S IT IO N  DIAGRAM
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C02(1)-BENZENE(2)
TEMPERATURE : 40 C 

• + : DATA OF OHGAKI, 1976
-----------------------: CSM

------------------------ : LCM

60-

R SO

A WO

0.0 0.1 0.2 0.3 O.M O.S 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E 1 2 . P R E S S U R E -C O M P O S IT IO N  DL\GRA.M
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C02(1)-N-DECANE(2)
TEMPERATURE : 189.4 C 

• + : DATA OF SEBASTIAN. 1980 
— — — — — — : CSM 

-----------------------  : LCM

M2

m 36

U 33

A 30

2M-

0.0 0.1 0.2 0.3 O.M 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 1 3 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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C02( 1 )-N-HEXADECANE(2)
TEMPERATURE : 390.6 C 

• + : DATA OF SEBASTIAN. 1900 
— — — — — — : CSM 

-------------------------  : LCM

50.0

y 7. 5

MS.O

qo.o
p
R
E
Ss
u
m
E
R
T
H

30.0

27.5

25.0

22.5

20.0
0.0 0.1 0.2 0.3 O.q 0.5 0.6 0.7 0.8 0.9 1.0

XI

FIG U R E 1 4 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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F i ' j s .  1 1 - 1 2 .  F o r  t h e  c a r b o n  d i o x i d e - n - h e x a d e c a n e  s y s t e m ,  

t h e  r a t i o  o f  t h e  V* i s  7 . 6  :  1 [ v *  a r e  0 . 2 1 ,  a n d  1 . 5 9  f o r

c a r b o n  d i o x i d e  a n d  n - h e x a d e c a n e ,  r e s p e c t i v e l y )  .  T he  LCM 

a n d  t h e  CSM h a v e  s i m i l a r  r e s u l t s  f o r  c a r b o n  d i o x i d e - n -  

h e x a d e c a n e  s y s t e m .

F o r  m i x t u r e s  o f  a c e t o n e  a n d  h y d r o c a r b o n s ,  f i v e

s y s t e m s ,  e t h a n e - a c e t o n e ,  p r o p a n e - a c e t o n e ,  n - p e n t a n e - a c e t o n e ,  

a c e t o n e - b e n z e n e ,  a n d  a c e t o n e - n - h e p t a n e  w e r e  s e l e c t e d  t o  t e s t

t h e  m o d e l .  I n  T a b l e  6 a  su m m a ry  o f  t h e  r e s u l t s  f o r

m i x t u r e s  o f  a c e t o n e  a n d  h y d r o c a r b o n s  i s  g i v e n .  F o r  t h e

e t h a n e - a c e t o n e  s y s t e m ,  t h e  LCM y i e l d s  a c c u r a t e  r e s u l t s  f o r  

t h e  l i q u i d  c o m p o s i t i o n s  a s  s h o w n  i n  F i g .  1 5 .  F i g .  17 s h o w s  

r e s u l t s  f o r  t h e  n - p e n t a n e - a c e t o n e  s y s t e m ,  h a v i n g  a minimum 

a z e o t r o p e  t e m p e r a t u r e .  T h e  p h a s e  b e h a v i o r  o f  t h e  n - p e n t a n e -  

a c e t o n e  s y s t e m  i s  v e r y  w e l l  r e p r e s e n t e d  by t h e  LCM.

F o r  m i x t u r e s  o f  a l c o h o l s  a n d  h y d r o c a r b o n s ,  s e v e n

s y s t e m s ,  e t !ian e - m e t h a n o l ,  p r o p a n e - e t h a n o l ,  b e n z e n e - e t h a n o l ,  

e t h a n o l - n - d e c a n e ,  n - h e x a n e - 1 - p r o p a n o l ,  b e n z e n e - i - p r o p a n o l ,  

an d  1 - p r o p a n o l - n - d e c a n e  w e r e  s e l e c t e d  t o  t e s t  t h e  m o d e l .  

F o r  m i x t u r e s  o f  w a t e r  w i t h  h y d r o c a r b o n s ,  m e t h a n e - w a t e r ,  a n d  

e t h a n e - w a t e r  w e re  s e l e c t e d  f o r  t e s t .  I n  T a b l e  7 a su m m a ry  

o f  t h e  r e s u l t s  f o r  t h e s e  n i n e  s y s t e m s  i s  g i v e n .  The  s y s t e m s  

o f  a l c o h o l - h y d r o c a r b o n  a r e  t y p i c a l l y  d i f f i c u l t  t o  f i t .  F o r  

t h e  e t h a n e - i r e t h a n o l  s y s t e m ,  t h e  LCM g r e a t l y  i m p r o v e s  r e s u l t s  

f o r  l i q u i d  p l i a s e  c o m p o s t i o n s ,  c o m p a r e d  t o  t h e  CSM a s  show n

U5



T a b l e  V a p o r - l i g u  Id  e q u i l i b r i a  c a l c u l a t i o n s  u s i n g  
c o n f o r m a i  s o l u t i o n  a n d  l o c a l  c o m p o s i t i o n  
m i x i n g  r u l e s  f o r  a c e t o n e  b i n a r y  m i x t u r e s

S y s t e m  M i x i n g  r  r  6
r u l e s  K1 K2 x 1 x2 y1 y2

A# A « D # %

E t h a n e -  CSM 0 . 9 5 8 8  0,  96Ua —  1 9 . 6  3 8 . 9  2 7 .  3 2 5 .  5 0 . 3 6  1 8 . 9
A c e t o n e

LCM 0 . 9 9 9 3  0 . 8 9 1 9  1 . 0 9 9 7  9 . 9 5  13 .  5 1 1 . 7  1 5 . 6  0 . 9 0  2 1 . 2

P r o p a n e — CSM —— —  —  —  —  —-  —-  - — —
A c e t o n e

LCM 1.  1227 0 .  9218  1 . 0 9 8 1  9 . 3 0  5 . 8 2  7 . 3 5  1 3 .  1 2 . 7 5  1 6 . 5

n—P e n t a n e  CSM —  —  - -  —  —  —-  —— - — ——
A c e t o n e

LCM 1.  1959 0 .  80 9 8  0,  95 1 0

A c e t o n e -  CSM 0 . 9 8 8 8  0.  9767
B e n z e n e

LCM 0 . 9 6 7 7  0 . 9 8 2 0  0 . 9 3 8 b

A c e t o n e -  CSM 0 . 9 9 8 0  0 . 8 9  19
n - H e p t a n e

LCM 1 . 2 5 9 9  0 . 6 9 0 2  0 .  8 9 9 7  2 . 8 5  5.  01 3 . 8 1  7 . 9 6  1 . 3 9  5 . 9 9

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  R u l e s

LCM : L o c a l  C o m p o s i t i o n  M i x i n g  P u l e s



ETHANE( 1 )-ACET0NE(2)
TEMPERATURE : 25 C 

• + : DATA OF OHGAKI, 1976
 : CSM

-----------------------  : LCM

27

U 21

A 18

0.0 0.1 0.2 0.3 O.H O.S 0.6 0.7 0.8 0.9 1.0
XI

FIG U RE 1 5 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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PROPANE( 1 )-ACET0NE(2)
tem pera tu r e  : 76.9 C 

• + : DATA OF THODOS, 1978 
-----------------------  : LCM

27.5

25.0

22.5

9
R
E
S
5
UR
E
fl
I
M

10.0

7.5-i

5.0

2.5
0.0 0.1 0.2 0.3 O.y 0.5 0.6 0.7 0.8 0.9 1.0

XI

FIG U R E 1 6 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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N-PENTANE( I )-ACET0NE(2)
PRESSURE : 1 ATM 

• + : DATA OF KARR, 1962 
------------------------ : LCM

60

E SO

fl flS

354

2S

0.0 0.1 0.2 0.3 O.M O.S 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 1 7 . T EM PER A TU R E-C O M PO SITIO N  DIAGRAM
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ACETONE( 1 )-BENZENE(2)
TEMPERATURE : 25 C 

• + : DATA OF TASIC, 1978 
— — — — — — : CSM 

-----------------------  : LCM

0.30

0.28

0.26

P 0.22

0.16

o .m

0.12

0.10

0.0 0.1 0.2 0.3 0.1 O.S 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 1 8 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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ACETONE( 1 )-HEPTANE(2)
TEMPERATURE : 65 C 

• + : DATA OF RATCLIFF, 1972
---------------------- : CSM

------------------------- : LCM

1.3

1. 2 -

1 .0

P
R
E
S
s
uR
E
R
T
H

0 .6

O.S

0.1

0.3

0 . 2-

0.0 0.1 0.2 0.3 O.M O.S 0.6 0.7 0.8 0.9 1.0
XI

FIG U RE 1 9 . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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T t i b l o  7 ,  V a p o r - l i ' ] u i  1 o ^ i i i l i b r i a  c d l c u l a t i u n s  u s i n g  
l o c a l  c o m p o s i t i o n  a n d  c o n f o r m a i  s o l u t i o n  

m i x i n g  r u l e s  f o r  n i n e  b i n a r y  m i x t u r e s

S y s t e m M ix in g
r u l e s K1 K2 x l x2 y i y2

E t h a n e -
H e t h a n o l

CSM 0 . 9 4 Q 8  1 . 0 9 7 9

LCM 0 . 7 2 1 0  0 .  9 3 2 2  1 . 0 2 2 6

A .A .D .  %

3 9 . 8  9 .  63 6 2 . 3  7 . 9 5  0 - 1 2  1W.3

1 6 . 7  a .  16 19.  3 3 . 5 5  0 . 0 6  7 . 9  1

U1NJ

P r o p a  n e -  
E t h a n o l

B e n z e n e -
E t h a n o l

CSM

LCM

CSM

LCM

0 . 0 9 2 1  1.  03 2 8  - -  6 , 9 7  5 .  62 8 .  35 9 .  83 9 . 8 8  8 . 9 1

1 . 1 1 0 3  0.  8 5 0 5  1. 0289  5 .  16 3.  97 9 . 8 9  3 . 5 0  2 . 9 b  5 - 5 7

1. 3106  0 .  69 30 0 . 9  901

E t h a n o l -
n - D e c a n c

CSM 1. 1086 0 .  8929  - -  1 9 . 9  5 .  21 2 0 .  7 3 . 5 6  1 . 8 2  5 . 6 9

LCM 1 . 3 0 2 7  0 .  615 2  0 .  9 7 1 0  10 .  3 3.  73 1 1 . 9  1 . 2 7  1 . 6 7  3 . 8 5

n - ! I e x a n e -  CSM 
P r o p a n o l

LCM 0 . 9 0 9 0  0.  930 5  0 .  9f, 19 11 .  8 6 .  69 1 2 . 8  9 .  59  9 . 5 5  1 0 . 6

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  R u l e s

LCM : L o c a l  C o m p o s i t i o n  M i x i n g  P u l e s



T a b l e  7 ,  ' C o n t i n u e d )

S y s t e m M i x in g
r u l e s Kl K2 Kl x2 y1 y2

B e n z e n e -  CSM 
P r o p a n o l

LCM 1. 1f>ui4 0 .  8173  0.  9 3 2 7

A .A .D .  %

Lnw P r o p a n o l -  CSM 1.12.32 0 .  naUD - -  6 . 9 0  1 0 . 5  7 . 4 2  1 5 . 6  0 . 9 1  9 . 1 9
n - D e c a n e

LCM 1 .2 8 R 3  0 . 7 4 4 0  0 . 9 9 3 5  5 . 3 9  9 .  00 6 . 2 3  9 . 6 4  0 . 9 3  0 . 4 7

M e t h a n e -  CSM 
W a t e r

LCM

0 .  0323 0 . 9 9 6 9

0 . 9 5 2 3  0.  595 2  1. 1666

1 . 9 6  0 .  90 2 ,  19 0 . 0 1  0 . 5 0  0 . 9 0

2 . 2 7  1. 40 2 . 0 3  0 . 0 1  0 . 6 9  1 . 4 0

E t h a n e -  
Wa t e r

CSM 0 . 8 1 6 9  0 . 7 0 8 9

LCM 1 , 0 3 2 1  0 . 6 1 9 8  1. 2 4 9 2

4 .  32  1.  69 4 . 8 8  0 . 0 1  0 . 6 2  1 . 6 9

1 . 9 7  2.  27 2 . 0 0  0 . 0 1  0 . 9 3  2 . 2 7

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  R u l e s

LCM ; L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



i n  F l j .  2 0 .  M i x t u r e s  o f  b e n z e n e - e t h a n o l  a n d

b e n z e n e - 1 - p r o p a n o l  f o rm  a z e o t r o p e s ,  a s  s h o w n  i n  F i g s .  2 2 ,  

an d  2 5 .  The  LCM d e s c r i b e s  b e h a v i o r  r e a s o n a b l y  w e l l  f o r  t h e  

b e n z e n e - e t h a n o l ,  a n d  b e n z e n e - 1 - p r o p a n o l  s y s t e m s .

F o r  p o l a r  m i x t u r e s ,  e i g h t  s y s t e m s ,  a c e t o n e - c a r b o n  

d i o x i d e ,  a c e t o n e - e t h a n o l ,  m e t h a n o l - 1 - p r o p a n o l ,

e t h a n o l - 1 - p r o p a n o l ,  e t h a n o l - w a t e r ,  c a r b o n  d i o x i d e - w a t e r ,  

h y d r o g e n  s u l f i d e - w a t e r ,  a n d  a m m o n i a - w a t e r  w e r e  s e l e c t e d  t o  

t e s t  t h e  m o d e l .  A s u m m a r y  o f  t h e  r e s u l t s  i s  g i v e n  i n  T a b l e  

8 .  C o m p a r i s o n s  o f  t h e  e x p e r i m e n t a l  a n d  t h e  p r e d i c t e d  

c o m p o s i t i o n s  f o r  t h e s e  e i g h t  s y s t e m s  a r e  s h o w n  i n  F i g s .  

2 9 - 3 7 .  The LCM g e n e r a l l y  p r o v i d e s  a b e t t e r  f i t  t o  t h e  

e x p e r i m e n t a l  v a l u e s  t h a n  t h e  CSM.
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ETHANE( 1 )-METHAN0L(2)
tem perature  : 25 C 

• + : DATA OF OHGAKI. 1976
---------------------- : CSM

-----------------------  : LCM

37.5

35.0

32.5

30.0

R 27.5

20.0

17,5

15.0

12.5

10.0

0.0 0.1 0.2 0.3 O.M 0.5 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E 2 0 .  P R E SSU R E  -C O M P O S IT IO N  DIAGRAM
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PROPANE( 1 )-ETHAN0L(2)
TEMPERATURE : 127  C 

•  +  : DATA OF THODOS. 1978
 : CSM

-----------------------  : IjCM

MO-

U 25

T 20

0.0 0.1 0.2 0.3 O.q O.S 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E  2 1 .  P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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BENZENE( 1)-ETH A N 0L(2)
TEMPERATURE ; 2 5  C 

• +  : DATA OF SMITH, 1970 
--------------------------- : LCM

0.21

0.19

0.17

0.15

P
R
E
S
S
uR
E
fl
T
N

0.09

0.07

0.05

0.03
0.0 0.1 0.2 0.3 O.y 0.5 0.6 0.7 0.8 0.9 1.0

XI

FIG U R E  2 2 .  P R E S S U R E -C O M PO SIT IO N  DIAGRAM
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ETHANOL( 1 )-N-DECANE(2)
PRESSURE : 1 ATM 

• + : DATA OF ELUS, 1961 
-  — — -  — -  : CSM 

-------------------------  : LCM

160

150

110

130

E 120

100

0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E 2 3 .  TEM PERA TURE-COM POSITION* DIAGRAM
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N -H EX A N E (1)-PR 0PA N 0L (2)
PRESSURE : 1 ATM 

• -t- : DATA OF PRABHU. 1963 
-----------------------  : LCM

90.0

87.54

85.0

9 77.5

75.0

72.5

70.04

67.54

65.0
0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0

XI

F IG U R E  2 4 .  T EM PER A TU R E-C O M PO SITIO N  DIAGRAM
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BENZENE( 1 )-PR0PAN0L(2)
PRESSURE : 1 ATM 

‘ + : DATA OF TOJO. 1973 
-----------------------  : LCM

92

90-i

E 88

m 86

80

784

.......... I............................       I......I...... I
0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0

XI
F IG U R E 2 5 .  T EM PER A TU R E-C O M PO SITIO N  DIAGRAM
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PROPANOL( 1 )-N-DECANE(2)
PRESSURE : 0.395 ATM 

• + : DATA OF ELUS, 1960
    . csji

 --------------------------: LCM

97.5-i

95.0

92.5

90 .0

T
6 8 7 .5 :
M
P
E
R
A 8 5 .0 :

U
R

. 82.5-i
C

80.0

77.5

75.0

72.5

0 .0  0.1 0 .2  0 .3  O.M 0 .5  0 .6  0 .7  0 .8  0 .9  1.0
XI

FIG U R E 2 6 .  T E M PER A TU R E-C O M PO SITIO N  DIAGRAM
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METHANE( 1 )-WATER(2)
TEMPERATURE : 171 C 

• + : DATA OF CULBERSON, 1951 
— — — — — — ; CSM 

------------------------- : LCM

225

200

175

150

E 125

E 100

50-

0 .0  0.1  0 .2  0 .3  O.M 0 .5  0 .6  0 .7  0 .8  0 .9  1.0
XI

FIG U RE 2 7 .  P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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ETHANE( 1 )-WATER(2)
TEMPERATURE : 171 C 

• + : DATA OF CULBERSON, 1950 
— — — — — — : CSM 

— : LCM
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XI

FIG U R E 2 6 .  P R E S S U R E -C O M P O S m O N  DIAGRAM
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T ab  I n  n .  V a p o r - l i q u i d  e q u i l i b r i a  c a l c u l a t i o n s  u s i n g  
l o c a l  c o m p o s i t i o n  a n d  c o n f o r m a i  s o l u t i o n  

m i x i n g  r u i n s  f o r  p o l a r  b i n a r y  m i x t u r e s

S y s t e m Mix i n q  
r u l e s

A c e t o n e -  CSM 
CO 2

LCM

1 . 0 2 6 0  0 .  96mt

K1 K2 Xl y1 y2

A. A.O .  %

1 9 . 0  6 . 1 7  4 . 6 9  5.1*3 2 1 . 8  0 . 3 0

1 . 2 0 5 4  0 .  0 2 6 5  1. 0 9 0 6  9 . 0 2  2 .  57 6 . 3 0  2 . 7 0  1 0 . 6  0 .  19

O '

A c e t o n e -  CSM 
Et H a n o i

LCM

M e t h a n o l -  CSM 
P r o p a  n o l

LCM

0 . 9 0 5 7  0 . 9 0 1 9

0 . 0 6 5 5  1 . 0 1 3 3  0 .  7 0 5 7  7 . 8 9  6 .  10 1 0 . 7  5 . 7 5  5 . 2 4  3 . 4 6

0.9040  0 .  9851 —  3 . 9 8  5.  62  6 . 6 0  16 ,  2 4 . 2 9  1 9 . 8

0 . 7 9 6 9  1 . 0 3 7 9  0 . 9 0 5 8  3 . 9 7  5 .  12 5 .  10 1 2 . 2  3 . 6 4  1 5 . 6

E t h a n o l -  CSM 
P r o p a n o l

LCM

1 . 0 1 2 6  0 . 9 9 5 4  - -  3 . 4 1  3. 32 9 . 7 4  11 .  1 8 .  39 1 2 . 6

1 . 1 0 1 7  0 . 9 3 6 8  1 . 0 7 4 4  3 . 0 3  2.  95  6 . 0 4  9 . 7 7  6 . 5 3  1 2 . 4

E t h a n o l -  CSM 
Ha t e r

LCM 0 . 8 6 5 5  1. 0 1 3 3  0 . 9 9 5 0  3 . 2 0  3 .  70 5 . 7 5  2 . 2 8  5 . 0 2  3 . 2 9

CSM : C o n f o r m a i  S o l u t i o n  M ix in g  R u l e s

LCM : L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



T a h l o  R- î C o n M n u e i î )

O '
u»

S y s t e m

C 0 2 -
W a t e r

H 2S-
W a t e r

M ix in g
r u l e s

CSM

LCM

CSM

LCM

0 . 6 7 3 5  0 .  nW30

1 . 0 6 1 5  0 . 92R9 1, 23 9 7

Kl K2 K l x2 y1 y2

A • A « 0 .  %

5 9 . 9  5 1 . 9  9 9 . 1  1 . 9 9  5 9 . 9  5 1 , 7

1 0 . 6  6 .  92 1 9 . 0  0 . 7 9  10 .  2 7 . 9 6

0 . 9 7 5 7  1.  079R —  1 0 . 9  3 .  12 1 0 . 6  0 . 3 7  1 . 0 6  3 . 0 2

0 . 7 9 3 9  0 .  9955  1 . 0 5 0 7  9 .  12 2.  97 9 . 5 7  0 .  15 0 . 6 2  2 . 6 0

Ammonia-  CSM 
Wa t e r

LCM

1 . 0 6 9 1  1- 1797 —  12 .  5 9 .  00 1 7 . 0  3 . 0 3  3 . 7 1  1 0 . 5

1 . 0 2 1 6  1.  0076  0 .  9310  5 .  26 11 .  1 7 . 5 2  1 . 0 7  3 .  10 1 1 . 9

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  O u ï e s

LCM : L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



ACET0NE(1)-C02(2)
TEMPERATURE : 25 C 

• -+ : DATA OF KATAYAMA, 1975 
— — — — — — : CSM 

— — : LCM

s  30
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M 20
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XI

FIG U R E 2 9 .  P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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ACETONE( 1 )-ETHAN0L(2)
PRESSURE : 1 ATM 

• + : DATA OF AMER, 1956
---------------------- : CSM

------------------------ : LCM
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XI

FIG U R E 3 0 .  T E M PER A TU R E-C O M PO SITIO X  DIAGRAM
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METHANOU1 )-PR0PAN0L(2)
TEMPERATURE : 50 C 

* + : DATA OF SCHMIDT, 1926 
— — — —— — : CSM

------------------------ : LCM
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FIG U R E 31. PRESSURE-COMPOSmON DIAGRAM
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ETHAN0L(1)-PR0PAN0L(2)
PRESSURE : 1 ATM 

• + : DATA OF KOJÏMA, 1969 
— — : CSM

-----------------------  : LCM

97.S

95.0
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XI

FIG U R E 3 2 .  T E M PER A TU R E-C O M PO SITIO N  DIAGRAM
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ETHANOL( 1 )-WATER(2)
PRESSURE : 1 ATM 

• + : DATA OF PAUL 1976 
-----------------------  : LCM

E 88

A 86

76-i

0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E  3 3 .  TEM PER A TU R E-C O M PO Sm O .N ’ DIAGRAM
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C 02(1)-W A TER (2)
TEMPERATURE : 275 C 

•  +  : DATA OF TAKENOUCHI. 1961
--------------------------: CSM

  : LCM
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0.0

F IG U R E  3 4 .  F R E S S U R E -C O M P O S IT IO N  DIAGRAM
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H2S(1)-WATER(2)
TEMPERATURE : 171.3 C 

• + : DATA OF SELLECK, 1952 
— — — — — — : CSM 

------------------------ : LCM

180
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XI

F IG U R E 3 5 .  P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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AMMONIAC 1 )-WATER(2)
PRESSURE : 1 ATM 

• + : DATA OF CLIFFORD, 1932
 : CSM

------------------------  ; LCM

80”

U MO

C 30

0 .0  0 .1  0 .2  0 .3  O.M 0 .5  0 .6  0 .7  0 .8  0 .9  1.0
XI

FIG U R E 3 6 .  T E M P E R A T U R E -C O M P O SIT IO N  DIAGRAM
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AMMONIA( 1 )-WATER(2)
PRESSURE ; 10 ATM 

• +  : DATA OF CLIFFORD, 1932
---------------------- : CSM

-----------------------  : LCM
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FIG U R E 3 7 .  TEM PERA TU R E-C O M PO SITIO N ' DIAGRAM
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CHAPTER V 

COHCLOSIONS

A l o c a l  c o m p o s i t i o n  m o d e l  h a s  b e e n  a p p l i e d  t o  

d e s c r i b e  t h e  c o m p o s i t i o n  d e p e n d e n c e  o f  m i x t u r e  t h e r m o d y n a m i c  

p r o p e r t i e s .  T h e  m e t h o d  h a s  b e e n  a p p l i e d  u s i n g  a  r e c e n t l y  

d e v e l o p e d  e q u a t i o n  o f  s t a t e  f o r  u s e  i n  v a p o r - l i q u i d  

e q u i l i b r i a  a n d  m i x t u r e  d e n s i t y  c a l c u l a t i o n s .  The  e q u a t i o n  

o f  s t a t e  u t i l i z e s  r e d u c e d  t e m p e r a t u r e  a n d  r e d u c e d  d e n s i t y  a s  

t h e  i n d e p e n d e n t  v a r i a b l e s  f o r  c a l c u l a t i o n  o f  a l l  d e p e n d e n t  

v a r i a b l e s ,  s u c h  a s  p r e s s u r e ,  H e l m h o l t z  f r e e  e n e r g y ,  e t c .  

T h e  c o m p o s i t i o n  d e p e n d e n c e  f o r  t h e  e q u a t i o n  o f  s t a t e  m i x t u r e  

p r o p e r t i e s  i s  d e r i v e d  f r o m  t h e  l o c a l  c o m p o s i t i o n  m o d e l  

e x p r e s s i o n  f o r  t h e  H e l m h o l t z  f r e e  e n e r g y ,  w h i c h  i s ,  i n  

e s s e n c e ,  a  m u l t i f l u i d  m o d e l  f o r  t h e  t h e r m o d y n a m i c  p r o p e r t i e s  

o f  m i x t u r e s .

I n  t h i s  w o r k ,  a  m u l t i f l u i d  m o d e l  i s  a d o p t e d  f o r  t h e  

r e d u c e d  t e m p e r a t u r e  a n d  a o n e  f l u i d  m o d e l  i s  a d o p t e d  f o r  t h e  

r e d u c e d  d e n s i t y .  C h o o s i n g  t h e s e  r e l a t i o n s  f o r  t h e  r e d u c e d  

t e m p e r a t u r e  a n d  r e d u c e d  d e n s i t y ,  t h e  p r e s e n t  f o r m u l a t i o n  o f  

t h e  l o c a l  c o m p o s i t i o n  m o d e l  h a s  c h a r a c t e r i s t i c s  o f  b o t h  o n e -  

f l u i d  a n d  m u l t i f l u i d  m o d e l s .
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I t  i s  d e m o n s t r a t e d  t h a t  i f  m u l t i f l u i d  m o d e l s  a r e  

a d o p t e d  f o r  b o t h  t h e  r e d u c e d  t e m p e r a t u r e  a n d  t h e  r e d u c e d  

d e n s i t y ,  t h e  l o c a l  c o m p o s i t i o n  m o d e l  e x p r e s s i o n  u s e d  f o r  t h e  

m i x t u r e  p r e s s u r e  c a n  b e c o m e  i n f i n i t e  when c o m p o n e n t  

m o l e c u l a r  s i z e  d i f f e r e n c e s  a r e  s u f f i c i e n t l y  l a r g e  ( e v e n  a t  

c o n d i t i o n s  w h e r e  t h e  r e a l  f l u i d  m i x t u r e  i s  known t o  e x i s t  a t  

f i n i t e  p r e s s u r e ) .  On t h e  o t h e r  h a n d ,  i t  i s  sh o w n  t h a t  t h e  

p r e s e n t  f o r m u l a t i o n ,  i n  w h i c h  a  o n e  f l u i d  m o d e l  i s  u s e d  f o r  

t h e  r e d u c e d  d e n s i t y ,  w o r k s  w e l l  e v e n  f o r  m i x t u r e s  w h o se  

c o m p o n e n t  m o l e c u l e s  d i f f e r  a p p r e c i a b l y  i s  s i z e ,  i . e . ,  t h e  

C 0 2 - n - h e x a d e c a n e  a n d  a c e t o n e - w a t e r  s y s t e m s .  I n  f a c t ,  t h e  

p r e s e n t  f o r m u l a t i o n  c a n  b e  a p p l i e d  t o  a n y  m i x t u r e  r e g a r d l e s s  

o f  t h e  m i x t u r e  c o m p o n e n t  m o l e c u l a r  s i z e s .

F o r  s t r o n g l y  n o n i d e a l  m i x t u r e s ,  s u c h  a s  a c e t o n e - w a t e r  

a n d  m e t h a n o l - b e n z e n e ,  t h e  p r e s e n t  f o r m u l a t i o n  d e s c r i b e s  

v a p o r - l i q u i d  e q u i l i b r i u m  b e h a v i o r  a c c u r a t e l y .  On t h e  o t h e r  

h a n d ,  i t  i s  d e m o n s t r a t e d  t h a t  t h e  c o n f o r m a i  s o l u t i o n  m o d e l ,  

w h i c h  i s  a  t o t a l l y  o n e  f l u i d  m o d e l  d o e s  n o t  w o rk  w e l l  f o r  

t h e s e  s t r o n g l y  n o n i d e a l  m i x t u r e s .

I t  s h o u l d  b e  n o t e d  t h a t  t h e  p r e s e n t  l o c a l  c o m p o s i t i o n  

m i x i n g  r u l e s  c a n  b e  a p p l i e d  t o  e x t e n d  v i r t u a l l y  a n y  

c o r r e s p o n d i n g - s t a t e s  t y p e  e q u a t i o n  o f  s t a t e  t o  m i x t u r e s .

As a s u m m a r y ,  t h e  p r e s e n t  f o r m u l a t i o n  o f  t h e  l o c a l  

c o m p o s i t i o n  m o d e l  h a s  t h e  f o l l o w i n g  d e s i r a b l e  

c h a r a c t e r i s t i c s ;

1 ) .  T h e  m e t h o d  w o r k s  w e l l  f o r  b o t h  m i x t u r e  d e n s i t y
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a n d  v a p o r - l i q a i d  e q u i l i b r i a .

2 ) .  T h e  met  h o d  w o r k s  f o r  m i x t u r e s  i n  w h i c h  c o m p o n e n t s  

d i f f e r  a p p r e c i a b l y  i n  s i z e .

3 ) .  T h e  m e t h o d  w o r k s  w e l l  f o r  a  w i d e  v a r i e t y  o f  f l u i d  

m i x t u r e s ,  r a n g i n g  f r o m  n o n p o l a r  t o  h i g h l y  p o l a r  

f l u i d s .

U ) .  T h e  m e t h o d  c a n  be  a p p l i e d  t o  e x t e n d  a n y  c o r r e s p o n d i n g -  

s t a t e s  t y p e  e q u a t i o n  o f  s t a t e  t o  m i x t u r e s .
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NOMENCLATURE

A' total configurational Helmholtz free energy

A' molar configurational Helmholtz free energy

Â  equation o f s ta te  constants

equation o f s ta te  universal constants, isotropic reference

equation of s ta te  universal constants, perturbation 

contribution

c equation of sta te  constant in eqn. (A2)

D equation of s ta te  characterization polar parameter

f^ component fugacity in solution

g radial distribution function

Hj -  H° molar enthalpy departure

k Boltzmann's constant

K equilibrium constant

radius of sphere appropriate for finding first-neighborhood 

molecules 

Nav Avogadro's number

P pressure

r radius of sphere

R gas constant

C

- i S° molar entropy departure 

temperature
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- Û. molar internal departure

★
V equation of state  characterization volume parameter

Vj  ̂ f i r s t  neighborhood volume

Wĵ  potential of mean force

mean potential of mean force

x̂ . mole fraction of component i

Xj  ̂ local composition of j molecules around a i molecule

Z compressibility factor

a' a proportionality factor between and

6 1/kT

6 a binary interaction parameter in Fj^

e° equation of sta te  characterization parameter, nonpolar

e equation of sta te  characterization energy parameter

Ç a binary interaction parameter

X equation of sta te  characterization structure parameter

V a binary interaction parameter

Ç a binary interaction parameter

p density

T a binary interaction parameter
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A p p e n d i x  1 

ZQUITIOH OP STATE FOB POBB SOBSTAHCES

T h e  e q u a t i o n  o f  s t a t e  f o r  p u r e  f l u i d s  u s e d  h e r e i n  i s  

a  r e c e n t l y  d e v e l o p e d  g e n e r a l i z e d  e q u a t i o n  o f  s t a t e  f o r  p o l a r  

f l u i d s ( K h a n ,  e t  a l . ,  1 9 8 3 ) ,  i . e .

*  -  • ♦  * Z c i "  *  (  1 <«>

w h e r e  a n d  z^^^ a r e  c o n f i g u r a t i o n a l  c o m p r e s s i b i l i t y

f a c t o r s :  t h e  i s o t r o p i c  r e f e r e n c e  a n d  t h e  p e r t u b a t i o n

c o n t r i b u t i o n s ,  r e s p e c t i v e l y .  T h e  q u a n t i t y  X i s  a

s t r u c t u r a l  p a r a m e t e r  w h i c h  c h a r a c t e r i z e s  t h e  s t e r i c  e f f e c t s  

o f  s t r u c t u r e d  m o l e c u l e s .  B o t h  z /^^  and  Z^^^ a r e  a s s u m e d  t o  

h a v e  t h e  sam e f u n c t i o n a l  f o r m

c o n f . ■ (A, +I + ^  + ^  + ^  + ^ )  P* + (Aj + ^ )  P*^ + *8 "

+ p*‘ .x p (-cp *2) + ^ p ' :
* T T T

*
w h e r e  p**  p V* , t*« k l / c ,  a n d  V a n d  e a r e  c h a r a c t e r i s t i c  

v o l u m e  a n d  e n e r g y  p a r a m e t e r s ,  r e s p e c t i v e l y -  N o t e  t h a t  t h e
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c o n s t a n t  * c '  i n  e g n .  *A2) i s  e q u a l  t o  3 1 , 6 7 1 1 3 .  T h e  o t h e r  

c o n s t a n t s  a r e  g i v e n  i n  T a b l e  A1.

The  e n e r g y  p a r a m e t e r  f o r  p o l a r  a n d  a s s o c i a t i n g  

s u b s t a n c e s  i s  a s s u m e d  t o  b e  t e m p e r a t u r e  d e p e n d e n t

e /k -  c ° /  k + — 2 -  (A3)

O
w h e r e  c c o r r e s p o n d s  t o  t h e  e n e r g y  p a r a m e t e r  f o r  n o n p o l a r  

c o n t r i b u t i o n s ,  a n d  D i s  a  p o l a r  p a r a m e t e r  w h i c h  

c h a r a c t e r i z e s  m u l t i p o l a r  a n d  a s s o c i a t i n g  e f f e c t s .

T h e  e q u a t i o n  o f  s t a t e  p a r a m e t e r s  f o r  p u r e  s u b s t a n c e s  

a r c  g i v e n  i n  T a b l e  A2.

T h e  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e  e n e r g y  i s  g i v e n  b y  

t h e  f o l l o w i n g  r e l a t i o n

^  /  (Z -  1) t  In(pRT)

+ i»(Aj + 3 6 , p*̂  ♦ ■jj ^  + -  tip(-c

*  5  ( ÿ )  p*= (A4)
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T a b l e  A l .

O n i v e r s a l  c o n s t a n t s  a n d  t o  b e  u s e d

i n  e q n .  M

A i  -  X +  (  X - 1  )  B ( P )

i B<P)

1 2 - 5 0 2 3 7 4 0 . 5 2 1 8 2

2 - 7 , 2 6 9 6 1 2 - 0 . 7 3 7 8

3 - 4 . 5 3 0 9 1 2 - 2 . 5 6 0 4

4 - 1 . 5 2 5 7 3 3 1 - 5 . 2 5 2 7

5 0 . 3 7 9 6 0 5 5 - 0 . 1 2

6 5 . 3 6 2 4 2 7 5 - 3 , 3 7 5 3

7 - 2 . 8 6 8 3 2 2 7 1 7 . 1 0 5 3

8 1 5 . 2 8 8 6 5 8 - 1 9 . 2 7 4

9 2 0 . 9 8 9 1 3 2 7 9 . 2 9

10 2 4 . 7 3 8 4 9 8 6 . 8 4 7 5

11 - 3 6 . 2 8 9 7 4 5 1 5 . 5 7

12 - 2 0 7 . 7 6 9 0 1 - 1 0 4 .

13 1 1 5 2 . 7 5 9 9 - 4 5 3 . 8 0 4

14 2 4 6 . 4 9 6 4 2 1 4 9 . 0 9 1

15 2 2 9 . 8 9 9 4 2 8 5 0 .
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T a b l e  A2. P u r e - c o m p o n e n t  p a r a m e t e r s f o r  e q n . (A1)

C o m p o n e n t e / k
R

V*
c u . f  t . / l b m o l e X

M e t h a n e 2 7 0 .  8 0 .  2591 1 . 0 3 3 3 0

E t h a n e 3 9 0 .  3 0 . 3 3 5 9 1 . 4 0 9 7 0

P r o p a n e U4 9.  8 0 . 4 2 5 2 1 - 6 4 7 0 0

n - B u t a n e 5 0 1 .  9 0 . 5 1 4 5 1 - 8 1 9 0 0

n - P e n t a n e 5 3 4 .  2 0 , 6 0 3 9 2 . 0 5 8  2 0

n - H e x a n e 5 5 6 .  5 0- 6 9 3 2 2 . 3 0 2 8 0

n - H e p t a n e 5 7 3 .  6 0 . 7 8 2 6 2 . 5 5 1 4 0

n - D e c a n e 6 1 9 .  6 1. 050 6 3 .  1904 0

n - H e x a d e c a n e 6 5 5 ,  2 1.  5 8 5 5 4 . 6 4 9 9 0

B e n z e n e 66  9.  3 0 .  5066 1 . 8 2 7 9 0

C02 3 5 8 .  9 0 . 2 0 9 0 1 . 3 6 6 5 2 1 2 8 7 . 5

H2S 4 9 8 . 5 0 . 2 5 4 4 1 . 0 2 5 0 2 4 5 7 0 . 7

A c e t o n e 5 9 9 .  1 0 .  4 4 8 5 1 . 6 2 0 8 4 0 4 9 8 . 6

Ammonia 4 9 2 .  1 0 .  1536 1 . 6 5 6 6 1 0 9 0 9 - 5

M e t h a n o l 5 2 5 .  8 0 .  267 3 2 . 1 1 1 1 5 9 1 9 3 . 7

E t h a n o l 4 7 6 .  3 0 .  3330 2 . 1 5 6 3 9 9 1 0 7 . 9

1 - P r o p a n o l 5 0 6 .  0 0 . 4 0 4 2 2 . 4 7 9 4 7 3 6 3 6 . 1

H a t e r 7 8 9 .  4 0 .  1088 1 . 8 3 7 6 1 5 8 4 7 . 9

87



T h e  e q u a t i o n  o f  s t a t e  h a s  b e e n  t e s t e d  f o r  d i f f e r e n t  

g r o u p s  o f  s u b s t a n c e s ,  i n c l u d i n g  n o r m a l  p a r a f f i n s ( C 2 - n C 2 0 ) , 

r i n g  c o m p o u n d s ,  a n d  p o l a r  c o m p o u n d s  (C 02 ,  R 2 S ,  e t c . ) ,  a n d  

p o l a r  a n d  a s s o c i a t i n g  c o m p o u n d s  (NR3, w a t e r ,  a n d  a l c o h o l s ,  

e t c . ) .  The  r e s u l t s  a r e  a c c u r a t e  e n o u g h  f o r  e n g i n e e r i n g  

d e s i g n  c a l c u l a t i o n s .
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A p p e n d i x  B 

COHFOBHAL SOLUTIOI H I X I I 6  BOLES

T h e  c o n f o r m a i  s o l u t i o n  m i x i n g  r u l e s ,  a  s o  c a l l e d

• o n e - f l u i d  m o d e l * ,  a s s u m e  t h a t  t h e  m i x t u r e  p r o p e r t i e s  a r e  

t h e  s a m e  a s  t h o s e  o f  a  h y p o t h e t i c a l  p u r e  f l u i d  c h a r a c t e r i z e d  

by e q u a t i o n  o f  s t a t e  c h a r a c t e r i z a t i o n  p a r a m e t e r s  w h i c h  a r e  

f u n c t i o n s  o f  c o m p o s i t i o n .  T h e  f o l l o w i n g  m i x i n g  r u l e s  a r e  

u s e d  t o  o b t a i n  m i x t u r e  c h a r a c t e r i z a t i o n  p a r a m e t e r s  a s  

f u n c t i o n s  o f  c o m p o s i t i o n  ( L e e  e t  a l . ,  1 9 7 7 ) :

v; - r I  v / J

■  I  ]

a l o n g  w i t h  t h e  m i x i n g  r u l e  

J j

The  s u b s c r i p t  x r e p r e s e n t s  t h e  m i x t u r e  c h a r a c t e r i z a t i o n  

p a r a m e t e r s  f o r  t h e  h y p o t h e t i c a l  p u r e  f l u i d .  T h e  c o m b i n i n g

r u l e s  u s e d  t o  c a l c u l a t e  t h e  p a i r  c h a r a c t e r i z a t i o n  p a r a m e t e r s  

a r e  t h e  s a m e  r u l e s  a s  e g n s .  ( 3 . 1 1 )  -  ( 3 . 1 5 ) .

T h e  r e d u c e d  d e n s i t y  a n d  t h e  r e d u c e d  t e m p e r a t u r e  a r e  

e v a l u a t e d  a s  f o l l o w s :
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= k  T /  (B4)X

p* *= pv* (B5)

By s u b s t i t u t i n g  t h e  v a l u e s  o f  X ,  T ,  a n d  p i n t o  e q n .  

( A l ) ,  t h e  e q u a t i o n  o f  s t a t e  f o r  m i x t u r e s  i s  o b t a i n e d .

T h e  e x p r e s s i o n s  f o r  e n t h a l p y  d e p a r t u r e  a n d  e n t r o p y  

d e p a r t u r e  i n v o l v e  t h e  d e r i v a t i v e  o f  c o m p r e s s i b i l i t y  f a c t o r  

w i t h  r e s p e c t  t o  t e m p e r a t u r e .  S i n c e  t h e  e n e r g y  p a r a m e t e r  f o r  

p o l a r  f l u i d s  i s  t e m p e r a t u r e  d e p e n d e n t ,  t h e  d e r i v a t i v e  o f  t h e  

c o m p r e s s i b i l i t y  f a c t o r  o f  m i x t u r e s  w i t h  r e s p e c t  t o  

t e m p e r a t u r e  i s  t h e  f o l l o w i n g  r e l a t i o n .

(B6)

w h e r e  i soT

(  —  (B7)31 ' p *
V*

X

The  i n t e r n a l  e n e r g y  d e p a r t u r e  i s  r e l a t e d  t o  t h e  e q u a t i o n  o f  

s t a t e  b y  t h e  f o l l o w i n g  e q u a t i o n ;
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■ -  j o  T ( 4 # - ) p

C o m b i n i n g  e g n s .  ( M )  , a n d  Î B 6 ) - J B 8 ) ,  t h e  i n t e r n a l  e n e r g y  

d e p a r t u r e  h a s  t h e  f o r m ,

,o , .3e.

V t® ■ V “^ ^ 1

I 1
-  I 1 -  T*( ) p * j  *

1

. ^ > p *
T* T* T*

3A_ 4A,„ 5A,
p '^ +  —  (

T* ^ 2c T* T* T*

3A, ^ 4A, ,  5A,
+  - 1 ^  ( P  ^  )  [ 1 - ( l+ c p * 2 )  e x p ( - c p * 2 )  ]

2c^ T*"* T*^ T*5 ^

(B9)

The  e n t h a l p y  d e p a r t u r e  c a n  be  o b t a i n e d  a s  f o l l o w s .

-  ( Z -  1 ) + (BIO)

T h e  e n t r o p y  d e p a r t u r e  c a n  b e  o b t a i n e d  u s i n g

S  -  S °  U -  v °  A -  A°
-  - W  -  - & T  (B l l )

w h e r e  t h e  H e l m h o l t z  f r e e  e n e r g y  d e p a r t u r e  c a n  be  o b t a i n e d  

f r o m  e q n .  (AW).
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The f u g a c i t y ,  f i  ,  o f  t h e  i t h  c o m p o n e n t  i n  a  m i x t u r e

i s :

I -  1 1 - ^  -  I n  ( Z ) (B12)

C o m b i n i n g  t h e  e g o s .  ( & 1 ) ,  a n d  t h e  f u g a c i t y  o f  i t h

c o m p o n e n t  i n  s o l u t i o n  h a s  t h e  f o l l o w i n g  f o r m :

in ( ( z - 1) + ( -L zJ !--------)

jO 1 r 3e
+ El -  ( Z -  1 ) ]  /  1 -  T*

- ^
l o

31

+  r  I S J l .
P* (B13)

T he  i n t e g r a l  f u n c t i o n  i n  e g n .  [B13) i s :

E7 2 0*^
+ (C, + -----  ) p* +  c_ —2—

6 T* 3

T* T* T*
^  -  exp(-cp*^)  j

+  (— ^  + - ^ )  [  I -  (1+cp*^) exp(-cp*^)  "j
T* T* 2c L 

j. 1 ^15 „*5+  p *  (B 1 4 )

w h e r e  -  B^°^ + B^P) 1 -  1, 15
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T he  d e r i v a t i v e s  i n  e q n ,  (B13)  a r e :

_L
*

3 V_

3 n.

:  X V *
j  i  i1 -  1 (B16)

3 E.
i  "x 3n,

T,V,
V i

l l L -  1 -  R. (B17)

3 X.
i  3n,

T'V.nkfi

(BIB)
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A p p e n d i x  C

LCR RESULTS USING A HO LTIFLOIO HODEL FOR REDUCED
DENSITY

T h i s  a p p e n d i x  i s  d e v o t e d  t o  t h e  LCM, u s i n g  a
*  *

m u l t i f l u i d  m o d e l  f o r  r e d u c e d  d e n s i t y ,  ) ,  f o r

m i x t u r e s  o f  s i m i l a r l y  s i z e d  m o l e c u l e s .  The f u g a c i t y

c o e f f i c i e n t s  f o r  t h e  c o m p o n e n t s  i n  s o l u t i o n  h a s  t h e

f o l l o w i n g  f o r m ,

•a :
' * k i ,  .  . .  ^ 3 ^ )

k V k j» p ( -

*k^kj

+  (  2  -  1 )  (C l)

w h e r e  i s  t h e  m o l a r  c o n f i g u r a t i o n a l  H e l m h o l t z  f r e e

e n e r g y  o f  a  s y s t e m  o f  m o l e c u l e s  w h i c h  h a v e  j - i  i n t e r a c t i o n s  

o n l y .

The  v a l u e  o f  o '  i n  e g n .  ( 3 . 4 ) ,  i s  r e l a t e d  t o  t h e  

c o o r d i n a t i o n  n u m b e r ,  a n d  i s  c h o s e n  t o  b e  0 . 5  i n  t h i s  w o r k .  

T he  v a l u e s  a r e  c a l c u l a t e d  u s i n g  e g n .  ( 4 . 3 ) .  T he  6 i s  

i n t r o d u c e d  a s  a b i n a r y  i n t e r a c t i o n  p a r a m e t e r  f o r  e a c h  b i n a r y  

m i x t u r e .
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F i v e  b i n a r y  s y s t e m s ,  m e t h a n e - c a r b o n  d i o x i d e ,  c a r b o n  

d i o x i d e - n - H e x a n e ,  a c e t o n e - c a r b o n  d i o x i d e ,  e t h a n e - a c e t o n e ,  

an d  m e t h a n o l - c a r b o n  d i o x i d e  w e r e  s e l e c t e d  i n  t h e  t e s t .  I n  

T a b l e  C l  a  s u m m a ry  o f  t h e  r e s u l t s  i s  g i v e n .  F i g s .  C l  t o  C5 

a r e  p l o t s  o f  p r e s s u r e s  v e r s u s  e x p e r i m e n t a l  a n d  c a l c u l a t e d  

c o m p o s i t i o n s .

O v e r a l l ,  t h e  r e s u l t s  c a l c u l a t e d  f r o m  t h e  LCM a r e  

b e t t e r  t h a n  t h o s e  f r o m  t h e  CSH. F o r  t h e  m e t h a n e - C 0 2  s y s t e m ,  

(V* f o r  m e t h a n e  i s  0 . 2 6  a n d  f o r  CO2 i s  0 . 2 1 ) ,  b o t h  t h e  CSH 

a n d  t h e  LCM c a l c u l a t e  t h e  VLE r e a s o n a b l y  w e l l ,  a s  s h o w n  i n  

F i g .  C l .  F o r  m i x t u r e s  i n  w h i c h  c o m p o n e n t s  d i f f e r  i s  s i z e ,  

s u c h  a s  t h e  C 0 2 - n - H e x a n e  (V* f o r  C02 i s  0 . 2 1 ,  a n d  f o r  n -  

h e x a n e  i s  0 . 6  9 ) ,  t h e  LCM y i e l d s  a c c u r a t e  c a l c u l a t i o n s  f o r  

t h e  l i q u i d  p h a s e  c o m p o s i t i o n s ,  a s  s how n  i n  F i g .  C2.  F o r  t h e  

a c e t o n e - C 0 2  s y s t e m ,  a  s i g n i f i c a n t  i m p r o v e m e n t  i s  o b t a i n e d  i n  

k - v a l u e  c a l c u l a t i o n s  by u s e  t h e  LCM [ s e e  T a b l e  C l ) .  B o t h  

t h e  e t h a n e - a c e t o n e  a n d  t h e  m e t h a n o l - c a r b o n  d i o x i d e  a r e  

s t r o n g l y  n o n - i d e a l  m i x t u r e s .  T h e  CSH a p p a r e n t l y  d o e s  n o t  

w ork  w e l l  f o r  t h e s e  tw o  s t r o n g l y  n o n i d e a l  s y s t e m s ( s e e  F i g s .  

Ch ,  a n d  C 5 ) .  H o w e v e r ,  t h e  LCM g r e a t l y  i m p r o v e s  o n  t h e  CSH 

f o r  v a p o r - l i g u i d  e q u i l i b r i a  c a l c u l a t i o n s  f o r  t h e s e  tw o  

s t r o n g l y  n o n i d e a l  s y s t e m s .

A t  t h i s  p o i n t ,  a  c o n c l u s i o n  c a n  b e  d r a w n  t h a t  f o r  

s t r o n g l y  n o n i d e a l  m i x t u r e s  o f  s i m i l a r l y  s i z e d  c o m p o n e n t s  [ 

V*/V* l e s s  t h a n  3 . 3 ) ,  t h e  LCM, u s i n g  a m u l t i f l u i d  m o d e l  

f o r  r e d u c e d  d e n s i t y ,  i s  o b v i o u s l y  s u p e r i o r  t o  t h e  CSM.
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T a b l e  C l .  V a p o r - l i q u i ' 1  e q u i l i b r i a  c a l c u l a t i o n s  u s i n g  
l o c a l  c o m p o s i t i o n  a n d  c o n f o r m a i  s o l u t i o n  

m i x i n g  r u l e s  f o r  f i v e  b i n a r y  m i x t u r e s

cn

S y s t e m M ix in g
r u l e s

M e t h a n e -  CSfl 
CO 2

LCM

C02 CSM
n - H e x a n e

LCM

0 . 9 H 6 7  0 .  971 8

1 . 0 3 2 5  0 .  86 38 0.  980%

1 . 0 9 3 0  0 .  8723

1.  2752 0 .  6 9 8 5  0 . 8 7 2 1

K1 K2 Xl x2 yi y2

A .  A .  D .  %

3 . 7 1  5 . 0 0  3 . 8 9  9 . 3 0  2 . 2 5  6 . 9 1

3 . 2 6  3 .  11 3 . 9 0  2 . 0 3  1 . 6 0  3 - 9 1

8 . 9 3  1 5 . 9  9 . 7 3  9 . 0 9  0 . 9 5  2 2 . 9

2 . 2 2  1 1 . 8  2 . 9 3  1 . 0 5  0 - 2 9  1 2 . 0

A c e t o n e
C02

CSM 1 - 0 2 7 2  0.  9697

LCM 1 . 1 0 2 9  0 .  8232  1 . 0 9 1 9

1 9 . 8  6 .  17 9 . 5 9  5 - 9 3  2 1 . 8  0 . 3 0

5 . 7 0  1.  03 9 . 8 7  1 .  19 1 0 . 0  0 -  16

E t  h a n e  
A c e t o n e

CSM 0 . 9 5 8 8  0 .  9699

LCM 1 . 0 9 6 0  0 . 7 9 0 6  1 . 0 7 3 3

1 9 . 6  3 8 . 9  2 7 . 3  2 5 .  5 0 . 3 6  1 8 . 9

9 . 0 9  5 .  27 9 . 9 9  7 . 7 9  0 .  13 5 . 5 6

M e t h a n o l  
CO 2

CSM 0 . 9 6 3 9  1. 0 9 6 8  —  2 2 .  7 2 7 . 8  2 7 . 9  6 0 . 7  3 3 . 8  0 . 3 1

LCM 1 . 0 5 0 3  0 .  7931 1 . 0 9 9 8  2 . 3 3  2.  17 9 - 8 2  2 . 2 6  5 , 1 9  0 . 0 5

CSM : C o n f o r m a i  S o l u t i o n  M i x i n g  P u l e s  

LCM : L o c a l  C o m p o s i t i o n  M i x i n g  R u l e s



METHANE(1)-C02(2)
TEMPERATURE : - 5 4  C 

•  +  : DATA OF MRAW.1978
--------------------------; CSM
-----------------------  : LCM

E 35

R 30

T 25

0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U RE Cl. P R E S S U R E -C O M P O S m O N  DIAGRAM
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C02(1)-N-HEXANE(2)
TEMPERATURE : 25 C 

• + : DATA OF OHGAKI, 1976 
— — — — — — ; CSM
----------------- : LCM

36-

33

E 21

0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E C2 . P R E S S U R E -C O M PO SIT IO N  DIAGRAM
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ACET0NE(1)-C02(2)
TEMPERATURE : 25 C 

• + : DATA OF KATAYAMA, 1975
---------------------- : CSM
-------------------- ; LCM

S 30

E 25

M 20

0.0 0.1 0.2 0.3 O.y O.S 0.6 0.7 0.8 0.9 1.0
XI

FIG U R E C3 . p r e s s u r e -C O M P O S IT IO N  DIAGRAM
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ETHANE( 1 )-ACET0NE(2)
TEMPERATURE : 25 C 

• +  : DATA OF KATAYAMA, 1976 
— — — ; CSM
--------------------  : LCM

R 2H

U 21

A 18

0.0 0.1 0.2 0.3 O.W 0.5 0.6 0.7 0.8 0.9 1.0
XI

F IG U R E C 6 . P R E S S U R E -C O M PO SIT IO N  DIAGRAM

1 0 0



METHAN0L(1)-C02(2)
TEMPERATURE : 25 C 

* +  : DATA OF KATAYAMA. 1975 
— — — — — — ; CSM 
--------------------  ; LCM

A 30

T 25

0 .0  0 .1  0 .2  0 .3  0 .1  O.S 0 .6  0 .7  0 .8  0 .9  1 .0
XI

FIG U R E e s  . P R E S S U R E -C O M P O S IT IO N  DIAGRAM
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A p p e n d i x  D

ELUCIDATION OF HIXTOBE PRESSURE PROBLEMS USING A 
MULTIFLUID MODEL FOR REDUCED DENSITY

T h e  LCM, u s i n g  a  a u l t i f l u i d  m o d e l  f o r  P*^ ( =pV*j) ,

h a s  b e e n  s h o w n  t o  w o r k  w e l l  f o r  n o n i d e a l  m i x t u r e s  o f  

s i m i l a r l y  s i z e d  m o l e c u l e s  s u c h  a s  m e t h a n o l - c a r b o n  d i o x i d e ,  

an d  e t h a n e - a c e t o n e .  H o w e v e r ,  f o r  m i x t u r e s  w i t h  l a r g e

m o l e c u l a r  s i z e  d i f f e r e n c e s ,  p r o b l e m s  a r e  e n c o u n t e r e d  u s i n g
*  ,  *  ,

’i j  '’' ' i j -
* *

t h e  m u l t i f l u i d  m o d e l  f o r  p . .  (= pv ) .  U s i n g  t h e  m u l t i f l u i d
*  *

m o d e l  f o r  p^j ( = pV^^) ,  t h e  l o c a l  c o m p o s i t i o n  m o d e l

e x p r e s s i o n  u s e d  f o r  t h e  m i x t u r e  p r e s s u r e  ( e g n .  ( 3 . 7 ) )  c a n  

b e c o m e  i n f i n i t e  when c o m p o n e n t  m o l e c u l a r  s i z e  d i f f e r e n c e s  

a r e  s u f f i c i e n t l y  l a r g e  ( e v e n  a t  c o n d i t i o n s  w h e r e  t h e  r e a l  

f l u i d  m i x t u r e  i s  known t o  e x i s t  a t  f i n i t e  p r e s s u r e ) .  F o r  

e x a m p l e ,  t h e  r a t i o  o f  V * ( v o l u m e  p a r a m e t e r )  i s  4 : 1 f o r  t h e

a c e t o n e - w a t e r  s y s t e m  (V* f o r  a c e t o n e  i s  0 . 4 5 ,  a n d  f o r  w a t e r  

i s  0 . 1 1  c u . f t . / I b m o l e ) .  The  e x p e r i m e n t a l  p r e s s u r e  f o r  t h e  

a c e t o n e - w a t e r  s y s t e m  a t  2 0 0  c  r a n g e s  f r o m  1 5 . 8  t o  3 0 . 1  a tm  

( G r i s w o l d ,  1 9 5 2 ) .  F i g .  Dl s h o w s  p l o t s  o f  p r e s s u r e  v e r s u s  

r e d u c e d  d e n s i t y ,  b a s e d  on m u l t i f l u i d  m o d e l ,  f o r  p u r e  a c e t o n e  

a n d  p u r e  w a t e r  o n  t h e  s a m e  d i a g r a m .  The s a t u r a t e d  l i q u i d  

d e n s i t i e s  a t  200  C a r e  0 . 5 5  a n d  2 . 9 9  I b m o l e / c u . f t .  f o r  p u r e
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ACETONE( 1 )-WATER(2)
TEMPERATURE ; 200 C

-------------------  . acetone
-----------------------  : WATER

6000

sooo

MOOO

3000

P 2000
m
E
s
U 1000
R
E Acetone

A
T
M

1000
Water

2000

3000

WOOO
0.W20.30 0.360.06 0.2W0.00 0.12 0.18

REOUCEO OENSITT

F I U I R E  3 1 .  PLOT OF PRESSURE VS. REDUCED DENSITY
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a c e t o n e  a n d  p u r e  w a t e r ,  r e s p e c t i v e l y .  I n  t h i s  a n d  m o s t

c a s e s ,  t h e  e x c e s s  v o lu m e  i s  s m a l l ,  o f  t h e  o r d e r  o f  5 % o f

t h e  t o t a l  v o l u m e  a t  m o s t ,  s o  t h e  m i x t u r e  d e n s i t y  f o r

a c e t o n e - w a t e r  g e n e r a l l y  w i l l  f a l l  b e t w e e n  t h e  p u r e  f l u i d

d e n s i t i e s  ( i n  t h i s  i n s t a n c e  0 . 5 5 ,  a n d  2 . 9 9  I b m o l e / c u . f t . )

F o r  a  m i x t u r e  d e n s i t y  ( p ) o f  1 . 5  I b m o l e / c u . f t . ,  t h e

c o r r e s p o n d i n g  p r e s s u r e  f o r  a c e t o n e  i s  6 - 8 x 1 0 ^  a t m ,
*

u s i n g  = 1 . 5 * 0 . 4 5 = 0 . 6 7 5 .  When a d e n s i t y  o f  t h e  m i x t u r e  

( p ) i s  2 . 5  I b m o l e / c u . f t . ,  t h e  c o r r e s p o n d i n g  p r e s s u r e  

f o r  a c e t o n e  i s  2 x10^  a t m ,  u s i n g  p*^ = 2 . 5 * 0 .  4 5 = 1 . 1 2 5 .  I n  

T a b l e  D l .  t h e  e s t i m a t e d  p r e s s u r e s  a t  t h e s e  tw o  m i x t u r e  

d e n s i t i e s  f o r  t h e  a c e t o n e - w a t e r  s y s t e m  a t  2 0 0  C i s  g i v e n .  

F o r  a  m i x t u r e  d e n s i t y  a p p r o a c h e s  t o  2 . 9 9  I b m o l e / c u . f t .  

( p u r e  f l u i d  d e n s i t y  f o r  w a t e r ) ,  t h e  c o r r e s p o n d i n g  p r e s s u r e  

f o r  a c e t o n e  a p p r o a c h e s  t o  i n f i n i t e .  T h i s  p h e n o m e n a  c a u s e  

t h e  l o c a l  c o m p o s i t i o n  m o d e l  e x p r e s s i o n  f o r  t h e  m i x t u r e  

p r e s s u r e  t o  b e  i n f i n i t e ;  c o n s e q u e n t l y ,  t h e r e  i s  n o  

c a l c u l a t e d  m i x t u r e  l i q u i d  d e n s i t y  e x i s t s  t o  m a t c h  t h e  

e x p e r i m e n t a l  m i x t u r e  p r e s s u r e .
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T a b l e  D l .  E s t i m a t e d  P11 a n d  P22 i n  e g n .  ( 3 . 7 )  u s i n g  
a a u l t i f l u i d  m o d e l  f o r  r e d u c e d  d e n s i t y  

f o r  A c e t o n e  ( 1 ) - W a t e r  (2) s y s t e m  
a t  200  C.

I b o o l / c u . f t . '11
pn
a t m 22

p22
a tm

1 . 5

2 . 5

0 . 6 7 5

1 . 1 2 5

6 . 9 x 1 0 0 . 1 6 5

2 . 0 x 1 0 ?  0 . 2 7 5

- 6 9 0

- 1 4 0 2

a . T c ,  C d e n .  ( s a t u r a t e d ,  2 0 0  C)
I b m o l e / c u . f t .

V*
cu.ft./lbmole

A c e t o n e  (1) 

W a t e r  (2)

235

3 1 8 . 7

0 . 5 5 2 5

2 . 9 9 8 9

0 . 4 5  

0 . 1 1
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A p p e n d i x  E

E L I B I I I A T I O H  OP THE BIXTDBE PBESSDBE PBOBLEBS 
OSIRG ONE PLOID HODEL FOB BEDDCEO DENSITY

I n  t h i s  s t u d y ,  t h e  o n e  f l u i d  m o d e l  f o r  p*^ w a s  u s e d ,  

i t  i s  now o f  i n t e r e s t  t o  c h e c k  w h e t h e r  t h e  s a m e  m i x t u r e  

p r e s s u r e  p r o b l e m s ,  w h i c h  i m p e d e s  t h e  LCM, u s i n g  a  m u l t i f l u i d  

m o d e l  f o r  p* j (=  pV*j) ,  t o  c a l c u l a t e  t h e  p r o p e r t i e s  o f  m i x t u r e s  

o f  d i s s i m i l a r l y  s i z e d  m o l e c u l e s  [ a c e t o n e - w a t e r  s y s t e m ) ,  

s t i l l  o c c u r s ( s e e  A p p e n d i x  D ) .  To c a l c u l a t e  P11 a n d  P 22  f o r  

a c e t o n e - w a t e r  s y s t e m ,  we n e e d  t o  c a l c u l a t e  p f r o m  v  ,
I j  X

w h i c h  i n v o l v e s  t h e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r ,  Ç ,  a n d  t h e

c o m p o s i t i o n .  T h e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r  ,  Ç ,  s e t

e q u a l  t o  1 . 0 8 6 2 ,  w h i c h  i s  an  a r b i t a r y  c h o i c e .  T h r e e

c o m p o s i t i o n s ,  0 . 2 5 ,  0 . 5 ,  a n d  0 . 7 5  a r e  c h o s e n  f o r
*

i l l u s t r a t i o n .  T h e  v a l u e s  o f  a r e  0 .  1 9 5 ,  0 . 2 8 1 ,  a n d  0 . 3 6 5  

f o r  c o m p o s i t i o n  o f  0 . 2 5 ,  0 . 5 ,  a n d  0 . 7 5 ,  r e s p e c t i v e l y .  I n  

P i g .  E l  p l o t s  o f  p r e s s u r e  v e r s e  r e d u c e d  d e n s i t y ,  b a s e d  on  

o n e  f l u i d  m o d e l  e g o .  ( 3 . 9 ) ,  f o r  p u r e  a c e t o n e  a n d  w a t e r  on  

t h e  s a n e  d i a g r a m  a r e  g i v e n .  The  P11  a n d  P22 h a v e  t h e  sam e  

p * ,  b u t  t h e y  h a v e  d i f f e r e n t  t *  ,  a n d  X .

T h e  m i x t u r e  d e n s i t y ,  b a s e d  on t h e  i d e a l  s o l u t i o n  

m i x i n g ,  c a n  b e  e s t i m a t e d  f r o m  t h e  c o m p o s i t i o n  a n d  t h e
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ACETONE( 1 )-WATER(2)
T E M PE R A U R E : 2 0 0  C 

XI : 0 .2 5 .  0 .5 0 .  0 .7 5
"1

•■Q.25

278700-
262

600-
253

500-

100 - 0 .7 5

300-

200 -

Acetone
E 100-

0 -

100 -

T -200-

300-

500- H a te r

600-

700

800-

900-
0.35O.lS 0.250.00 0.20 0.300.05 0 .1 0

REDUCED DENSITT
F I . j ' 7 :E  K1 PLOT OF PP.ESSfHE VS. REDUCED DENSITY
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s a t u r a t e d  l i g u i d  d e n s i t i e s  f o r  p u r e  c o m p o n e n t s ^ a s s u m e d  b o t h  

e x i s t )  a s  f o l l o w s .

p  .   ------  .        ( E l )

I  Xj /  P j  +  *2 /  P2

w h e r e  , a n d  a r e  t h e  s a t u r a t e d  l i q u i d  d e n s i t i e s  a t  

s y s t e m  t e m p e r a t u r e  f o r  p u r e  c o m p o n e n t  1 a n d  2 ,  r e s p e c t i v e l y .  

T he  m i x t u r e  d e n s i t i e s ,  b a s e d  on  t h e  i d e a l  s o l u t i o n  m i x i n g ,  

a r e  1 . U 2 3 ,  0.  9 3 3 ,  a n d  0 . 6 9 4  I b m o i e / c u . f t .  f o r  c o m p o s i t i o n s  

o f  0 . 2 5 ,  0 . 5 ,  a n d  0 . 7 5 ,  r e s p e c t i v e l y -  T h e  c o r r e s p o n d i n g

c a l c u l a t e d  P 1 1 a n d  P22 a t  m i x t u r e  d e n s i t i e s ,  b a s e d  on  t h e  

i d e a l  s o l u t i o n  m i x i n g ,  a r e  g i v e n  i n  T a b l e  E l .  S i n c e  t h e  

e x c e s s  v o lu m e  u s u a l l y  i s  s m a l l ,  i t  i s  e x p e c t e d  t h a t  t h e  

m i x t u r e  d e n s i t y  s h o u l d  f a l l  i n  t h e  n e i g h b o r h o o d  o f  t h e  

d e n s i t y ,  b a s e d  on t h e  i d e a l  s o l u t i o n  m i x i n g .  T h e r e f o r e ,  t h e  

p r e s s u r e ,  c a l c u l a t e d  f r o m  t h e  t h e  m i x t u r e  d e n s i t y ,  s h o u l d  

c l o s e  t o  t h e  p r e s s u r e ,  e s t i m a t e d  f r o m  t h e  m i x t u r e  d e n s i t y  

b a s e d  o n  t h e  i d e a l  s o l u t i o n  m i x i n g .  S i n c e  n e i t h e r  P11 n o r  

P22 i s  a n  e x t r e m e l y  l a r g e  v a l u e ,  t h e  c a l c u l a t e d  m i x t u r e  

p r e s s u r e ,  e g n .  ( 3 . 7 ) ,  c a n  m a t c h  t h e  e x p e r i m e n t a l  p r e s s u r e .
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T a b l e  E l .  E s t i m a t e d  P l i  a n d  ? 2 2  i n  e g n .  Î 3 - 7 )  u s i n g  a 
o n e  f l u i d  m o d e l  f o r  r e d u c e d  d e n s i t y  
a t  i d e a l  s o l u t i o n  m i x t u r e  d e n s i t i e s  

f o r  A c e t o n e ( 1 ) - H a t e r (2)  s y s t e m  
a t  200  C.

C o m o o s i t i o n
%1 Ideal l b n o l / f t 3  

Solution •^ii

P11
a t m

P22
a tm

0 . 2 5 0 -  195 0 . 7 0 3  1 . 4 2 3 0 . 2 7 8 :B4 777

0 - 5 0 0-  281 1 . 0 7 2  0 . 9 3 3 0 . 2 6 2 81 -576

0 . 7 5 0 . 3 6 5  1 . 4 4 1  0 . 6 9 4 0 . 2 5 3 30 - 4 5 2

a . T c ,  C d e n .  ( s a t u r a t e d ,  2 0 0  C) 
I b m o l e / c u . f t .

A c e t o n e (1) 

w a t e r  (2)

235

3 1 8 . 7

0 . 5 5 2 5  ( d e n i )  

2 - 9 9 8 9  ( d e n 2 )

I d e a l  s o l u t i o n  m i x i n g .
V o lu m e ;

Vm= x l  v1 + x 2  v2 = x l / d e u l  ♦ x 2 / d e n 2
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Appendix F

Samples of the detailed calculations of  

vapor-liquid equilibria  

and mixture density
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Table FI. Detailed calculations of vapor-liquid 

equilibria from LCM(see Table 2)

MIXTURE I S  :  METHANOLtl) -■ C 0 2 (2 )

DATA SOURCE: KATAYAMA, 1976

Î  :R) P ! ? S I A ) XI :EXP) XI ICAL) DEV. Y1 ÎEXP) Y1 :CAL) DEV.

1 5 3 6 . 6 7 0 3 1 - 6 9 9 0 . 9 8 5 0 0 0 . 9 8 4 7 9 - 0 . 0 0 . 0 7 9 8 0 . 0 7 8 9 - 1 .  1
2 5 3 6 . 6 7 0 8 1 . 9 7 4 0 . 9 5 9 0 0 0 , 9 5 7 9 7 - 0 . 1 0 . 0 3 1 5 0 . 0 3 1 5 0 . 0
3 5 3 6 . 6 7 0 1 3 7 . 9 5 1 0 . 9 3 0 0 0 0 . 9 2 7 0 8 - 0 . 3 0 . 0 2 0 3 0 - 0 1 9 4 - 4 . 3
4 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 . 8 6 9 0 0 0 . 8 6 0 8 9 - 0 . 9 0 . 0 1 2 2 0 . 0 1 1 5 - 5 . 5
5 5 3 6 . 6 7 0 43 5 . 2 9 5 0 . 7 4 4 0 0 0 - 7 3 9 4 9 - 0 . 6 0 . 0 0 8 3 0 . 0 0 7 6 - 8 .  1
6 5 3 6 - 6 7 0 59 9 . 5 9 7 0 . 6 3 9 0 0 0 . 6 1 0 5 9 - 4 . 4 0 . 0 0 7 2 0 . 0 0 6 4 - 1 1 . 5
7 5 3 6 . 6 7 0 69 0 . 2 7 1 0 . 5 5 0 0 0 0 . 5 2 4 9 3 —4 .  6 0 . 0 0 7 0 0 . 0 0 6 0 - 1 3 . 7
8 5 3 6 - 6 7 0 7 9 1 . 8 2 1 0- 39000 0 . 3 9 8 7 6 2 . 2 0 . 0 0 7 1 0 . 0 0 5 9 - 1 7 .  1
9 5 3 6 . 6 7 0 8 1 9 . 5 9 6 0 . 3 3 8 0 0 0 . 3 4 7 7 0 2 . 9 0 - 0 0 7 8 0 . 0 0 5 9 - 2 4 . 8

1C 5 3 6 . 6 7 0 84 8 . 9 8 8 0 .  19000 0 . 1 2 8 5 6 - 3 2 . 3 0 - 0 0 7 4 0 . 0 0 5 8 - 2 1 . 0
11 5 3 6 . 6 7 0 86 7 . 7 9 9 0 . 0 7 7 5 0 0 . 0 5 7 5 9 - 2 5 . 7 0 . 0 0 7 0 0 . 0 0 5 3 - 2 4 . 9
12 5 3 6 - 6 7 0 8 7 3 . 8 2 4 0 - 0 6 7 5 0 0 . 0 4 8 9 7 - 2 7 . 5 0 . 0 0 7 4 0 . 0 0 5 0 - 3 2 . 7
13 5 3 6 . 6 7 0 8 8 8 . 8 1 4 0 . 0 4 2 7 0 0 . 0 3 2 6 6 - 2 3 . 5 0 . 0 0 6 3 0 . 0 0 4 2 - 3 3 . 9

T(R) P ;P S IA ) X2 tEXP) X2 :CAL) DEV. Y2 {EXP) Y2 ;CAL) DEV.

1 5 3 6 . 6 7 0 3 1 . 6 9 9 0 . 0 1 5 0 0 0 . 0 1 5 2 1 1 . 4 0 . 9 2 0 2 0 . 9 2 1 1 0 .  1
2 5 3 6 , 6 7 0 8 1 . 9 7 4 0 . 0 4 1 0 0 0 . 0 4 2 0 3 2 . 5 0 . 9 6 3 5 0 . 9 6 8 5 - 0 . 0
3 5 3 6 . 6 7 0 1 3 7 . 9 5 1 0 . 0 7 0 0 0 0 . 0 7 2 9 2 4 . 2 0 . 9 7 9 7 0 . 9 8 0 6 0 .  1
4 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 .  1 3100 0 - 1 3 9 1 1 6 . 2 0 . 9 8 7 8 0 . 9 8 8 5 0 -  1
5 5 3 6 . 6 7 0 43 5 - 2 9 5 0 . 2 5 6 0 0 0 . 2 6 0 5 1 1 . 8 0 . 9 9 1 7 0 . 9 9 2 4 0- 1
6 5 3 6 . 6 7 0 5 9 9 . 5 9 7 0 .  3 6 1 0 0 0 . 3 8 9 4 1 7 . 9 0 . 9 9 2 8 0 . 9 9 3 6 0 .  1
7 5 3 6 . 6 7 0 69 0 . 2 7 1 0 . 4 5 0 0 0 0 . 4 7 5 0 7 5 . 6 0 . 9 9 3 0 0 . 9 9 4 0 0 .  1
8 5 3 6 . 6 7 0 7 9 1 . 8 2 1 0 . 6 1 0 0 0 0 . 6 0 1 2 4 - 1 . 4 0 . 9 9 2 9 Ü .9 9 4 1 0 . 1
q 5 3 6 . 6 7 0 8 1 9 . 5 9 6 0 . 6 6 2 0 0 0 . 6 5 2 3 0 - 1 . 5 0 . 9 9 2 2 0 . 9 9 4 1 0 . 2

10 5 3 6 . 6 7 0 84 8 . 9 8 8 0 . 8 1 0 0 0 0 . 8 7 1 4 4 7 . 6 0 . 9 9 2 6 0 . 9 9 4 2 0 . 2
11 5 3 6 . 6 7 0 86 7 . 7 9 9 0 .  9 2 2 5 0 0 . 9 4 2 4 1 2 . 2 0 . 9 9 3 0 0 . 9 9 4 7 0 . 2
12 5 3 6 . 6 7 0 8 7 3 . 8 2 4 0 . 9 3 2 5 0 0 . 9 5 1 0 3 2 . 0 0 . 9 9 2 6 0 . 9 9 5 0 0 . 2
13 5 3 6 . 6 7 0 88 8 . 8 1 4 0 . 9 5 7 3 0 0 . 9 6 7 3 4 1 . 0 0 . 9 9 3 7 0 . 9 9 5 8 0 . 2
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Table F l .  (Continued)

t : f ) PJPSIA) Kl : e XP) Kl (CAL) DEV. K2(EXP) K2 (CAL) DEV.

1 5 3 6 . 6 7 0 3 1 . 6 9 9 0 . 0 8  102 0 . 0 8 0 1 1 - 1 . 1 6 1 . 3 9 6 7 6 0 . 5 9 2 9 - 1 . 3
2 5 3 6 . 6 7 0 8 1.97% 0 . 0 3 2 8 5 0 . 0 3 2 8 9 0 . 1 2 3 . 6 2 1 9 2 3 . 0 9 5 5 - 2 . 9
3 5 3 6 . 6 7 0 1 3 7 . 9 5 1 0 . 0 2 1 8  3 0 . 0 2 0 9 5 - 9 . 0 1 3 . 9 9 5 7 1 3 . 9 9 6 5 - 3 . 9
9 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 . 0 1 9 0 9 0 . 0 1 3 9 0 — 9 . 6 7 . 5 9 0 5 7 .  1055 - 5 . 8
5 5 3 6 . 6 7 0 9 3 5 . 2 9 5 0 . 0 1 1 1 6 0 . 0 1 0 3 2 - 7 . 5 3 - 8 7 3 8 3 - 8 0 9 9 - 1 . 7
6 5 3 6 , 6 7 0 5 9 9 . 5 9 7 0 . 0 1  127 0 . 0 1 0 9 3 - 7 . 9 2 . 7 5 0 1 2 . 5 5 1 6 - 7 . 2
7 5 3 6 . 6 7 0 69 0 . 2 7 1 0 . 0 1 2 7 3 0 . 0 1 1 5 1 - 9 . 6 2 . 2 0 6 7 2 . 0 9 2 2 - 5 . 2
0 5 3 6 . 6 7 0 79 1 . 8 2 1 0 - 0 1 8 2 1 0 . 0 1 9 7 5 - 1 9 . 0 1 . 6 2 7 7 1 . 6 5 3 9 1 . 6
9 5 3 6 . 6 7 0 81 9 . 5 9 6 0 . 0 2 3 0 8 0 . 0 1 6 8 8 - 2 6 . 9 1 . 9 9 8 8 1 . 5 2 9 0 1 . 7

10 5 3 6 . 6 7 0 8U 3.  988 0 . 0 3 3 9 5 0 . 0 9 5 9 7 1 6 . 7 1 . 2 2 5 9 1 . 1 9 0 8 - 6 . 9
11 5 3 6 . 6 7 0 86 7 . 7 9 9 0 - 0 9 0 3 2 0 . 0 9 1 2 3 1 . 0 1 - 0 7 6 9 1 - 0 5 5 5 - 1 . 9
12 5 3 6 . 6 7 0 87 3 . 8 2 9 0 .  10963 0 . 1 0 1 7 7 - 7 . 2 1 . 0 6 9 5 1 . 0 9 6 2 - 1 . 7
13 5 3 6 . 6 7 0 88 8 . 8 1 9 0 . 1 9 7 5 9 0 . 1 2 7 9 3 - 1 3 . 6 1 . 0 3 8 0 1 . 0 2 9 5 - 0 . 8

A. A. 0 . % OF Kl NPTS
9.13 13

A-A.D- % OF K2 NPTS
3 .2 U  13
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Table F2. Detailed calculations of vapor-liquid 

equilibria from CSM(see Table 2)

MIXTURE I S  : METHANOL(I) -- C 02(2 )

DATA SOURCE: KATAYAMA, 1976

T(R) P(P S IA ) XI (EXP) XI (CAL) DEV. YI(EXP) Y1 (CAL) DEV.

1 5 3 6 . 6 7 0 3 1 . 6 9 9 0 . 9 8 5 0 0 0 . 9 8 5 7 1 0 . 1 0 . 0 7 9 8 0 . 0 7 9 3 — 0 . 6
2 5 3 6 . 6 7 0 8 1 . 9 7 4 0 . 9 5 9 0 0 0 . 9 6 1 1 8 0 . 2 0 , 0 3 1 5 0 . 0 3 1 9 1 . 4
3 5 3 6 . 6 7 0 13 7 . 9 5 1 0 . 9 3 0 0 0 0 . 9 3 3 7 5 0 . 4 0 . 0 2 0 3 0 . 0 1 9 9 - 2 . 0
4 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 . 8 6 9 0 0 0 . 8 7 6 8 3 0 . 9 0 . 0 1 2 2 0 . 0 1 2 1 - 0 . 9
5 5 3 6 , 6 7 0 4 3 5 . 2 9 5 0 . 7 4 4 0 0 0 . 7 7 2 3 1 3 . 8 0 . 0 0 8 3 0 . 0 0 8 4 1 . 0
6 53 6 - 6 7 0 5 9 9 . 5 9 7 0 .  6 3 9 0 0 0 . 6 3 9 6 8 0 . 1 0 . 0 0 7 2 0 . 0 0 7 4 2 . 2
7 5 3 6 . 6 7 0 69 0 , 2 7 1 0 . 5 5 0 0 0 0 . 4 7 3 1 5 - 1 3 . 1 0 . 0 0 7 0 0 - 0 0 7 1 1 . 9
8 5 3 6 , 6 7 0 79 1 . 8 2 1 0 .  39000 0 . 1 2 5 7 9 - 6 7 . 7 0 . 0 0 7 1 0 . 0 0 6 0 - 1 5 . 8
9 5 3 6 . 6 7 0 8 1 9 . 5 9 6 0 .  3 3800 0 . 0 8 8 8 9 - 7 3 . 7 0 . 0 0 7 8 0 . 0 0 5 3 - 3 2 . 3

10 5 3 6 . 6 7 0 84 8 . 9 8 8 0 .  19000 0 . 0 5 8 7 0 - 6 9 - 1 0 . 0 0 7 4 0 . 0 0 4 4 - 4 1 .  1
11 5 3 6 , 6 7 0 8 6 7 . 7 9 9 0 . 0 7 7 5 0 0 . 0 4 2 7 8 - 4 4 . 8 0 . 0 0 7 0 0 . 0 0 3 7 - 4 7 . 8
12 5 3 6 . 6 7 0 87 3 . 8 2 4 0 .  0 6 7 5 0 0 , 0 3 8 1 5 - 4 3 . 5 0 . 0 0 7 4 0 . 0 0 3 4 - 5 4 .  0
13 5 3 6 . 6 7 0 8 8 8 . 8 1 4 0 .  0 4 2 7 0 0 . 0 2 7 4 9 - 3 5 . 6 0 . 0 0 6 3 0 . 0 0 2 7 - 5 6 . 5

T :R) P ÎP SIA ) X2 (EXP) X2ICAL) DEV. Y2 (EXP) Y2 (CAL) DEV.

1 5 3 6 . 6 7 0 3 1 . 6 9 9 0 .  0 1 5 0 0 0 . 0 1 4 2 9 - 4 . 7 0 . 9 2 0 2 0 . 9 2 0 7 0 .  1
2 5 3 6 . 6 7 0 8 1 . 9 7 4 0 . 0 4 1 0 0 0 . 0 3 8 8 2 - 5 . 3 0 . 9 6 8 5 0 . 9 6 8 1 - 0 . 0
3 5 3 6 . 6 7 0 1 3 7 . 9 5 1 0 . 0 7  000 0 . 0 6 6 2 5 - 5 . 4 0 . 9 7 9 7 0 . 9 8 0 1 0 - 0
4 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 .  13100 0 . 1 2 3 1 7 - 6 . 0 0 . 9 8 7 8 0 . 9 8 7 9 0 . 0
5 5 3 6 . 6 7 0 43 5 . 2 9  5 0 . 2 5 6 0 0 0 . 2 2 7 6 9 - 1 1 . 1 0 . 9 9 1 7 0 . 9 9 1 6 - 0 . 0
6 5 3 6 . 6 7 0 5 9 9 . 5 9 7 0 . 3 6 1 0 0 0 . 3 6 0 3 2 - 0 . 2 0 . 9 9 2 8 0 . 9 9 2 6 - 0 . 0
7 5 3 6 . 6 7 0 69 0 . 2 7 1 0 . 4 5 0 0 0 0 . 5 2 1 8 5 1 6 . 0 0 . 9 9 3 0 0 . 9 9 2 9 - 0 . 0
8 5 3 6 . 6 7 0 7 9 1 . 8 2 1 0 . 6 1 0 0 0 0 . 8 7 4 2 1 4 3 . 3 0 . 9 9 2 9 0 . 9 9 4 0 0 . 1
9 5 3 6 . 6 7 0 8 1 9 . 5 9 6 0 . 6 6  200 0 . 9 1 1 1 1 3 7 . 6 0 . 9 9 2 2 0 . 9 9 4 7 0 . 3

10 5 3 6 . 6 7 0 84 8 . 9 8 8 0 . 8 1 0 0 0 0 - 9 4 1 3 0 1 6 . 2 0 . 9 9 2 6 0 . 9 9 5 6 0 . 3
11 5 3 6 . 6 7 0 8 6 7 . 7 9  9 0 . 9 2 2 5 0 0 . 9 5 7 2 2 3 . 8 0 . 9 9 3 0 0 . 9 9 6 3 0 . 3
12 5 3 6 . 6 7 0 8 7 3 . 8 2 4 0 . 9 3 2 5 0 0 . 9 6 1 8 5 3-1 0 . 9 9 2 6 0 . 9 9 6 6 0 . 4
13 5 3 6 . 6 7 0 88 0 . 8 1 4 0 . 9 5 7 3 0 0 . 9 7 2 5 1 1 . 6 0 . 9 9 3 7 0 . 9 9 7 3 0 . 4
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Table F2. (Continued)

t ; e ) P ;P S IA ) Kl : e XP) Kl (CAL) DEV. K2 (EXP) K2 (CAL) DEV.

1 5 3 6 . 6 7 0 3 1 . 6 9 9 0 . 0 8 1 0 2 0 . 0 8 0 4 4 - 0 . 7 6 1 . 3 4 6 7 6 4 . 4 1 4 0 5 . 0
2 5 3 6 . 6 7 0 8 1.9714 0 . 0 3 2 8 5 0 . 0 3 3 2 3 1 .2 2 3 . 6 2 1 9 2 4 . 9 3 8 7 5 . 6
3 5 3 6 . 6 7 0 13 7 - 9 5 1 0 . 0 2 1 8 3 0 . 0 2 1 3 0 - 2 . 4 1 3 . 9 9 5 7 1 4 . 7 9 4 1 5 . 7
a 5 3 6 . 6 7 0 2 5 1 . 0 0 8 0 . 0 1 4 0 4 0 . 0 1 3 7 9 - 1 . 7 7 . 5 4 0 5 8 . 0 2 0 9 6 . 4
5 5 3 6 . 6 7 0 4 3 5 . 2 9 5 0 . 0 1 1 1 6 0 . 0 1 0 8 6 - 2 . 7 3 . 3 7 3 8 4 . 3 5 5 2 1 2 . 4
6 5 3 6 . 6 7 0 5 9 9 . 5 9 7 0 . 0 1  127 0 . 0 1 1 5 0 2 . 0 2 . 7 5 0 1 2 . 7 5 4 9 0 . 2
7 5 3 6 . 6 7 0 6 9 0 . 2 7 1 0 . 0 1 2 7 3 0 . 0 1 4 9 2 1 7 . 2 2 - 2 0 6 7 1 . 9 0 2 6 - 1 3 . 8
8 5 3 6 . 6 7 0 7 9 1 . 8 2 1 0 . 0 1 8 2 1 0 . 0 4 7 5 3 1 6 1 . 1 1 . 6 2 7 7 1 . 1 3 7 0 - 3 0 .  1
9 5 3 6 . 6 7 0 8 1 9 . 5 9 6 0 . 0 2 3 0 8 0 . 0 5 9 4 4 1 5 7 . 6 1 . 4 9 3 8 1 . 0 9 1 8 - 2 7 . 2

10 5 3 6 . 6 7 0 84 8 . 9 8 8 G . 0 3 8 9 5 0 . 0 7 4 2 5 9 0 . 6 1 . 2 2 5 4 1 . 0 5 7 7 - 1 3 . 7
11 5 3 6 . 6 7 0 8 6 7 . 7 9 9 0 . 0 9 0 3 2 0 . 0 8 5 3 3 - 5 . 5 1 . 0 7 6 4 1 . 0 4 0 9 - 3 . 3
12 5 3 6 . 6 7 0 8 7 3 . 8 2 4 0 .  1 0 9 6 3 0 . 0 8 9 2 1 - 1 8 . 6 1 - 0 6 4 5 1 . 0 3 6 1 - 2 . 7
13 5 3 6 . 6 7  0 88 8 . 8 1 4 0 . 1 4 7 5 4 0 . 0 9 9 6 6 - 3 2 . 5 1 . 0 3 8 0 1 . 0 2 5 5 - 1 . 2

A. A»D. % OF Kl NPTS
3 7 . 9  13

A .A .D .  % CE K2 NPTS
9 - 7 8  13
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Table F3. Detailed calculations of mixture density 
from LCM{see Table 3)

HIXTOBE I S  : ACETONE (1) -  WATER (2)

DATA SOURCES: NODA, 19 82 (NPTS=9) 
THOMAS, 1957 (HPTS=34)

T(R) P (PSIA) XI DEH(EXP) DEN (CAL) % DEV
LBHOLE/CO.FT.

5 3 6 . 6 7 0 1 4 .  7 0 0 0 .  0 5 8 3 0 2 . 9 9 0 5 3 . 0 5 3 6 2 . 1 0 8 9
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  14600 2 . 4 7 0 5 2 . 4 5 3 1 - 0 . 7 0 5 5
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  2 0 5 6 0 2 . 2 0 0 6 2 . 1 6 1 4 - 1 . 7 8 3 3
5 3 6 - 6 7 0 1 4 . 7 0 0 0 .  3020  0 1 . 8 6 1 8 1 . 8 0 9 7 - 2 . 7 9 6 8
5 3 6 . 6 7 0 1 4 . 7 0 0 0 . 4 5 9 7 0 1 . 4 7 6 3 1 . 4 2 4 6 - 3 . 5 0 7 0
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  5266  0 1 . 3 5 3 9 1 . 3 0 5 4 - 3 . 5 7 9 8
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  6 1 8 1 0 1 . 2 1 4 5 1 . 1 7 1 0 - 3 . 5 8 0 1
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  7 6 9 9 0 1 . 0 3 5 1 1 . 0 0 0 8 - 3 . 3 1 1 7
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  8 1 9 5 0 0 . 9 8 7 1 0 . 9 5 6 2 - 3 . 1 3 9 8
5 2 7 . 6 7 0 1 4 . 7 0 0 0 .  9 9 9 2 0 0 . 8 4 9 6 0 . 8 3 4 7 - 1 . 7 5 0 3
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9 9 8 2 0 0 . 8 5 0 3 0 . 8 3 5 3 - 1 . 7 5 9 7
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9934 0 0 . 8 5 3 6 0 . 8 3 8 2 - 1 . 8 0 3 7
5 2 7 . 6 7 0 1 4 . 7 0 0 0. 9924  0 0 - 8 5 4 3 0 . 8 3 8 8 - 1 . 8 1 5 3
5 2 7 - 6 7 0 1 4 . 7 0 0 0.  9 8 8 8 0 0 . 8 5 6 8 0 . 8 4 0 9 - 1 . 8 4 7 0
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9874 0 0 . 8 5 7 7 0 . 8 4 1 8 - 1 . 8 5 9 8
5 2 7 . 6 7 0 1 4 . 7 0 0 0 .  7884  0 1 . 0 2 3 8 0 . 9 9 1 6 - 3 . 1 5 0 6
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  4906  0 1 . 4 2 4 7 1 . 3 7 7 4 - 3 . 3 1 6 3
5 2 7 . 6 7 0 1 4 . 7 0 0 0 . 2 5 0 1 0 2 . 0 4 0 8 1 . 9 9 7 9 - 2 . 1 0 4 4
5 2 7 . 6 7 0 1 4 . 7 0 0 0 .  14500 2 . 4 8 6 3 2 . 4 7 5 0 - 0 . 4 5 1 9
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  9 9 5 8 0 0 . 8 4 6 0 0 . 8 3 0 0 - 1 . 8 9 5 7
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  8 0 3 1 0 1 . 0 0 2 9 0 . 9 7 0 4 - 3 . 2 3 7 7
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  4 8 2 1 0 1 . 4 3 2 1 1 . 3 8 2 4 - 3 . 4 6 9 9
5 3 6 . 6 7 0 1 4 . 7 0 0 0 - 3 8 0 2 0 1 . 6 4 9 7 1 . 5 9 6 6 - 3 . 2 1 8 6
5 3 6 . 6 7 0 1 4 . 7 0 0 0 . 2 5 3 0 0 2 . 0 2 1 1 1 . 9 7 3 4 - 2 . 3 5 7 0
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  1 4 5 5 0 2 . 4 7 4 1 2 . 4 5 5 8 - 0 . 7 3 5 7
5 3 6 . 6 7 0 1 4 . 7 0 0 0 . 0 6 9 3 5 2 . 9 1 5 2 2 . 9 6 2 7 1 . 6 2 9 6
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  9 9 5 8 0 0 . 8 3 0 2 0 . 8 1 2 9 - 2 . 0 8 9 9
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  7 6 4 6 0 1 . 0 2 2 1 0 . 9 8 5 3 - 3 . 6 0 2 5
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  5 0 1 2 0 1 . 3 7 5 5 1 . 3 2 2 1 - 3 . 8 7 9 6
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  37220 1 . 6 4 5 0 1 . 5 8 6 2 - 3 . 5 7 7 0
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  2 5 0 2 0 2 . 0 0 4 9 1 . 9 4 8 7 - 2 . 8 0 7 2
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  14520 2 . 4 5 0 1 2 . 4 1 6 1 - 1 . 3 8 7 3
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  0 7166 2 . 8 7 8 7 2 . 8 9 6 2 0 . 6 0 8 7
5 8 1 . 7 6 0 1 4 - 7 0 0 0.  9 9 5 8 0 0 . 8 1 4 5 0 . 7 9 6 5 - 2 . 2 0 4 1
5 8 1 . 7 6 0 1 4 . 7 0 0 0.  7 8 1 3 0 0 . 9 8 7 5 0 . 9 5 0 6 - 3 . 7 3 6 1
5 8 1 . 7 6 0 1 4 . 7 0 0 0 . 4 8 5 5 0 1 . 3 8 1 4 1 . 3 2 4 4 - 4 . 1 2 5 5
5 8 1 . 7 6 0 1 4 . 7 0 0 0 .  2 4 8 6 0 1 . 3 8 4 9 1 . 9 2 1 3 - 3 . 2 0 5 7
5 8 1 . 7 6 0 1 4 . 7 0 0 0 .  14400 2 . 4 3 0 3 2 . 3 8 3 5 - 1 . 9 2 7 7
5 8 1 . 7 6 0 1 4 . 7 0 0 0 .  0 7 1 5 2 2 . 8 5 6 7 2 , 8 5 2 0 - 0 .  1646
5 9 9 . 8 6 7 1 4 . 7 0 0 0 .  11000 2 . 5 9 3 8 2 . 5 4 9 4 - 1 . 7 1 0 0
6 1 8 . 0 3 0 1 4 . 7 0 0 0.  0 4716 2 . 9 8 8 5 2 . 9 7 5 3 - 0 . 4 4 3 9
6 1 8 . 0 3 0 1 4 . 7 0 0 0 .  0206  3 3 . 1 9 9 2 3 . 2 2 1 5 0 . 6 9 5 4
6 3 6 . 3 0 0 1 4 . 7 0 0 0 .  0 2 1 0 9 3 . 1 7 9 2 3 . 1 7 6 5 - 0 . 0 8 4 6

AVE. ABS. PERCENT. NO. OP PTS .
2 . 2 5 9 6 7 43
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Table F4. Detailed calculations of mixture density 
from CSM(see Table 3)

HIXTOHE I S  : ACETOHE(I) -  BATEH(2)

DATA SOURCES: RODA, 1982 (N?TS=9)
THOMAS, 1957 (HPTS=3U)

T(H) P (PSIA) 11 DEN (EXP) DEN (CAL) X DEV
' LBMOLE/CO.FT.

5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  0583 0 2 . 9 9 0 5 3 . 2 5 7 4 8 . 9 2 4 4
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  1 4 6 0 0 2 . 4 7 0 5 2 . 7 7 2 2 1 2 - 2 1 1 3
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  2 0 5 6 0 2 . 2 0 0 6 2 . 4 9 5 2 1 3 - 3 8 4 2
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  3 0 2 0 0 1 . 8 6 1 8 2 . 1 2 0 4 1 3 . 8 9 1 1
5 3 5 . 6 7 0 1 4 . 7 0 0 0 . 4 5 9 7 0 1 . 4 7 6 3 1 . 6 5 6 6 1 2 - 2 0 9 3
5 3 6 . 6 7 0 1 4 . 7 0 0 0 . 5 2 6 6  0 1 . 3 5 3 9 1 . 5 0 2 1 1 0 - 9 4 7 6
5 3 6 . 6 7 0 1 4 . 7 0 0 0 . 6 1 8 1 0 1 . 2 1 4 5 1 . 3 2 1 9 8 . 8 4 4 7
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  7 6 9 9 0 1 . 0 3 5 1 1 . 0 8 4 6 4 - 7 7 8 3
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  8 1 9 5 0 0 . 9 8 7 1 1 . 0 2 0 3 3 . 3 5 3 9
5 2 7 . 6 7 0 1 4 . 7 0 0 0 . 9 9 9 2 0 0 . 8 4 9 6 0 . 8 3 5 0 - 1 . 7 1 9 0
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9 9 8 2 0 0 . 8 5 0 3  ' 0 . 8 3 5 9 - 1 . 6 8 9 3
5 2 7 . 6 7 0 1 4 . 7 0 0 0. 9934 0 0 . 8 5 3 6 0 . 8 4 0 4 - 1 . 5 4 6 4
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9 9 2 4 0 0 . 8 5 4 3 0 . 8 4 1 3 - 1 . 5 1 9 1
5 2 7 . 6 7 0 1 4 . 7 0 0 0. 9 8 8 8 0 0 . 8 5 6 8 0 . 8 4 4 7 - 1 . 4 1 1 3
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  9 8 7 4 0 0 . 8 5 7 7 0 . 8 4 6 0 - 1 . 3 7 0 0
5 2 7 . 6 7 0 1 4 . 7 0 0 0 .  7884 0 1 . 0 2 3 8 1 . 0 6 8 2 4 - 3 3 6 6
5 2 7 . 6 7 0 1 4 . 7 0 0 0 .  4 9 0 6 0 1 . 4 2 4 7 1 . 5 9 4 2 1 1 - 9 0 0 7
5 2 7 . 6 7 0 1 4 . 7 0 0 0 . 2 5 0 1 0 2 . 0 4 0 8 2 . 3 2 7 8 1 4 - 0 6 3 5
5 2 7 . 6 7 0 1 4 . 7 0 0 0.  14500 2 . 4 8 6 3 2 . 7 9 5 6 1 2 . 4 4 1 9
5 3 6 . 6 7 0 1 4 . 7 0 0 0. 9 9 5 8 0 0 . 8 4 6 0 0 . 8 3 1 4 - 1 . 7 3 1 6
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  8 0 3 1 0 1 . 0 0 2 9 1 . 0 4 0 9 3 . 7 9 0 1
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  4 8 2 1 0 1 . 4 3 2 1 1 . 6 0 2 5 1 1 - 8 9 8 5
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  3 8 0 2 0 1 . 6 4 9 7 1 . 8 7 0 7 1 3 - 3 9 1 9
5 3 6 . 6 7 0 1 4 . 7 0 0 0 .  2 5 3 0 0 2 . 0 2 1 1 2 . 3 0 0 6 1 3 . 8 3 1 3
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  1 4550 2 . 4 7 4 1 2 - 7 7 4 7 1 2 - 1 5 1 3
5 3 6 . 6 7 0 1 4 . 7 0 0 0.  0 6 9 3 5 2 . 9 1 5 2 3 . 1 9 0 6 9 . 4 4 8 0
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  9 9 5 8 0 0 . 8 3 0 2 0 . 8 1 4 2 - 1 . 9 2 4 9
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  7646 0 1 . 0 2 2 1 1 . 0 7 0 2 4 - 7 0 0 9
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  5 0 1 2 0 1 . 3 7 5 5 1 . 5 2 9 2 1 1 . 1 7 4 7
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  3722  0 1 . 6 4 5 0 1 . 8 6 0 2 1 3 - 0 7 7 3
5 5 9 . 6 7 3 1 4 . 7 0 0 0 .  2 5 0 2 0 2 - 0 0 4 9 2 . 2 7 1 4 1 3 . 2 9 2 5
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  14520 2 . 4 5 0 1 2 . 7 2 9 7 1 1 . 4 1 4 5
5 5 9 . 6 7 3 1 4 . 7 0 0 0.  0 7 1 6 6 2 . 8 7 8 7 3 . 1 2 5 1 8 . 5 5 8 8
5 8 1 . 7 6 0 1 4 . 7 0 0 0.  9 9 5 8 0 0 . 8 1 4 5 0 . 7 9 7 9 - 2 . 0 3 8 2
5 8 1 . 7 6 0 1 4 . 7 0 0 0.  7 8 1 3 0 0 . 9 8 7 5 1 . 0 2 7 9 4 . 0 9 2 5
5 8 1 . 7 6 0 1 4 . 7 0 0 0 . 4 8 5 5 0 1 . 3 8 1 4 1 . 5 3 6 8 1 1 . 2 5 3 2
5 8 1 . 7 6 0 1 4 . 7 0 0 0.  2 4 8 6 0 1 . 9 3 4 9 2 . 2 3 9 8 1 2 . 8 4 0 4
5 8 1 . 7 6 0 1 4 . 7 0 0 0 .  1 4400 2 . 4 3 0 3 2 . 6 9 1 8 1 0 . 7 6 1 5
5 8 1 . 7 6 0 1 4 . 7 0 0 0.  0 7 1 5 2 2 . 8 5 6 7 3 . 0 7 7 3 7 - 7 1 9 9
5 9 9 . 8 6 7 1 4 . 7 0 0 0.  11000 2 . 5 9 3 8 2 . 8 2 7 3 9 . 0 0 5 0
6 1 8 . 0 3 0 1 4 . 7 0 0 0 . 0 4 7 1 6 2 . 9 8 8 5 3 . 1 4 1 7 5 . 1 2 4 3
6 1 8 . 0 3 0 1 4 . 7 0 0 0.  0 2 0 6 3 3 . 1 9 9 2 3 . 3 0 6 5 3 . 3 5 1 7
6 3 6 . 3 0 0 1 4 . 7 0 0 0 .  0 2 1 0 9 3 . 1 7 9 2 3 . 2 6 2 1 2 . 6 0 9 4

AVE. ABS. PERCENT. HO. OF P T S .
7 .9 0 0 5 U 43

116


