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ABSTRACT

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

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

p o t e n t i a l - m o d e l  M o d i f i e d  B e n e d i c t - B e b b - E u b b i n  e q u a t i o n  o f  

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

f l u i d  m i x t u r e s .  T h e s e  h y b r i d  m i x i n g  r u l e s  r e q u i r e  t h r e e  

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

and  t w o  p a r a n e t e r s  f o r  l e s s  n o n i d e a l  l i x t u r e s .  T h e s e  h y b r i d  

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  u s i n g  a a 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 :  (1) n o n p o l a r + p o l a r  s y s t e m s ,  s u c h  a s  h y d r o c a r b o n s

w i t h  k e t o n e s ,  a l c o h o l s ,  a n d  w a t e r ;  (2)  p o l a r + p o l a r  s y s t e m s  

s u c h  a s  c a r b o n  d i o x i d e *  m e t h a n o l ,  w a t e r + a c e t o n e  a n d  (3)  

n o n p o l a r * n o n p o l a r  s y s t e m s  s u c h  a s  b e n z e n e * h e x a n e ,  e t h a n e * n -  

b u t a n e ,  a n d  m e t h a n e * d e c a n e .  T e s t  r e s u l t s  show t h a t  t h e  

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

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

s o l u t i o n s ,  b e t t e r  t h a n  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 .  The  

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

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

w e r e  c a l c u l a t e d  u s i n g  t h e  h y b r i d  m i x i n g  r u l e s .  R e s u l t s  show 

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



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

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

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

l i g u i d - l i g u i d  e q u i l i b r i a  f o r  m o d e l  c o a l  c o m p o u n d * w a t e r

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

e x p e r i m e n t a l  u n c e r t a i n t y .

XI



APPLICATION OF HYBRID HIXING BOLES BASED ON THE 

CONFORHAL SOLDTION AND LOCAL COMPOSITION MODELS 

TO PREDICT THE THERMODYNAMIC PROPERTIES OF NONIDEAL SOLUTIONS

CHAPTER I  

INTRODUCTION

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

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

e q u i l i b r i a  i s  v i t a l  f o r  e c o n o m i c  v i a b i l i t y .  The  g e n e r a l i z e d  

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

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

w id e  r a n g e s  o f  p r e s s u r e ,  t e m p e r a t u r e ,  a n d  c o m p o s i t i o n .  

A l t h o u g h  t h e r e  a r e  many c o r r e l a t i o n s  t h a t  c a n  a c c u r a t e l y  

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

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

f l u i d  m i x t u r e s  i s  s t i l l  l a r g e l y  u n s o l v e d .  P r e d i c t i n g  f l u i d -  

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

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

Fo r  h i g h l y  non  i d e a  1 s o l u t i o n s ,  t h e  a c t i v i t y  c o e f f i c i e n t  

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

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



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

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

w h e r e  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 s ,  

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

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  i s  a v o i d e d  a n d  i n  a d d i t i o n  t o  

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

c a n  a l s o  b e  o b t a i n e d  ( R e i d  e t  a l . ,  1 9 7 7 ) .

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

d e r  W a a l s '  o n e - f l u i d  m o d e l  o r  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  

(CSW) ( P e n g  a n d  R o b i n s o n ,  1 9 7 6 ;  S t a r l i n g  e t  a l . ,  1 9 7 7 ) .  T h i s  

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

m i x t u r e  t o  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 n e  

taaperature and pressure as the nisture) yhose

characteristic parameters are c o q position dependent and 

o f t e n  d e t e r m i n e d  by s e m i - e m p i r i c a l  m i x i n g  r u l e s  (Lee  e t  a l . ,  

1 9 7 9 ) .  T h e s e  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  mo l e  f r a c t i o n .  

The  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 r e  b r i e f l y  r e v i e w e d  i n  

c h a p t e r  I I I .  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  

f l u i d s ,  t h i s  m o d e l  g i v e s  g o o d  r e s u l t s  ( S t a r l i n g  e t  a l . ,

1 9 7 7 ;  P e n g  a n d  R o b i n s o n ,  1 9 7 6 ) .  H o w e v e r ,  t h e s e  s t a n d a r d  

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

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

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

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

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

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

( W h i t i n g  a n d  P r a u s n i t z ,  1 9 8 2 a ) .  To t a k e  i n t o  a c c o u n t



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

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

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  c o n c e p t ,  W i l s o n  (1 9 6 4 )  

p r o p o s e d  a n  e x p r e s s i o n  f o r  t h e  e x c e s s  G i b b s  f r e e  e n e r g y  ( o r ,  

e q u i v a l e n t l y ,  a c t i v i t y  c o e f f i c i e n t  e q u a t i o n s )  w h i c h  c a n  

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

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

Due t o  W i l s o n ' s  s u c c e s s ,  s e v e r a l  a t t e m p t s  h a v e  b e e n  made t o  

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

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

i [ T ! n i s c i b lG  f l u i d s  { Pe no n  a n d  P r a u s n i t z ,  1 9 5 8 ;  P a l m e r  a n d  

S m i t h ,  1 9 7 2 ;  N i t t a  a n d  K a t a y a n a ,  1 9 7 4 ;  P o v ak  e t  a l . ,  1 974 ;  

T s u b o k a  a n d  K a t a y a a a ,  1 9 7 5 ;  N a g a t a  e t  a l . ,  1 9 7 5 ;  Abrams  a n d  

P r a u s n i t z ,  1 9 7 5 ) .  A l t h o u g h  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  h a s  

b e e n  know n  f o r  some  t i m e ,  i t  wa s  g i v e n  l i t t l e  a t t e n t i o n  

u n t i l  r e c e n t l y .  I n  1 9 7 9 ,  H u ro n  a n d  V i d a l  s u c c e s s f u l l y  

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

f o r  t h e  e n e r g y  p a r a m e t e r  * a '  i n  t h e  R e d l i c h - K w o n g  (RK) 

e q u a t i o n  o f  s t a t e .  T h i s  wo rk  h a s  d e m o n s t r a t e d  t h a t  t h e  

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

non i d e a l  s o l u t i o n s .

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

i n t e r e s t .  W h i t i n g  a n d  P r a u s n i t z  ( 1 ° 8 2 a b )  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  m i x i n g  r u l e s ,  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



c o n c e p t ,  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  van  d e r  W a a l s  a n d  

t h e  P e r t u r b e d  Ha rd  C h a i n  (PHC) e q u a t i o n s  o f  s t a t e .  V a c h h a n i  

an d  A n d e r s o n  (19 82 )  e m p i r i c a l l y  d e v e l o p e d  a  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  r a i s i n g  r u l e  f o r  t h e  e n e r g y  

p a r a m e t e r  o f  t h e  S o a v e  EK 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  

Copeman  ( 1 9 8 3 )  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  f o r  t h e  e x t e n d e d  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 h e s e  s t u d i e s  h a v e  s h o w n  t h a t  m i x i n g  r u l e s  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  w o r k  b e t t e r  f o r  h i g h l y  n o n i d e a l  

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

r e c e n t l y ,  a t  t h e  U n i v e r s i t y  o f  O l t l ah om a ,  a  m e a n -  

p o t e n t i a l - m o d  e l  M o d i f i e d  B e n e d i c t - B e b b - R u b b i n  (MPM-SBWE) 

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

a s s o c i a t i n g  c o m p o u n d s  ( S t a r l i n g  e t  a l . ,  1 9 8 3 ) .  T h i s  

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

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

a c c u r a c y  o v e r  w i d e  r a n g e s  o f  t e m p e r a t u r e  a n d  p r e s s u r e .  The  

HPM-MBSE i s  b r i e f l y  p r e s e n t e d  i n  c h a p t e r  I I .  The  o b j e c t i v e  

o f  t h i s  r e s e a r c h  i s  t o  d e v e l o p  m i x i n g  r u l e s  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 ,  f o r  t h e  MPM-MBWR e q u a t i o n  o f  s t a t e ,  

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

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

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

e n e r g y  p a r a m e t e r  i n  t h e  MPfl-HBBH e q u a t i o n  o f  s t a t e .  T h i s  

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

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



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

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

h i g h l y  n o n i d e a l  s o l u t i o n s .  T h e s e  h i g h l y  n o n i d e a l  s o l u t i o n s  

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

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

g i v e n  i n  c h a p t e r  VI  a n d  V I I .  I n  c h a p t e r  V I I I ,  t h e  p r e d i c t e d  

e x c e s s  G i b b s  f r e e  e n e r g y  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 s  o f  

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

d a t a .  The h y b r i d  m i x i n g  r u l e s  w e r e  f u r t h e r  t e s t e d  on  n e a r l y  

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

co m p ou nd s  a n d  w a t e r .  P r e d i c t i o n s  o f  l i q u i d - l i q u i d  e q u i l i b r i a  

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

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



CHAPTER I I  

EQUATION OF STATE FOR PORE FLOXDS

Th e  b a s i c  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  i n  

t h i s  w o r k  i s  a  t h r e e - p a r a m e t e r  c o r r e s p o n d i n g - s t a t e s  BBMB 

e q u a t i o n  (3PCS-MEWR) ( B r u l e  e t  a l . ,  1 9 8 2 ) .  T h e  b a s i c  

e q u a t i o n  i s ;

2  = 1 + P 5 ^

+ P ^ ( E ^ T * " ^ + E j ^2T*"^>

+ E g P  ^ { 1 + E ^ p  ^ ) e x p { - E ^ p * ^ )

w h e r e

an d

P )

T = kT /E  (2)

p* = po^  ;3)

E^ “  S f  + Tfi>i (4)



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

a n i s o t r o p i c  p a r t s ,  r e s p e c t i v e l y ,  a nd  Y i s  t h e  o r i e n t a t i o n

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

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

p a r a m e t e r s .  T h e  u n i v e r s a l  c o n s t a n t s  a 1 an d  bi  a r e  g i v e n  i n

t a b l e  I I . 1.

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

p a r a m e t e r s  e / k  a n d  w e r e  d e f i n e d  a s ;

E •= Eo -  kTg/1.2593 (5)

an d

0== 0.3183/Pg Î6}

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

p o t e n t i a l - m o d e l  'HPH) was  u t i l i z e d  t o  a c c o u n t  f o r  t h e  p o l a r

an d  a s s o c i a t i o n  e f f e c t s .  T h i s  h a s  b e e n  d o n e  by m a k i n g  t h e

e n e r g y  p a r a m e t e r  t e m p e r a t u r e  d e p e n d e n t  (R eed  a nd  G u b b i n s ,  

1 9 7 3 ) .  H e n c e ,  t h e  e n e r g y  p a r a m e t e r  b e c o m e s ;

w h e r e  c o / k  i s  d ue  t o  t h e  n o n p o l a r  c o n t r i b u t i o n ,  an d  k  i s  t h e  

• l u m p e d '  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 o n  c o n t r i b u t i o n s .  

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

p a r a m e t e r  a s :

o ’= ?' /Pg (8)

F rom t h e s e  d e f i n i t i o n s ,  e g u a t i o n s  (7 )  a n d  (8) w i l l  r e d u c e  t o



T « b i «  I I . 1

Univ*ps*l Constants a: and b; , to b* U»ad in Equation (4; for thW M#an-Pot*ntial-Mod*l 
Fowr-Paramatar Cerrasoondine-Statas RSWR Corrélation.

3

6

7

8 
9

10

11
12

___

1 . 4 5 9 0 7

4 , 9 8 0 1 3
2 . 2 0 7 3 4

4 o 3 6 1 2 1

4 , 5 9 3 1 1

5 , 0 6 7 0 7
1 1 . 4 3 7 1

9 . 2 2 4 6 9
0 . 0 9 4 6 2 4

1 . 4 5 : 5 8
0 . 0 1 5 2 7 3
3 . 5 1 4 8 6

 $ i__

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

2 . 7 9 9 7 9

1 0 , 3 9 0 1

1 0 . 3 7 3 0
2 0 . 5 3 8 8

2 . 7 6 0 1 0

- 3 . 1 1 3 4 9
0 . 1 8 9 1 5
0 . 9 4 2 6 0



e q u a t i o n s  (5) a n d  (6) o f  t h e  o r i g i n a l  3PCS f o r m u l a t i o n  when 

K i s  e q u a l  t o  z e r o  a n d  A i s  s e t  e q u a l  t o  0 . 3 1 8 9  f o r  n o n p o l a r  

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

m om en t s  l e s s  t h a n  0 . 3  [ S t a r l i n g  e t  a l . ,  1 9 8 3 ) .

T h e  MPM c o r r e l a t i o n  i s  a n  e x t e n s i o n  o f  t h e  3PCS 

c o r r e l a t i o n ,  a n d  r e q u i r e s  f o u 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 :  

Y ,  cr ,  e / k  a n d  k f o r  p o l a r  a n d  a s s o c i a t i n g  f l u i d s .



CHAPTER I I I

REVIEW OF THE CONFORMAI SOLUTION MODEL

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

a n d  p r a c t i c a l  s t a n d p o i n t .  T h i s  t h e o r y  was  p r o p o s e d  by  v a n  

d e r  W a a l s  (VDH) (1390 )  n e a r l y  a  c e n t u r y  a g o .  A l t h o u g h  h i s

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

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

f l u i d  m i x t u r e s .  Th e  c o n f o r m a i  s o l u t i o n  f o r m a l i s m  a s s u m e s

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

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

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

f l u i d s  t o  b e  a p p l i e d  t o  m i x t u r e s .  Th e  VDH o n e - f l u i d  t h e o r y

a l s o  s u g g e s t s  t h a t  a  f l u i d  m i x t u r e  i s  an  a s s e m b l y  o f

m o l e c u l e s  w h i c h  a r e  r a n d o m l y  d i s t r i b u t e d .  S t r i c t l y ,  t h e  VDH 

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

n e a r l y  e q u a l  s i z e  m o l e c u l e s .  C o n s e q u e n t l y ,  p r e d i c t i o n  

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

m o l e c u l e s .  C o m p e n s a t i n g  f o r  t h i s  d i s c r e p a n c y ,  t h e  VDH o n e -  

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

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

10
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s i g n i f i c a n t l y  i n  s i z e  a n d  s h a p e  [Lee  e t  a l . ,  1 9 7 9 ) .  T he  

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

f o r  i s o t r o p i c  c o n f o r m a i  m i x t u r e s  by  S m i t h  (1 97 2 )  t o  t h e  

a n i s o t r o p i c  m o l e c u l a r  s o l u t i o n s  (L ee  e t  a l . ,  1 9 7 9 ) :

^X^X°X = i j ^ i j ° i j  J11)

T h e  e x p o n e n t s  k-  1 ,  m,  P ;  g j  r ,  u ,  ? ,  v i n  e g u a t i o n s  [ 9 ) ,  

p O )  an d  p i )  c a n  b e  d e t e r m i n e d  t h e o r e t i c a l l y  o r

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

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

( 1 97 9 )  d e t e r m i n e d  t h e s e  e x p o n e n t s  e m p i r i c a l l y  by f i t t i n g  

v a p o r - l i q u i d  e q u i l i b r i u m  d a t a .  T h e  o p t i m a l  v a l u e s  o f  t h e  

e x p o n e n t s  a r e  k = 0 ,  1 = 0 ,  m = 4 . 5 ,  p = 0 ,  g = 1 ,  r = 4 . 5 ,  u = 1 ,  w=0 a n d  

w = 3 . 5 .  H e n c e ,  t h e  f i n a l  f o r m u l a t i o n  o f  t h e  s e m i e m p i r i c a l  

m i x i n g  r u l e s  i s ;
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W i th  t h e  c o m b i n i n g  r u l e s ;

an d

^  (^1 + iTj) (1 7 )

w h e r e  p . .  an d  r . .  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 -  T h e  

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

e q u a t i o n  [ 7 )

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 ,  e n t r o p y  

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

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

c l a s s i c a l  t h e r m o d y n a m i c  r e l a t i o n s  ( R e i d  e t  a l . ,  1 9 7 7 ) .  T h e  

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

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

T h e s e  s e m i e m p i r i c a l  m i x i n g  r u l e s  w i t h  t h e  MPM 

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

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

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

a s  w a t e r ,  a l c o h o l s  , e t c . . .



CHAPTER IV

LOCAL COMPOSITION MODEL

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

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

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

The  c o m p l e x i t y  o f  t h e  m i x t u r e s  may a r i s e  f r o m  s i z e  and

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

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

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

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

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

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

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

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

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

p r e f e r e n t i a l  i n t e r a c t i o n s  b e t w e e n  d i f f e r e n t  k i n d s  o f  

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

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

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

m e a n i n g  o f  l o c a l  c o m p o s i t i o n s ,  t h e  f o l l o w i n g  e x a m p l e  i s  

g i v e n  ( s e e  F i g u r e  1 . )  .  F o r  a b i n a r y  s y s t e m ,  a c c o r d i n g  t o  t h e

13
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Molecule A # a t  cen ter 

A -cell

An equimolar mixture o f  A and B molecules

o o o

Molecule B Q a t  center 

B -cel1

Cell Type : 
In te rac tio n  energies :

M'j-bsr o f  m olecu les  
around c e n t r a l  
m o lecu le  :

B-molecules

T o ta l  :

Local co m p o s i t io ns  :

^AA

^BA

*BB

*AB
O vera l l  Compositions :

^AA ^BA

'BA •

2/5

3/5

3/7

4 /7

2

3

5

= 0.40

= 0.60  

= 0.43 

= 0.57

= 7 /14  = 0 .5  

Xo = 7 /14 = 0.5

B

and EAB

F ig u re  1 . Local Composition Model
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t w o - f L u i d  t h e o r y  o f  S c o t t  ( 1 9 5 6 ) ,  t h e r e  a r e  two  t y p e s  o f  

c e l l s ;  t h e  A - c e l l  w h i c h  h a s  a  m o l e c u l e  o f  t y p e  A a t  t h e  

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

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

w i t h  n e a r e s t  n e i g h b o r s  o f  c o m p o n e n t s  A a n d  B. T h e  l o c a l  mo l e  

f r a c t i o n s  may b e  d e f i n e d  a s :

"aa *̂-aa^

^  "aa '̂-aa  ̂ " ba *̂-ba  ̂  ̂ *

" ba *̂-ba^ (19)

"AA^-AA^ ^BA^-BA^

" bB^‘-BB^ (20)

*BB
" bB '̂-BB^ "AB^^AB^

a n d

"ab^'-ab^

*AB

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

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

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

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

t o  t h e  s t r e n g t h  o f  t h e  A-B i n t e r a c t i o n s  r e l a t i v e  t o  t h e  A-A 

a n d  B-B i n t e r a c t i o n s  [ s e e  F i g u r e l ) .

Th e  l o c a l  c o m p o s i t i o n  c o n c e p t  was  o r i g i n a t e d  f r o m  

G u g g e n h e i m  ( 1 9 3 5 ,  1 9 5 2 ,  1 9 6 6 ) .  T h i s  c o n c e p t  w a s  a p p l i e d  t o

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

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

c a l c u l a t i o n s  a n d  M o n t e  C a r l o  c a l c u l a t i o n s  [ N a k a n a s h i  a n d  

T o u k u b o ,  1 9 7 9 ;  N a k a n i s h i  e t  a l . ,  1982 ;  P a n a y i o t o u  a n d  V e r a ,  

1 9 8 1 ;  Kemeny a n d  R a s m u s s e n  1 9 8 1 ;  F i s c h e r  a n d  L a g o ,  1 9 8 3 ;  L e e  

e t  a l . ,  1 9 8 3 ;  Hu a n d  P r a u s n i t z ,  1 9 8 3 ;  H o h e i s e l  e t  a l . ,  

1 9 8 3 ) ,  i t  i s  s t i l l  a  c o n t r o v e r s i a l  t h e o r y .  T h e  m o s t  

s u c c e s s f u l  i n v e s t i g a t i o n  o f  t h e  t h e o r e t i c a l  f o u n d 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  was  o b t a i n e d  r e c e n t l y  by  L e e  e t  

a l . ,  (19 83) by  u s i n g  s t a t i s t i c a l  m e c h a n i c s .  T h e i r  

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  t h e o r y  n o t  o n l y  

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

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

m e c h a n i c a l  s t a n d p o i n t ,  L e e  e t  a l .  ( 19 83 )  d e f i n e d  t h e  n i n  

a  b i n a r y  s y s t e m  a s :

2 :  ( r )  (22)S
 2dr 4 r r  g ^ ( D
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[23)

Vbb 2
~ 8£g (r )  [24)

a n d

f 2
" aB^^AB) = <=A «AB^':) C25)

0

s h e r e  g ^ _ . ( r )  a r e  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  

f l u i d .  S u b s t i t u t e  t h e  e q u a t i o n s  a b o v e  i n t o  e q u a t i o n s  ( 1 8 ) ,  

( 1 9 ) ,  ( 2 0 ) ,  a n d  ( 2 1 ) ,  t h e  l o c a l  m o l e  f r a c t i o n s  c a n  b e  

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

PA /  4nr^9AA(r) "AA

^  PA dr /H ,r^g^(r) + pg dr 4Trr2gg^(r) "a  ̂ ’

LpA p
PB { d r  Airr gg ^ ( r )  Pg^

:^BA [ % ------------  [ Z ------------: ----------- = —  '2 7 )
PA /  dr 4Trr g^^Cp) + P g /  dr 4Tir gg^fr) Â
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Pg /  dr 4%rZggg(r) "BB

BB
Pg /  dr 4irr^ggg(r) + p g ; * B  4irr‘ g^g(r) ^g

(28)

and

or

''AB

Pa j  d r  4 i r r^g^g( r )
"AB

(29)
Pg ;  dr 4 -r  9gg(r) +p^ /  dr 4irr g^g{r)

'AA
^A ■*■ *B*gA

(30 )

'BA

^B ^BA

^A * *B*BA
(31)

'BB
*B ^A^AB

(32)

an d
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’' a ^AB
Xa b  = -----   —  ( 3 3 )

*B *A*AB

w h e r e

/  dr 4itr^ggp^(r)
A _  0

BA -  ~L ^  2----------  t 3« )
/  d r  4iTr g ^ ( r )

a n d

/  dr  4 n r - g . _ ( r )
A , 0_ _ _ _ _ _ _ _ _

AS Lo n  n
;  dr 4i,r2ggg(r)

( 3 5 )

a n d  2  ̂ i s  t h e  c o o r d i n a t i o n  n u m b e r .  From t h e  a b o v e  

d e f i n i t i o n s ,  s e c o n d  a n d  t h i r d  n e i g h b o r s  h a v e  b e e n  i g n o r e d  i n  

t h e  e x p r e s s 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 s .  Ag^ a n d  A^g c a n  

f u r t h e r  b e  d e f i n e d  a s ;

^BA exp(-BWg^) 

^BA = ------------------------
exp (-BW^)

and
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V^B exp(-eW^B^

Aab ' ------------------------  (37)
VflB expf-BWgg)

w h e r e   ̂ i s  t h e  s p h e r i c a l  v o l u a e ,  ( 4 / 3  ,  a n d  S _  i s

t h e  mean p o t e n t i a l  o f  mean  f o r c e  o f  K i r k w o o d  ( 1 9 3 5 ) .  I f  t h e

r a d i i  a r e  c h o s e n  t o  b e  e g u a l ,  1  = 1  = L = L ,  t h e
AA dA dd Au

r a t i o  a n d  ^ ^ g / ^ g g  w o u l d  he u n i t y .  The  c o n s e r v a t i o n

e q u a t i o n s  i n  b o t h  c e l l s  a r e :

X + X = 1  (38 )
BA AA

and

X + X 1 (39)
A3 BE

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

be  r e w r i t t e n  a s ;

%B avC-Ww/RT)

and

ÂA *A exp(-W^/RT)

^AB ’‘a exp(-W^g/RT)

Xgg Xg expf-Wgg/RT) (41)

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

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

u n l i k e  t w o - b o d y  i n t e r a c t i o n s .



CHAPTER V

DEVEL0P3ENT OF LOCAL COMPOSITION MIXING BOLES

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

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

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

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

' j o r k  y e l l  f o r  s i m p l e  f l u i d  m i x t u r e s ,  b u t  a r e  l e s s  s u c c e s s f u l  

f o r  c o m p l e x  m i x t u r e s .  Th e  ma in  p r o b l e m  i n  t h e  d e v e l o p m e n t  

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

r a n d o m  n o r  t o t a l l y  s t r u c t u r e d .  To a c c o u n t  f o r  s t r o n g l y  

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

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

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 ,  t h e  a c t i v i t y  

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

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

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

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

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

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

i n  a  m i x t u r e .  C o n s e q u e n t 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  

g i v e s  s a t i s f a c t o r y  r e s u l t s .  Due t o  t h e  s u c c e s s f u l

21
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a p p l i c 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 s  f o r  t h e  a c t i v i t y  

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

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

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

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

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

MP« c o r r e l a t i o n  f o r  p r a c t i c a l  r e a s o n s .

5 . 1  T h e o r e t i c a l  A p p r o a c h

W h i t i n g  a n d  P r a u s n i t z  ( 1 9 8 3 a , b )  t r e a t e d  t h e  

i n t e r a c t i o n  e n e r g y  rJ_jj i n  e q u a t i o n s  (40) a n d  ( h i ]  a s  t h a t  

i s ,  t h e  H e l m h o l t z  f r e e  e n e r g y .  T h i s  u a s  l a t e r  v e r i f i e d  by  

L ee  e t  a l . ,  (19 8 3 ) ,  j  i s  d e f i n e d  f r o m  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 r e f o r e ,  j  d e p e n d s  on d e n s i t y  a n d  t e m p e r a t u r e .  

U n l i k e  W h i t i n g  a n d  P r a u s n i t z ,  who r e l a t e d  ^ j  t o  t h e  

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

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

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

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

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

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

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

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

t h a t  u s e d  by  W h i t i n g  a n d  P r a u s n i t z .  A s s u m i n g  p a i r w i s e  

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

J L  =
N = Xj(x2i ^21 + *11 “ii) + *2(*12 “l2 *22 "22^

( 0 2 )

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

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

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

c a n  b e  o b t a i n e d  f r o m :

3 ( A ^ )  

3 (1 /T ) N.V
( 03 )

By c o m b i n i n g  e q u a t i o n s  JhO) t h r o u g h  (03 )  a n d  u s i n g  ,

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

2 2 . 1  ( \ ^ / T ) -

‘ L a
_3 (1 /T ) N , V_ e x p ( -  0  /RT)

2 X e x p ( - a  ^ /S T )

j = l
(00 )

a  i s  d e f i n e d a s  2 / z . F r o  m t h e  G i b b s - H e l m h o l t z

r e l a t i o n ,  e q u a t i o n  (03)  ,  t h e  m o l a r  H e l m h o l t z  c a n  b e  

d e t e r m i n e d  b y :

A ■p d (  1 / T )  ^
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-  RT 2 2
'  r  * j  “ P < -  “  [ 45 )

w h e r e ,  f o l l o w i n g  B h i t i n g  a n d  P r a u s n i t z ,  a r i s e s  f r o m  t h e

l o w e r  l i m i t  o f  t h e  i n t e r g r a t i o n  a t  i n f i n i t e  t e m p e r a t u r e -  F o r  

m i x t u r e s  o f  e g u a l  s i z e d  m o l e c u l e s ,  F^j =1 i s  a  r e a s o n a b l e  

a s s u m p t i o n .  E q u a t i o n  J45 )  c a n  b e  r e w r i t t e n  a s :

A 2 A. 1 2 2
—  = I  X, —  ~ -  I  a .  I n  I  x ^ F . <  e x p  ( -  a ( A j_ i ) / «T)

RT i = l  ^  RT “  i = l  ^  j = l  ^

(46)

The e x p r e s s i o n  f o r  t h e  p r e s s u r e  ? c a n  be  o b t a i n e d  by  

d i f f e r e n t i a t i n g  e q u a t i o n  (46) w i t h  r e s p e c t  t o  s p e c i f i c  

v o l u m e  7 :

2 2 3
I  I x . x .  

2 i = l  j = l  ^  ] 3v T , x e x p ( - a ^ j  ( A ^ j - A ^ ^ ) / R T )

r  p  —
: / i  i  2

Z X. e x p  ( - a  . . ( A. A . ) / R T
j = i 1 ] i l

( 47 )

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

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

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

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

e t  a l . ,  1 9 8 3 ) .  T he  r e s u l t s  w e r e  b e t t e r  t h a n  t h o s e  o b t a i n e d  

by 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 i x i n g  r u l e s .  F o r  

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

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

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

T h e  n e x t  s e c t i o n  s h o w s  a n  e m p i r i c a l  a p p r o a c h  t o  a p p l y  t h e  

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

c o r r e l a t i  o n .

5 . 2  E m p i r i c a l  A p p r o a c h

T h i s  s e c t i o n  s h o w s  a d i f f e r e n t  m e t h o d  f o r  e x t e n d i n g  

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

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

e n e r g y  p a r a m e t e r  .  By a n a l o g y  t o  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  i n  e q u a t i o n  [h2)  t h e  

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

d e f i n e d  a s ;

“̂ 21 ^ ^11 ^ ^12 ^ ~22 ^22^ (^3 )

w h e r e  e — i s  t h e  c h a r a c t e r i s t i c  e n e r g y  o f  t h e  tw o  bo d y  

i n t e r a c t i o n  b e t w e e n  i  a n d  j  m o l e c u l e s .  S u b s t i t u t i n g  t h e
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l o c a l  c o m p o s i t i o n  e q u a t i o n s  [38 )  ,  [ 3 9 ) ,  [ 40)  a n d  [41 )  i n t o  

e q u a t i o n  ( 4 8 ) ,  t h e  e x p r e s s i o n  f o r  t h e  e n e r g y  p a r a m e t e r  

f o r  a  b i n a r y  s y s t e m  i s :

e("Al2/KT)

x^ + Xg e ( -  x^ + Xg e(-Al2/*T)

X i ^ : g i e ( - A u / » T )  x :

"2 ■ ' '1

(49)

w h e r e

A i 2  = W^g -  ( 5 0 )

^21 ” *̂ 21 '  ^22 (51)

F o r  m u l t i c o m p o n e n t  m i x t u r e s ,  e q u a t i o n  [49 )  c a n  b e  e x p r e s s e d

a s :

Ex = Z ^

r  Xj E^j exp(-A^j /RT) 

E Xj  ̂ exp{-A^j,/RT)
(52)
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T he  D i x i n g  r u l e  a b o v e  f o r  t h e  e n e r g y  p a r a m e t e r  i n t r o d u c e s

t w o  mo re  a d j u s t a b l e  p a r a m e t e r s  A^2 “  ^ * 1 2  a n d  ( * 2 l "

*22  ̂ a d d i t i o n  t o  a  b i n a r y  p a r a m e t e r  S-jj w h i c h  a r i s e s

f r o m  th e  c o m b i n i n g  r u l e  f o r  i n  e q u a t i o n  { 1 6 ) .  T h i s

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

p a r a m e t e r s  i n  w h i c h  b o t h  a n d  a r e  s e t  e q u a l  t o  0 .

T h e  f o l l o w i n g  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 i x i n g

r u l e s  f o r  a n d  v w e r e  u s e d  i n  t h i s  w o r k :
X ' x

a n d

E q u a t i o n s  ; 53 )  a n d  ; 5h)  c o r r e s p o n d  t o  t h e  u s e  o f  t h e  

f o l l o w i n g  v a l u e s  o f  e x p o n e n t s  i n  e q u a t i o n s  [9) a n d  ; i i ) ,  

k=Q,  1 = 3 ,  n = 3 ,  u = l , v = 0  a n d  v> = 3 .  T h e s e  e x p o n e n t s  w e r e  

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

The  c o m b i n i n g  r u l e  e q u a t i o n s  (15)  an d  (1 7 )  a r e  a l s o  

a p p l i c a b l e  t o  cr .̂j a n d  y ^ j  *

T h e  h y b r i d  m i x i n g  r u l e s  a b o v e  f o r  a n d  ,

e q u a t i o n s  ( 5 2 ) ,  ( 5 3 )  a n d  ( 5 4 ) ,  w e r e  u s e d  f o r  t h e  MPM

c o r r e l a t i o n  i n  t h i s  s t u d y .  T h r e e  b i n a r y  p a r a m e t e r s  ^ _  , ^^2
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a n d  w e r e  r e q u i r e d  f o r  s t r o n g l y  n o n i d e a l  s o l u t i o n s  ( e . g . ,  

s o l u t i o n 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 ) .  F o r  m o d e r a t e l y  

n o n i d e a l  m i x t u r e s  ( e . g . ,  n o n p o l a r  m i x t u r e s ) ,  tw o  b i n a r y  

p a r a m e t e r s  a n d  w e r e  r e q u i r e d , w h i l e  A ^ g a n d  w e r e  

s e t  e g u a l  t o  0 .  T h e s e  b i n a r y  p a r a m e t e r s  w e r e  d e t e r m i n e d  

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

A l t h o u g h  t h e  m i x i n g  r u l e  f o r  i s  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 ,  i t  s t i l l  l i e s  w i t h i n  t h e  o n e - f l u i d  m o d e l  

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

o f  m i x i n g  r u l e s .  O n ly  t h e  s p i r i t  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  i s  r e t a i n e d .

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

m i x t u r e s  a r e  g i v e n  i n  a p p e n d i x  3 .

5 . 3  S e n s i t i v i t y  o f  C o m p o s i t i o n  D e p e n d e n c e  t o  t h e  B i n a r y  

P a r a m e t e r s

The  m i x i n g  r u l e ,  e q u a t i o n  ( 5 2 ) ,  r e q u i r e s  t h r e e  

p a r a m e t e r s  , A^g a n d  Ag^ t o  d e f i n e  t h e  c h a r a c t e r i s t i c

e n e r g y  p a r a m e t e r  .  The  t w o  a d d i t i o n a l  b i n a r y  p a r a m e t e r s  

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

2 s h o w 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  o f  t h e  e n e r g y  p a r a m e t e r  

e ^  f o r  a b i n a r y  s y s t e m .  D i f f e r e n c e s  i n  v a l u e s  o f  A^g a n d  Ag^

p r o d u c e  a v a r i e t y  o f  c u r v e s  ( e . g . ,  t h e  s  s h a p e  c u r v e ) .  When 

a n d  A,f a r e  s e t  e q u a l  t o  0 ,  t h i s  m i x i n g  r u l e  r e d u c e s  t oA12 “ 21
t h e  q u a d r a t i c  m i x i n g  r u l e .  C o n s e q u e n t l y ,  t h i s  m i x i n g  r u l e  

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

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

r u l e  i s  a g a i n  o b t a i n e d .  As a  r e s u l t ,  t h e s e  tw o  b i n a r y  

p a r a m e t e r s  g i v e  t h e  e n e r g y  p a r a m e t e r  a  w id e  r a n g e  o f  

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

s o l u t i o n s .



CHAPTER VI

PREDICTIONS OF THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS

The  h y b r i d  m i x i n g  r u l e s  fHHR) w i t h  t h e  m e a n -  

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

s y s t e m s .  T h e s e  s y s t e m s  w e r e  c a t e g o r i z e d  by t h e i r  p o l a r i t i e s

s u c h  a s  n o n p o l a r - > p o l a r ,  p o I a r - > p o l a r  a n d  n o n p o l a r - : - n o n p o l a r  

b i n a r y  m i x t u r e s .  The  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  

w e r e  p e r f o r m e d  b o t h  a t  l ow  an d  e l e v a t e d  p r e s s u r e .  The  p 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  u s e d  w i t h  t h e  MPM

c o r r e l a t i o n  a r e  g i v e n  i n  t a b l e  V I - 1  a n d  V I . 2.  To p r o v i d e  

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

m i x i n g  r u l e s ,  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  (CSM) w i t h  tw o

b i n a r y  p a r a m e t e r s  w e r e  a l s o  u s e d  i n  t h i s  r e s e a r c h -  T he  

m i x i n g  r u l e s  d e v e l o p e d  i n  t h i s  work  r e q u i r e d  t w o  t o  t h r e e  

p a r a m e t e r s  f o r  h i g h l y  n o n i d e a l  s o l u t i o n s .  I n  t h i s  w ork  t h e  

a d j u s t a b l e  p a r a m e t e r s  w e r e  d e t e r m i n e d  f r o m  VIE d a t a -  T h e

r e g r e s s i o n  t e c h n i q u e  d e v e l o p e d  by B r i t t - L u e c k e  ; 1 97 3 )  was  

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

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

w h e r e i n  t h e  r e g r e s s i o n  m e t h o d  o f  C o i n  ( 19 78 )  was  u s e d .  The

31
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T a b l e  7 1 .1

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  H o n p o l a r  c a o p o a n i s  f o r  
u s e  w i th  t h e  S e a n - P o t e n t i a l - H o d e l  S g a a t i o s  o f  S a t e

Compound Hw « o /k # 1 .2 5 9 3  f ^ / 0 . 3 1 8 9  
(K) ( c c /g m o le )

4 /1000
(K=)

H yd ro g en

H e th a n e

E th a n e

P r o p a n e

n - S n t a n e

B en zen e

C j e l o h s s a n a

a - H s z a a e

T olnene

H e t h y l c y c l o h e x a n e

m -H e p ta n e

S t h y l b e n z e n e

E t h y l c y c l o h e z a n e

T e t r a l i n

n -D e c a n e

1 - H e t h y l n a p t h a l e n e

1“ 2 th j ln a p th a ls n e

n - H e x a d e c a n e

2 .0 1 6 3 2 .9 5 6 4 .1 4 0 . 0 0 0 , 0

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

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

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

5 3 .1 2 4 2 5 .7 2 5 5 .0 0 -1 9 9 1 0 . 0

7 8 .1 1 5 5 5 2 .0 9 2 5 7 .5 7 0 .2 1 3 0 . 0

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

9 2 .1 4 2 5 9 1 .7 2 3 1 5 .2 9 0 ,2 6 6 5 0 ,0

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

1 0 0 .2 1 54 0 .2 9 4 2 6 .1 3 0 .3 4 9 9 0 . 0

106 . 168 6 1 7 .0 9 3 7 4 .0 0 .3 0 1 0 . 0

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

1 3 2 .2 0 7 7 2 0 .0 4 3 9 -6 3 0 ,3 2 3 2 0 . 0

1 4 2 .2 7 6 6 1 7 .5 6 6 0 2 .0 1 0 ,4 8 8 0 0 . 0

142. 20 7 7 1 .9 8 4 4 5 .9 1 0 ,3 5 3 3 0 .0

1 5 6 .2 2 6 7 7 5 ,  59 4 4 8 0 .7 0 .3 5 3 8 0 . 0

2 2 6 ,4 3 7 1 7 ,2 2 9 7 5 .4 4 0 ,7 1 2 2 0 .0

«> ï h e  q u a n t i t i e s  i n  t h e  p a r  en t h e s e  a r e  t h e  u n i t s  o f  t h e  p a r a m e t e r s .
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T a b l e  V I . 2

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  P o l a r  
a n d  A s s o c i a t i n g  Compounds  

f o r  u s e  w i t h  t h e  H e a n - P o t e n t i a 1 - M o d e l  E q u a t i o n  o f  S a t e

Compound n« < o / k
(K)

, 3
( c c / g m o l e ) 1

« / 1 00 0  
(K=)

E a t e r 1 8 . 0 1 5 5 4 7 . 4 0 1 6 . 9 0 0 0 . 3 4 5 3 - 1 1 . 1 2 3

H y d r o g e n  S u l f i d e 3 4 . 0 7 6 2 9 1 . 1 2 3 0 . 1 0 5 0 . 0 8 4 0 1 . 8 0 6

C a r b o n  D i o x i d e « 4 . 0 1 2 4 1 . 0 2 2 8 . 9 8 0 .  220 0 . 4 1 5 3

M e t h a n o l 3 2 . 0 4 2 4 1 4 . 6 3 8 . 2 4 0 . 4 2 1 S 2 . 7 8 1

E t h a n o l 4 6 . 0 6 9 3 8 8 . 4 3 2 . 1 2 0 . 4 1 5 2 1 3 . 4 9 4

P r o p a n o l 6 0 . 0 9 6 4 1 3 . 5 6 7 . 7 9 0 . 5 2 9 9 7 . 6 0 2

a - B u t a n o l 7 4 . 1 2 3 4 1 9 . 8 8 6 . 9 1 0 . 6 6 0 8 6 . 9 2 9

P h e n o l 9 4 . 1 1 3 5 0 9 . 3 8 6 . 5 4 0 . 2 8 8 3 2 7 . 1 1 2

D i e t h y l  E t h e r 7 4 . 1 2 3 3 7 3 . 9 8 9 . 0 1 0 . 2 8 1 - 0 . 7 8 0

A c e t o n e 5 8 . 0 8 4 0 7 . 3 6 8 . 8 2 0 .  30 0 0 0 . 5 2 6 8

2 - B u t a n o n c 7 2 . 1 0 7 4 4 0 . 8 8 1 . 9 2 0 .  365 - 6 . 0 5 7

T e t r a h y d r o f u r a n 7 2 . 1 0 7 4 2 9 . 1 7 3 . 4 7 0 . 2 1 4 4 0 . 9 1 6

A n i l i n e 9 3 . 1 2 9 5 4 1 . 0 8 9 . 7 9 0 .  2 7 7 9 1 4 . 1 9 8

P y r i d i n e 7 9 . 1 0 2 4 9 9 3 . 7 7 5 . 9 5 0 . 2 3 7 0 . 7 0 5
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a l g o r i t h m  f o r  c a l c u l a t i n g  VLE u s e d  i n  t h i s  w ork  was  

d e s c r i b e d  by  B o s t o n  a n d  B r i t t  ( 1 9 7 8 ) .

6 . 1  A p p l i c a t i o n  t o  N o n p o l a r - P o l a r  B i n a r y  S y s t e m s

T h e  h y b r i d  m i x i n g  r u l e s  (HH3) w e r e  t e s t e d  

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

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

h y d r o c a r b o n s  w i t h  k e t o n e s ,  a n i l i n e ,  a l c o h o l s ,  p h e n o l  a n d  

w a t e r .  E a c h  b i n a r y  s y s t e m ,  t h e  names  o f  t h e  c o m p o n e n t s ,  t h e  

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

r e f e r e n c e s  f r o m  w h i c h  t h e  d a t a ’ w e re  t a k e n  a r e  l i s t e d  i n  

t a b l e  V I . 3 .  T he  b i n a r y  p a r a m e t e r s  d e t e r m i n e d  f r o m  r e g r e s s i o n  

a n a l y s i s  o f  t h e  VLE d a t a  a r e  r e p o r t e d  i n  t a b l e  V I . 4 ,  R e s u l t s  

o f  t h e  f i t  a r e  p r e s e n t e d  i n  t a b l e  V I . 5 i n  t e r m s  o f  p e r c e n t  

a v e r a g e  a b s o l u t e  r e l a t i v e  d e v i a t i o n s  (% AARD).  I n  g e n e r a l ,  

t h e  HHR g i v e s  b e t t e r  r e s u l t s  t h a n  t h e  CSM. F i g u r e  3 s h o w s  

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

d i a g r a m  f o r  e t h a n e - a c e t o n e  s y s t e m  a t  25 C .  T h e  s o l i d  l i n e s  

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

p r e d i c t e d  f r o m  t h e  CSM. The  HME y i e l d s  b e t t e r  a g r e e m e n t  

b e t w e e n  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  v a l u e s  t h a n  t h e  CSM. 

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

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

p h a s e  c o m p o s i t i o n  p r e d i c t i o n s .  F i g u r e  4 s h o w s  r e s u l t s  f o r  

a c e t o n e - c y c l o h e x a n e  m i x t u r e  w h i c h  e x h i b i t s  a z e o t r o p e .  The  

::mr c o r r e c t l y  a n d  a c c u r a t e l y  p r e d i c t e d  t h e  a z e o t r o p e .



T a b l a  V I . 3

T e m p e ra tu re  and P r e s s u r e  Uangcs, and  D a ta  D e f e r e n c e s  f o r  
t h e  H o n p o la r  -  P o l a r  B i n a r y  S y s tem s S t u d i e d  i n  T h i s  Work.

S y s tem s

[2)
P r o . No. o f  

p o i n t s
T r a n g e  

K
P r a n g e  

atm
D ata  D e f e r e n c e s

B th a n e ^ h c e to n e  VLB

I c a t o n e - C y c l o h e a a n e  VLB

C y c io h e s a n a -  VLB
2 - f iu ta n o n e  p

H y d ro c a rb o n s  and  iCotoces

8

23

10
9

290

290

3 4 8 - 3 5 0
290

4-39  

0 .  1 5 -0 .3 2

H y d ro c a rb o n s  a n d  a n i l i n e

O hgak i e t  a l .  1976

T a s i c  e t  a l .  1978

D onald  e t  a l .  1956 
D onald  e t  a l .  1956

B e n z e n e -A n i l i n e VLE 22 343-363 0 . 2 3 - 0 . 6 8 H o s s e i n i  e t  a l . 1963

C y c l o b e z a n e - A n i l i n e VLB 18 3 4 3 - 3 6 3 0 . 3 2 - 0 . 6 7 H o s s e i n i  e t  a l . 1963

T o l u e n e - A n i l i n e VLB 40 353-373 0 . 0 9 - 0 . 6 7 S c h n e i d e r  1960

H e fc h y lc y c lo h a sa n e - VLB 43 353-373 0 . 2 4 - 0 . 9 2 S c h n e i d e r  1960
A n i l i n e



T a b le  V I . 3 {C ontinued)

S ys tem s 

5Î» —  (2 )

P r o . Ho. o f  
p o i n t s

Î  r a n g e  
i;

P r a n g e  
atm

D ata  R e f e r e n c e s

H y d ro c a rb o n s  a n d  A l c o h o l s

M e th a n o l-B e u z e o e VLB 9 298 0 . 2 1 - 0 . 2 4 Hwang e t  a i .  1977
VLB 18 3 0 8 - 3 2 0 0 . 2 6 - 0 . 8 9 S c a t c h a r d  e t  a l .  1946

p 35 2 9 3 -3  0 1 Sumer e t  a l .  1967
S c a t c h a r d  e t  a l .  1946

a e t h a n o I - T o l u e n e VLB 10 3 3 6 - 3 4 4 1 B e n e d ic t  e t  a l .  1945
27 293-313 1 Sumer e t  a l .  1967

H a th a n o l - n - H e p ta n e VLE 9 3 3 1 - 3 3 4 1 B e n e d ic t  e t  a l .  1945

H e th a n o l - VLB 48 521-573 1 2 .9 - 1 1 9 .0 P a u l a i t i s  1983
'9 - H e th y ln a p th u le n e

B e a z a n e -E th a n u l VLE 9 298 0 . 1 1 - 0 . 1 5 S m ith  e t  a l .  1970
VLE 9 328 0 . 4 7 - 0 . 6 2 Yuan e t  a l .  1963

E thaB ol"C ycloU eK ane VLB 9 298 0 . 1 4 - 0 . IB Huang e t  a l .  1977
VLB 7 328 0 . 4 4 - 0 . 5 5 S c a t c h a r d  e t  a l .  1964

D“ H e x a n e -E th a c o l VLE 9 298 0 . 1 9 - 0 . 2 5 S m ith  e t  a l .  1970
VLE 18 318-328 0 . 4 5 - 0 . 8 8 K u d ry a v ts e v a  e t  a l .  1963

E tb a n o l - T o lu e n e VLB 9 328 0 . 2 6 - 0 . 3 2 G m ehling e t  a l .  1977 b
P 12 298 1 K re tsc h m e r  e t  a l .  1949



T a b le VI. 3 ( C o n t i n u e d )

S y s t e m s  

115 —  (2)

P r o . No.  o f  
p o i n t s

ÏÏ r a n g e  
K

P r a n g e  
atm

D ata  R e f e r e n c e s

B e n z e n a - n - P r o p a n o l VLE 9 .29(i 0 . 0 7 - 0 . 1 2 Hwang e t  a l .  1977
VLE 13 31Ü 0 .  1 1 -0 .3 1 Gmehling e t  a l .  1977 b

C y c l o h e s t a n e - VLE 9 298 0„ 1 9 -0 .1 8 Hwang e t  a l .  1977
a - P r o p a n o l VLE 17 320 0 . 1 8 - 0 .5 S t r u b l  e t  a l .  1970

a - P r o p a n o l - VLE 9 3 5 7 - 3 6 3 0 .6 0 - 0 . 7 6 G u ru k u l  e t  a l .  1966
a - H e p t a n e P 9 303 1 G u ru k u l  e t  a l .  1966

B e n z e n e - n - B u t  n o l VLE ^ 6 2 9 8 - 9 0 3 Ü .0 6 - 2 .9 0 Gmehling e t  a l .  1977c

Î O l u e n e - n - B u t  a n o l VLE 25 363-372 0 . 3 7 - 0 . 8 9 Gm ehling e t  a l .  1977 c

H y d r o c a r b o n s  a nd P heno l

B e n z e n e - P h e n o l VLE 28 353 0 . 2 3 - 0 . 9 7 G m ehling 1982
VLB 12 393 0 . 3 1 - 0 . 6 9 M a r t in  e t  a i .  1933

a - D e c a n e - P h e n o l VLE 15 393 0 . 2 0 - 0 . 2 6 Gmehling 1902

H y d r o c a r b o n s  an d w a t e r

H e t h a n e - w a t e r VLE 90 3 7 3 - 6  0 2 0 0 - 1 0 0 0 0 O ld s  e t  a l .  1992
C u lb e r s o n  e t  a l .  1951

B t h a n e - l l a t e r VLE 76 9 3 3 - 6 1 3 2 0 0 - 1 0 0 0 0 Reamer e t  a l .  1993
C u lb e r s o n  e t  a l .  1950

VLE = V a p o r - L i q u i d  e q u i l i b r i u m ,  p  = d e n s i t y > Pro.  = P rope r ty



T a b l e  V I .  I)

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  N o n p o l a r - P o l a r  B i n a r y  S y s t e m s

S y s t e m s

n i  -  (2 )
M od e l T

(K)

I
i j ^ 2  ^21

( c a l / y m o l )  ( c a l / g m o l )

H y d r o c a r b o n s  a n d  K e t o n e s

E t  h a n e - A c e t o n e H.M.R. 
C . S .  M.

1 - 0 0 0 0
0 . 9 8 ‘i a

0.913%
0.990%

- 3 0 2 .2 5 1 1 6 6 . %2

A c e t o n e -
C y c l o h e x a n e

H.M.R. 
C . S .  M.

1 . 0 0 0 0
1 . 0 9 0 0

0 . 9 7 3 7
0 .9 0 1 6

- 1 3 5 0 . 1 % • % 8 3 . 5 0

C y c l o l i e x a n e -
2 - B u t a n o n e

H.M.R. 
C . S .  H.

1 . 0 0 0 0  
0 . 6 1 0 2

0 . 9 6 0 7
1 . 1 5 2 3

•11 0% .3 0 - 3 0 3 . 9 6

H y d r o c a r b o n s  an d  A n i l i n e

C y c l o h o x a n e -  H.M.R.
A n i l i n e  C , S . H ,

1 . 0 0 0 0  
0 . 9 7 1 2

0 - 9 2 3 1
0 . 9 7 5 %

-5%%.%9 6 3 3 . %5

T o l u e n e -
A n i l i n e

H.M.R.
C . S .  M.

1 . 0 0 0 0  
0 . 9 9 3 9

1 . 0 0 0 0  
0 . 9 9 3 3

5 5 3 . %9 - 3 0 8 . 7 3



T a b l e  V I . 14 ( C o n t i n u e d )

S y s t e m s  *
 ---------------------------  Boa e l  T I  (  A  à

(1)  -  (2)  \ j  “ 1 2  21
(K) ( c a l / u a o l )  ( c a l / g n o l )

B e n z e n e -  H.M.R. I . ü û ü û  1 . 0 0 0 0  1 1 0 . 7 0  1 1 9 . 6 1
a n i l i n e  C . S - H .  0 . 9 9 1 9  0 . 9 9 3 7

H e t h y l c y c l o  H.M.R. 1 , 0 0 0 0  0 . 9 3 8 4  - 2 4 9 . 9 5  2 2 3 . 1 8
h e x a n e - A n i l i n e  C . S . H .  0 . 9 7 0 6  0 . 9 8 0 1

H y O r o c a r b o n s  a n d  A l c o h o l s

He t h a n o l - B e n z e n e H.M.R. 
C . S .  M.

H.M.R. 
C . S .  B.

H.M.R. 
C . S .  M.

2 9 8 . 1 5

3 0 8 . 1 5

3 2 8 . 1 5

4 . 0 0 0 0  
0 . 7 6 7 5

4 . 0 0  00 
0 - 7 0 0 4

1 . 0 0 0 0  
0 . 7 1 4 7

0 , 9 5 3 6
0 - 9 4 9 2

0 . 9 5 0 7
0 . 9 5 9 2

0 . 9 4 1 6  
0 . 9 6 8 6

- 1 1 8 6 . 7 5

- 9 6 3 . 3 7

- 2 9 4 . 1 2

- 1 1 6 4 . 5 7

- 1 0 8 7 . 9 1

- 1 0 1 2 . 2 2

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

H.M.R. 
C . S .  M.

1 . 0 0 0 0
0 . 7 3 0 4

0 . 9 1 6 6
0 . 9 5 5 1

■ 8 8 1 .6 0 - 8 7 9 . 5 3

H e t h a n o l -
T o l u e n e

H.M.R.
C .S .  H.

1 . 0 0 0 0
1 . 2 5 4 9

0 . 9 1 7 5
0 . 8 8 3 5

1 6 2 7 . 5 5 • 3 7 2 . 3 1



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

Systems 

( 1) -  ( 2 )
Mode l T

(K)
i j i j * 1 2

(cal/ymol)
21

(cal/ymol)

H e t h a n o l -
1 - H e t h y l
n a p t h a l e n e

H.M.R. 
C . S .  M.

û . 0047 
1 . 0 6 1 1

1 . 0 0 0 0
0 . 7 6 2 6

1 5 5 9 . 3 2 5 4 . 8 8

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

H.M.R. 
C . S .  M.

H.M.R. 
C . S .  M.

H.M.R. 
C . S .  M.

2 9 0 . 1 5

3 1 0 . 1 5  

3 2 8 .  15

1 . 0 0 0 0
0 . 8 7 7 5

1 . 0 0 0 0
0 . 0 3 3 1

1 . 0 0 0 0
0 . 0 4 0 7

0 . 9 3 5 6
0 . 9 8 3 8

0 . 9 2 9 9
0 . 9 7 8 7

0 . 9 2 5 5  
0 . 9 6  84

- 2 1 9 7 . 4 4

- 1 9 2 5 . 4 7

• 1 4 9 6 . 8 8

9 9 . 3 4

3 9 . 4 4

3 0 . 9 6

E t h a n o l -

C y c l o h e s a n e

H.M.R. 

C . S .  M.

H.M.R. 
C.  S. M.

2 9 8 . 1 5

3 2 3 . 1 5

1 . 0 0 0 0  

0 . 6 5 9 9

1 . 0 0 0 0
0 . 4 1 0 0

0 . 9 4 8 1

1 . 0 1 3 6

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

- 4 9 7 . 2 7

- 5 7 7 . 7 3

- 1 3 0 0 . 6 7

-  1 3 6 3 . 0 8

B e n z e n e - E t h a n o l H.M.R. 
C. S. M.

H.M.R. 
C . S .  H.

2 9 0 . 1 5

3 2 0 . 1 5

1 . 0 0 0 0  
0 . 7 5 6 9

1 . 0 0 0 0
0 . 6 0 9 6

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

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

- 1 2 1 3 . 0 6

- 8 2 0 . 7 7

- 1 9 6 . 3 1  

8 0 8 . 6 3

E t h a n o l - T o l u e n e H.M.R.
C . S .  M.

1 . 0 0 0 0
1 . 2 6 5 0

0 . 9 4 4 0
0 . 9 0 0 4

- 6 0 8 . 9 3 - 3 9 8 . 7 9



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

S y s t e m s  *
_ _ _ _ _ _ _     Mod e l  T ^ * A

< n  -  (2)  i j  12 21
(K) ( c a l / y m o i ;  ( c a l / g m o l )

B e n z e n e -  H.M.R. 2 9 8 . 1 5  1 . 0 0 0 0  0 . 9 6 9 3  - 1 1 7 5 . 1 7  - 9 8 9 . 5 9
n - P r o p a n o l  C . S . m.  0 . 9 2 7 2  0 . 9 5 0 0

H.M.R. 3 1 8 . 1 5  1 . 0 0 0 0  0 . 9 6 0 7  - 1 9 0 1 . 6 1  1 2 0 . 2 8
C . S . M .  0 . 0 5 0 2  0 . 9 6 5 9

C y c l o h e x a n a -  H.M.R. 2 9 8 . 1 5  1 . 0 0 0 0  0 . 9 5 7 8  - 1 9 9 2 . 1 9  - 3 1 . 9 9
n - P r o p a n o l  C . S . N .  0 . 0 9 2 5  0 . 9 6 0 9

H.M.R. 3 2 8 . 1 5  1 . 0 0 0 0  0 . 9 5 6 6  - 1 9 9 5 . 1 9  - 2 9 1 . 8 6
C . S . M .  0 .  11530 0 . 9 6 1 9

n - P r o p a n o l -  H.M.R. 1 . 0 0 0 0  0 . 9 9 2 9  - 5 7 8 . 3 1  - 1 1 2 8 . 3 3
n - H e p t a n e  C . s . M .  0 . 7 3 9 )  1 . 0 0 5 9

T o l u e n e -  H.M.R. 3 6 3 . 1 5  1 . 0 0 0 0  0 . 9 5 9 3  - 7 7 9 . 2 8  - 9 0 . 3 2
n - D u t a n o l  C . S .  H. 0 .  76 99  0 . 9 8 3 2

H.M.R. 3 7 3 . 1 5  1 . 0 0 0 0  0 . 9 5 9 1  - 8 3 1 . 3 6  - 0 0 3 . 9 2
C . S . M .  0 . 7 6 9 2  0 . 9 9 7 8

B e n z e n e -  H.M.R. 1 . 0 0 0 0  0 . 9 9 1 2  - 8 2 9 . 8 9  - 2 3 6 7 . 6 8
n - B u t a n o l  C . S . M .  0 . 9 3 7 2  0 . 9 5 9 7  -  -



T a b l e  V I . y [ C o n t i n u e d )

S y s t e m s

n >  -  i2)
Mode l

*
T

(K)
( i j ' i j &12

( c a l / y m o l )
* 2 1

( c a l / g m o l )

H y d r o c a r b o n s  a n d P h e n o l

D e n z e n a - P h e n o l H.M.R, 
C . S . M .

1 . 0 0 0 0  
0 . 9 8 9 6

0 . 9 0 8 2
0 . 9 9 1 2

- 1 8 8 9 . 0 0 1 8 6 1 . 1 9

n - D e c a n e - P h e n o l H.M.R. 
C « S .M .

1 . 0 0 0 0
0 . 9 9 7 6

0 . 9 1 0 1
0 . 9 9 9 3

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

H y d r o c a r b o n s  a n d ua  t e r

H e t h a n e - U a t e r H.M.R. 
C . S . H .

3 1 0 . 9 2 1 . 0 0 0 0
0 - 0 2 0 5

0 . 7 5 1 3
0 . 9 2 6 9

3 0 9 0 . 9 1 3 9 3 1 . 6 3

H.M.R. 
C . S . M .

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

0 . 7 9 9 3
0 . 9 3 5 1

3 1 8 3 . 8 0 2 3 9 9 . 2 9

H.M.R. 
C . S .  .1.

3 7 7 . 6 0 1 . 0 0 0 0  
0 . 0 3  20

0 . 7 3 0 9
0 . 8 9 0 0

3 6 8 2 . 6 9 2 0 8 3 . 6 5

H.M.R. 
C . S .  M.

9 1 0 . 9 3 1 . 0 0 0 0  
0 . 0 5 0 7

0 . 6 9  32 
0 . 9 9 5 0

9 9 0 1 . 2 7 2 0 3 9 - 5 3

H.M.R. 
C . S .  M.

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

0 . 6 6 9 3
0 . 9 5 5 0

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



S y s t e i i s  

f 1 )  -  ( 2)

E t h a n e - U a t e s

T a b l e  VI ,U ( C o n t i n u e d }

Mod e l T

(K)
( i j Al2

( C d l / q a o l )
^21

( c a l / q a o l )

H.M.R. 
C . S .  H.

3UU.26 1 . 0 0 0 0
0 . 7 1 9 6

0 , 6 2 2 7
0 . 3 8 8 3

1 7 1 6 . 9 4 1 4 8 0 . 9 6

H.M.R. 3 7 3 . 6 0 1 . 0 0 0 0 0 . 6 0 7 8 1 8 6 8 . 4 2 1 2 9 0 . 5 8

C . S .  n . 0 . 7 3 2 3 0 . 4 1 8 0 - -

H.M.R. 
C . S .  H.

U 1 0 . 9 3 1 . 0 0 0 0
0 . 7 0 9 3

0 . 6 0 0 0
0 . 6 6 9 4

2 0 5 6 . 7 5 1 1 0 5 . 5 6

H.M.R. 
C.  S.  H.

94 W.26 1 . 0 0 0 0
0 - 8 3 0 9

0 . 5 9 8 0
0 . 8 5 3 0

2 1 4 6 . 6 3 9 1 3 . 1 9

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

= Hybrid Mixing Rules 
C.S.M, = Conformai S o lu t i o n  Model



Sabla  VI.S

R e s u l t s  o f  V a p o r - l i g u i d  E g u i i i l b i i u i a  P r e d i c t i o n s  f o r  
M o n p o la r - P o la r  B iao cy  S y s t e a s

S y s t e a s  

( 1) “  (2 !)

Rod e l T

K

AARD

H y d ro ca rb o n c  aud K a to n es

B t b a n a - ^ S c e t o s u H.M.R. 
C . S . a .

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

A c e t o n e -
G%clob@%an8

H.M.R. 
C . S . a .

4 .9 5  6 .1 0  3 .2 2  4 .3 6  3 .3 3  9 .5 2
18 .3 5  8 4 .1 4  13 .4 1  3 0 .2 7  1 9 .8 2  2 8 .7 5

C f c l o h e u a n e -
2 - B u t a n o a e

H.M.R.
C.S.'H.

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

B fd tro ca rb o n s  and A n i l i n e

C y c l o h o j s a n e ”  H.M.R.
A n l l l B O  C . S . B .

6 .1 0  10 .81  6 .5 0  1 1 .8 6  0 .0 7  6 .0 1
10 .7 3  2 1 .0 1  11 .4 1  2 0 .4 4  0 .1 2  9 .6 8

-p.-ti



Table 91 .5  (Contiauoâ)

S y s t e m s % AARD

(2 )

T o l u e n e -
â m i l l e a

B e n z e n e -
A n i l i n e

H e t b y l c y c l o
b e s a n e - A n i l i n e

ü @ t h a n o l ™ B a m z e n e

U e t h a n o l "
a - l i e p t a n e

model T
S

K p K
1

K
2

X
1

X
2

T
1

I
2

H.M.R. 
Co S. m#

0. 86 
0 . 58

1 .9 6
1 .7 *

0 .8 6
0 .5 7

1 .8 5
1 .60

0 .1 7
0 .1 6

1 .8 8
1 .8 2

H.M.R. 
Co S .m .

1 .0 2
1 .07

« .5 5
* .8 2

1 .0 4
1 .09

* .3 8
* .* 2

0 .0 6
0 .0 7

6 .5 *
6 .8 0

H.M.R. 
Co s* m«

3 .6 2
7 .7 0

6 .2 *
1 1 .7 0

3 .7 7
8 .3 7

7 .4 0
12 .1*

0 .1 2
0 .2 0

2 .  52 
* .* 2

BydeocaL'l)ou£ üud A lc o h o l s

H.M.R. 
C • S . 13 #

2 9 8 .1 5  1 .2 ?
18 .12

2 . 91
22. 15

3 .2 8
18 .7 6

3 .1 1
5 8 .5 0

* .* 8
2 0 .9 8

0 .8 7
1 9 .5 0

1. 16 
2 1 .0 9

H.M.R. 
C .S .  11.

3 0 8 .1 5 Oo an 
2 0 . 16

3 .5 *
2 2 .7 2

* .6 2
3 0 .1 8

5 .1 *
2 2 .1 8

2 .1 7
1 8 .7 9

3 .  13 
2 0 .  19

H.M.R.
C .S .B .

3 2 8 .1 5 3. 51 
2 0 .3 5

2 .9 6
17 .12

2 .* 8  
2 8 .7 8

1 .81
2 1 .1 6

1 .4 *
1 5 .7 0

2 .3 0  
2 0 .  15

H.M.R. 
Ce S . (9. .

2 .3 *
2 0 .8 0

9 .0 *
2 6 .1 7

1 .*1
2 5 .1 8

5 .2 1
1 4 .1 8

1 .6 5
1 4 .1 8

5 .3 2
1 9 .8 3



T a b le  V I . 5 (C oatiauoâ |)

S y s t e a s % AARD
Model T

“  12) K P ti ï R
2

"  X
1

X
2

T
1

V
2

B a th a a o l»
T o lu o n e

H . M . R .  
C o  S. M.

2 . 57 
3 8 .7 2

3 .0 53 2 . 6 8 12 .80
4 3 .0 0

2 .9 0
4 1 .9 2

11 .14
3 0 .0 8

0 .6 6
6 .2 6

5 .8 1
1 0 .0 6

H â th a n o l "
1 - B e t h y l
a a p th a l e m e

H . M . R .  
C« S. M#

H .  03 
1 2 .  0 3

10.81
3 0 .0 5

4 .4 7
13.31

12 .6 6
2 1 .6 0

0 .6 6
0 .6 9

1 2 .7 2
9 .5 0

n - H a s a a e -
S t h a m o l

H . M . R .  
C.S.M#

2 9 8 .1 5 f j .  7 8  
2 3 .6 9

1 5 .9 4
4 6 .0 7

4 .7 5
3 6 .0 1

12 .6 8
2 5 .9 7

2 .1 3
1 5 .96

5 .3 9
1 6 .2 2

H . M . R .  
C .S .  H.

3 1 8 .1 5 Ü. 06 
22. 69 1

1 2 .08
4 2 .1 7

4 .2 1
2 1 .8 5

9 .4 4
2 6 .1 6

1 .1 5
1 0 .3 4

3 .1 1
2 2 .9 3

H . M . R ,  
C .S .H .

3 2 8 .1 5 2 .7 3
2 1 .3 6

6 .9 1
2 7 .2 9

2 .6 8
2 3 .4 5

5 .2 7
4 1 .0 3

3 .2 0
1 7 .83

5 .8 5  
14. 12

Ethanol™
C y c l o h e s a n e

H . M . R .
C .  S a  H.

2 9 8 .1 5 3 .7 9
32 .3 0

3 .9 2
1 9 .5 8

1 .71
3 9 .8 7

2 .7 0
2 5 .2 3

3 .1 9
18 .42

2 .0 6
1 0 .7 0

H . M . R .
C.S.M .

3 2 3 .1 5 2 .  79 
7 6 .7 6

3 .0 4
2 7 .3 2

1 .35
3 9 .7 3

3 .1 7
3 2 .0 5

2 .1 3
14 .4 3

1 .9 0
1 6 .8 0

B o nz e ne ™ E t h a n o l H . M . R .  
C .S .  H.

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

6 .1 1  
13 .81

1 .26
8 .1 2

3 .6 7
2 7 .0 2

2 .9 0
6 .1 8

4 .0 1
1 2 .0 0

H . M . R .  
C. Se  M.

3 2 8 .1 5 3. 63 
7 . 1 7

5 .2 4
12 .7 2

3 .4 4
7 .2 3

6 .8 9
2 6 .6 8

1 .4 4
6 .3 2

2 .9 8
1 1 .9 8



T a b le  V Iq5 (ContiuiSQâl)

#
% AARD

| 1 )  -  (21 K a  U ’ K X X 1 T
H 2 1 2 1 2

B t î î a a o l“ Toloieiie H.M.R. 2 .2 4  1 .84  5 .1 8  1 .1 7  4 .9 4  1 .3 2  4 .4 6
C . S . 8 .  3 6 . 3 1  2 0 .1 5  3 2 .9 7  15 .1 9  5 1 .3 5  7 .3 7  1 4 .3 9

B@az@QË™
B - ? E @ g a a o l

CycloheKane»
a -

H.M.R. 2 9 8 .1 5 1 .0 9 3 .2 1 1 .16 1 .76 0 .7 5 2 .8 7
C .S .  a. 1 0 .  7 9 1 7 .6 6 1 1 .3 9 13 .7 9 5 .0 7 5 .8 0

H.M.R. 3 1 8 .1 5 2 .01 6 .8 1 1 .1 9 2 .6 8 1 .5 4 5 .  07
C . S . a . Va 6 6 15.61 8 .8 5 14 .19 1 .7 8 5 . 2 5

H.M.R. 2 9 8 .1 5 1 .  14 2 .2 3 1 .01 1 .43 0 .5 5 2 .6 2
C. S. a . 17. 92 3 6 .9 2 18 .65 1 8 .5 4 7 .5 0 8 .5 8

H.M.R. 3 2 8 .1 5 7o 09 1 1 .6 8 6 .7 3 6 .7 3 2 .0 5 3 .3 0
Ce S .  a . 13.76 2 5 .9 4 1 4 .98 4 1 .5 2 1 0 .5 0 1 4 .4 2

n - Propanol* 
B - H @ p t a a e

H.M.R. 
C .S .B .

3 .0 3  0 .6 3  1 1 .8 7  3 .6 8  8 .8 9  2 .3 5  2 .4 7
2 1 .0 7  12 .53  1 0 .4 0  2 1 .8 5  12 .0 1  11 .71  1 1 .6 5

ïo ls se a e -  
Q~Butanol

H.M.R. 3 6 3 .1 5 5 .4 1 4 .7 0 2 .9 0 2 .7 3 5 .0 5 3 .5 3
C . S . a . 5 .8 0 5 .4 4 4 .3 9 5 .5 1 6 .3 4 6 .4 7

H.M.R. 3 7 3 .1 5 1 .81 1 .4 3 1 .7 7 2 .0 2 1 .7 2 2 .  19
C .S .  a . 2 .3 9 2 .9 6 2 .2 0 3 .3 3 2 .8 2 2 .9 4



Table 9 1 .5  (CoatiauQâ)

S y s t e a a  

(1)  -  (2)

Model T

K

% AARD 

Z

B e n z e n e -  
a - B u t a n o l

H.M.R. 
C . S .  a .

Co3< 7 .3 7  5 .9 1  8 .2 6  2 .2 4  1 0 .2 3
G . 19 1 1 .1 3  7 .5 6  1 1 .0 4  2 .1 9  1 2 .9 1

H y d c o c a rb o a a  a u â  P h e n o l

B e n z e n e -P h e n o l H.M.R. 
C .S .  a .

1 .7 3  11 .49
3 .5 3  8 .2 7

1 .79
3 .6 3

6 . 8 8
10 .7 3

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

n -O Q c a n e -P h e n u l H.M.R. 
C . S .  a .

6 .5 0  11 .6 8  7 .3 8  1 3 .3 6  3 .4 7  8 .6 8
13 .2 1  3 1 .5 2  2 3 .9 9  6 7 .6 4  8 .2 6  2 1 .5 1

U ydcocacbone  aact w a te r

Ë le th a n e -B a te r H.M.R. 3 1 0 .9 2 1 .9 5 4 .7 8 1 .9 7 0 .0 0 4 0 .0 0 5 4 .7 8
C .S .  H. 8 .2 0 11.10 9 .7 0 0 .0 3 0 .0 1 1 1 .0 8

H.M.R. 3 4 4 .2 6 1 .9 2 1 .9 3 1 .98 0 .0 0 4 0 .0 0 8 1-93
C . S . a . 9 .5 1 7 .5 9 11 .4 5 0 .0 3 0 .0 3 7 . 5 6

H.M.R. 3 7 7 .6 0 1.5Ü 1.16 1 .55 0 .0 0 3 0 .0 2 1 .1 6
c .  S . a . 9 .3 2 4 .9 9 1 1 .4 0 0 .0 4 0 .0 6 4 .9 6

CO



T a b le  V I . 5 (C o n tin u ed )

S y s tèm e % AARD
•

Hod e l T

nS  "  «2J K & K
1

K
2

X
1

X
2

Ï
1

T
2

B@thaB@"Batec H.M.R. 
C. S# H#

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

3 .2 6
0 .8 3

2 .0 3
8 .0 0

0 .0 0 3
0 .0 3

0 .1 9
0 .1 2

3 .2 7
0 . 1 0

H.M.R. 
C .S .  a .

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

0 .7 0
0 .1 2

1 .01
9 .1 1

0 .0 0 3
0 .Ü 05

0 .6 6
0 .3 6

0 .7 0
0 . 1 0

Ê t h a n e - ü a t e r H.M.R. c .  S. a# 3 0 9 .2 6 2 .2 9
1 7 .3 5

7 .1 1
18 .98

2 .3 8
2 5 .0 8

0 .0 0 2
0 .0 2

0 .0 3
0 .0 8

7 .1 1
1 8 .9 6

H.M.R. 
C .S .  a .

3 7 3 ,6 0 3 .7 1
1 6 .1 0

5 .0 9
15.08

3 .8 0
2 1 .3 8

0 .0 0 0
0 .0 2

0 .0 7
0 .1 9

5 .0 9
1 5 .0 6

H.M.R. 
c .  S. a .

0 1 0 .9 3 6 .7 7
16 .7 8

3 .3 9
12 .88

6 .6 8
2 3 .6 0

0 .0 0 8
0 .0 1

0 .1 9
0 .3 3

3 .0 0
1 2 .8 3

H.M.R. 
C .S . a .

0 0 0 .2 6 1 2 .2 2
13 .5 0

3 .0 7
16 .06

1 1 .0 3
1 7 .3 0

0 .0 1
0 .0 0

0 .6 9
0 .6 8

3 .0 8
1 5 .5 9

One s e t  o f  par ame te r s  was used t o  c a l c u l a t e  t he  d e n s i t y  f o r  t o t a l  t e m p e ra tu r e  range o f  d e n s i t y  dat a  

0
E ( i c a l c  “  oxpl /  fcsp I H 100AARD «



ETHANE-ACETONE MIXTURE
TEMPERATURE - 25.0 C

O  EXPT.
  H.M.R.
—  C.S.M.

50

650

585

520

R 390

ü 325

P 260

195-

130-

65-

0 .0  0 .1  0 .2  0 .3  O.y 0 .5  0 .6  0 .7  0 .8  0 .9  1.

MOLE FRACTION ETHANE

T HE  P - X  D I A G R A M  OF T H E  E T H A N E - A C E T Q N E  S T S T E M  AT 2 5 . 0  C

FIGURE 3



ACETONE-CYCLOHEXANE MIXTURE
TEMPERATURE - 25.0 C 

G  EXPT.
  H.M.R.

—  C.S.M.

5 .5

5 . 1 -

«1.7-

>1.3-

P
R
E
S
S
u
R

?
S
î
R

2 . 7 -

2 . 3 -

1 .9 -

1 .5 -

0 .0  0 .1  0 .2  0 .3  0.«1 0 .5  0 .6  0 .7  0 .8  0 .9  1 .0

MOLE FRACTION ACETONE

T H E  P - X  D I A G R A M  OF T H E  A C E T O N E - C T C L O H E X A N E  S T S T E M  AT 2 5 . 0  C

FIGURE 4
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A l t h o u g h  t h e  CSS c o u l d  a l s o  d e s c r i b e  t h e  a z e o t r o p i c  p h a s e  

b e h a v i o r ,  i t  p r e d i c t e d  a n  a z e o t r o p e  a t  w ron g  c o n d i t i o n s .  F o r  

c y c l o h e x a n e - 2 - b u t a n c n e  s y s t e m ,  i n  a d d i t i o n  t o  V I E ,  t h e  

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

r e s u l t s  f o r  b o t h  VIE a n d  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  S 

AARD f r o m  t h e  CSS i s  2 3 . 8  % a n d  f r o m  HSR i s  0 . 0 8  %. T he  

a g r e e m e n t  i n  d e n s i t y  p r e d i c t i o n  f r o m  HBE i s  g r a t i f y i n g  when 

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

b i n a r y  p a r a m e t e r s .

F i g u r e  5 s h o w s  a  r e p r e s e n t a t i v e  n o n i d e a l  s y s t e m s  o f  

h y d r o c a r b o n s  w i t h  a n i l i n e .  A g a i n  g o o d  f i t s  w e r e  o b t a i n e d  by  

t h e  R3R.  T o l u e n e - A n i l i n e  a n d  B e n z e n e - A n i l i n e  s y s t e m s  a r e  

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

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

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

' s e e  t a b l e  V I . 5 ) .  T h e r e  i s  a  s i g n i f i c a n t  c h a n g e  i n  t h e  

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

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

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

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

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

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

g r o u p  o f  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 .  Mos t  o f  t h e s e  

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

d i f f i c u l t  t o  c o r r e l a t e .  F o r  t h e  s y s t e m s  w i t h  a z e o t r o p i c  

p h a s e  b e h a v i o r ,  t h e  b i n a r y  p a r a m e t e r s  a r e  t e m p e r a t u r e  

d e p e n d e n t .  I t  i s  n o t  p o s s i b l e  t o  u s e  o n e  s e t  o f  b i n a r y
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CYCLOHEXANE-ANILINE MIXTURE

TEMPERATURE - 70.0 CO  EXPT.
  H.M.R,—  C.S.M.

12.0

10. 8-

9 .6 -

P
R 7 .2 -
E
S
S :
U 6.0-
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p a r a m e t e r s  o v e r  a  w i d e  r a n g e  o f  t e m p e r a t u r e  w i t h  t h e  

e x c e p t i o n  o f  m e t h a n o l - 1 - m e t h y l n a p t h a l e n e  s y s t e m  w h ic h  p o s s e s  

no  a z e o t r o p i c  p h a s e  b e h a v i o r ,  o n e  s e t  o f  p a r a m e t e r  was  u s e d  

f o r  a l l  t e m p e r a t u r e  r a n g e  [ s e e  F i g u r e  6 ) .  H o w e v e r ,  w i t h  

t e m p e r a t u r e  d e p e n d e n t  p a r a m e t e r s ,  t h e  HRR r e p r e s e n t e d  w e l l  

t h e s e  non  i d e a l  m i x t u r e s  [ s e e  t a b l e  V I . 5 ) .  F o r  m e t h a n o l -  

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

t h e  m i x t u r e  d e n s i t i e s  w e r e  a l s o  w e l l  p r e d i c t e d  b y  t h e  HHR. 

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

m e t h a n o l - b e n z e n e  s y s t e m s  by u s i n g  o n e  s e t  o f  p a r a m e t e r  o v e r  

a w i d e  r a n g e  o f  t e m p e r a t u r e  i n  c o n t r a s t  t o  VLE p r o p e r t y .  

F i g u r e  7 s h e a s  r e s u l t s  f o r  n o n i d e a l  s y s t e m  [ m e t h a n o l - n -

h e p t a n e )  a i t h  minimum b o i l i n g  t e m p e r a t u r e .  F i g u r e s  8 a nd  9 

s h o u  r e s u l t s  o f  n o n i d e a l  m i x t u r e s  [ n - h e : c a n e - e t h a n o l  j 

e y e l o n e xa n e - n - p r o p a n o l )  w i t h  maximum v a p o r  p r e s s u r e .  F o r

t h e s e  s y s t e m s  t h e  HMR g i v e s  a c c u r a t e  r e s u l t s  f o r  a l l

c o m p o s i t i o n  r a n g e s .  On t h e  o t h e r  h a n d  t h e  CSM i s  t o t a l l y

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

F i g u r e  7 a l s o  s h o w s  t h e  VLE c a l c u l a t i o n s ,  n e a r  t h e

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

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

e r r o r .  The  i m p r o v e m e n t  c a n  be  made b y  r e d e t e r m i n i n g  t h e  p u r 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  t o  m a t c h  t h e  e x p e r i m e n t a l  v a p o r  

p r e s s u r e  a t  t h i s  p a r t i c u l a r  t e m p e r a t u r e .

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

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

s y s t e m s  w e r e  t e s t e d .  F i g u r e  10 sh ow s  r e s u l t s  f o r  n - d e c a n e -
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TEMPERATURE - 120.0 C

©  EXPT,
  H.M.R.
—  C.S.M.

5 .0

4 . 5 -

3 . 5 -

P
R
E
S
S
u
R

?
S
1
Â

2 . 0-

1 .5 -

0. 5 -

0 .0  0 .1  0 .2  • 0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9 1.0

MOLE FRACTION N-DECANE

TH E  P - X  D I A G R A M  O F  THE N - D E C A N E - P H E N O L  S T S T E M  AT 1 2 0 . 0  C

FIGURE 10



60

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

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

r e p r e s e n t e d  b y  t h e  HME.

Th e  m e t h a n e - w a t e r  s y s t e m  s h o w n  i n  F i g u r e s  1 1 - 1 2  i s  

a n o t h e r  s t r o n g l y  n o n i d e a l  s y s t e m .  F i g u r e  11 s h o w s  t h e  

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

e l e v a t e d  p r e s s u r e .  The  HSR g i v e s  b e t t e r  p r e d i c t i o n s  t h a n  t h e  

CSS .  As sho w n  i n  F i g u r e  1 2 ,  a t  c o n s t a n t  p r e s s u r e ,  t h e  

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

t e m p e r a t u r e  r a n g e .  T h i s  minimum e x i s t s  a t  160  F .  The  HHB i s  

a b l e  t o  r e p r o d u c e  t h i s  p h a s e  b e h a v i o r .  F i g u r e  13 s h o w s  t h e  

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  VLE f o r  e t h a n e - w a t e r  s y s t e m .  The  

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

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

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

w a t e r  t h a n  m e t h a n e .

O v e r a l l ,  t h e  HHR was  a p p l i e d  w i t h  s a t i s f a c t o r y  

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

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

6 - 2  A p p l i c a t i o n  t o  P o l a r - P o l a r  B i n a r y  S y s t e m s

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

p o l a r  a n d / o r  a s s o c i a t i n g  c o m p o u n d s .  T a b l e  V I . 6 l i s t s  t e n  

s u c h  b i n a r y  s y s t e m s  s t u d i e d  i n  t h i s  w o r k .  The b i n a r y  

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

V I . 7 .  A su m m a ry  o f  r e s u l t s  i s  p r e s e n t e d  i n  t a b l e  V I . 8.  The
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Table V I,6

T e m p e r a t u r e  a n d  P r e s s u r e  R a n g e s ,  a n d  D a t a  R e f e r e n c e s  f o r  
t h e  P o l a r  -  P o l a r  B i n a r y  S y s t e a s  S t u d i e d  i n  T h i s  Work .

S y s t e m s  

(1 )  —  (2)

P r o . No.  o f  
p o i n t s

T r a n g e  
K

P r a n g e  
a tm

D a t a  R e f e r e n c e s

C a r b o n  d i o r i d e -  
N e t h a n o l

VLB 29 2 9 0 - 3  13 2 . 1 5 - 7 6 . 0 K a t a y a c i a  e t  a l .  19 75  
O h g a k i  e t  a l .  197 6

D i e t h y l  E t h e r -  
M e t h a n o l

VLB 28 3 0 3 - 3 2 9 0 . 2 9 - 0 . 9 2 G m e h l i n g  e t  a l .  19 80

T e t r a h y d r o C u r a n -  
D“ P r o p a n o l

VLB 11 3 9 5 - 3 6 7 1 Y o s h i k a u a  e t  a i .  1980

n - P r o p a n o l -  
n - B u t a n o l

VLB 7 3 7 3 - 3 0 0 1 Gay 1927

S c e t o n e - W a t e r VLB 75 3 7 3 - 5 2 3 1 . 0 9 - 6 5 . 6 G r i s w o l d  e t  a l .  19

H y d r o g e n  S u l f i d e -  
H a t e r

VLB 97 3 1 0 - 9 9 9 1 0 0 - 3 0 0 0 S e l l e c k  e t  a l .  1952

H a t e r - P y r i d i n e VLB
VLB

13
28

323
3 9 3 - 3 6 3

0 . 1 0 - 0 .  15 
0 . 2 3 - 0 . 0 5

I b l  e t  a l .  1959 
kudoi i  e t  a l .  1957

H e t h a n o l - H a t e r VLB
P

13 7
55

2 9 8 - 9 1 6
2 9 0 - 3 2 3

0 . 0 5 - 5 . 0 0
1

G m e h l i n g  e t  a l .  1977 a  
H i k h a i l  e t  a l . 1 9 6 1

W a t e r - n - B u t a n o l VLB 20 3 6 5 - 3 0 7 1 K a t o  e t  a l .  1970

H a t e r - P h e n o l VLB 22 317 0 . 0 1 - 0 . 0 9 H o l i e r  e t  a l .  1963



Table VI.7

Binary I n te r a c t i o n  Parameters fo r  Polar -Polar  Binary Systems

S y s t e a s  

(1> -  (21

Carbon Dioxide-  
Methanol

Model

H.m. r .
O.S. M.

T

(K)
‘ i j

1 . 0 0 0 0
0 . 9 6 5 9

i j

0 . 9 2 6 5  
1 . 0 0 0 1

^ 2  ^^2,
(cal /ymol) (cal /gmol)

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

D ie t h y l  Ether- H.M.R.
Methanol C.s.M.

1 . 0 0 0 0
0 . 9 6 9 3

0 . 9 3 3 4
1 . 0 2 0 4

9 1 0 . 4 5 9 0 2 . 0 5

Tetrahydrofuran-  H.M.R.
B-9ropanol  c . s . H .

0 . 9 7 4 5
0 . 9 9 b 7

0 . 9 9 6 5
0 . 9 7 9 0

0 . 0 0 . 0

n-Propanol-
n-Butanoi

H.M.R. 
C.S. M.

0 . 9 9 1 0
1 , 0 0 1 4

0 . 9 9 0 3
0 . 9 9 4 2

0 . 0 0 . 0

Acetone-IJater H.M.R, 
C. s .  H.

H.M.R. 
C.S. H.

H.M.R. 
C.S. M.

H.M.R.
C.S. M.

3 7 3 . 1 5

4 2 3 . 1 5

4 7 3 . 1 5

5 2 3 . 1 5

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

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

1 . 0 0 0 0
0 . 9 7 5 6

1 . 0 0 0 0
0 . 9 6 8 8

Oo9420
U 0 5 4 3

0 . 9 3 1 2
1 . 0 4 0 4

0 . 9 2 8 0
1 . 0 1 2 0

0 . 9 1 9 2
1 . 0 2 1 8

4 0 6 .  10 - 4 1 1 . 0 5

6 1 1 . 9 3  - 6 1 3 . 0 5

7 9 0 . 5 0 • 8 2 3 , 2 9

1 0 3 0 . 9 2  - 1 0 4 5 . 0 6



Table  V I . 7 (Continued)

S y s t e m s

; i ) (2 )
Mod e l T

(K)
i j ( i j 4 , 2

( c a l / ç j m o l ) ( c a l / g m o l )

H y d r o g e n  S u l f i d e -  H.M.R. 
H a t e r  c . s . H .

0 „ n 0 f) 0 
0 . 9 5 2 8

1 . 0 0 0 0
1 . 0 8 8 0

- 4 0 3 . 8 3 2 1 5 . 2 1

H a t e r - P y r i d i n e H.M.R. 
C .  S.  H •

H.M.R. 
C . S .  M.

3 2 3 . 1 5  

3 4 3 . 0 0

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

1 . 0 0 0 0
0 . 0 7 9 6

0 . 9 7 5 1
0 . 9 9 2 5 ’

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

- 1 2 8 6 . 5 3  - 2 4 2 4 . 1 8

- 1 3 3 4 . 9 8  - 1 3 2 7 . 8 6

H.M.R. 
C . S .  M.

3 6 3 . 0 0 1 . 0 0 0 0
0 . 9 2 6 3

0 . 9 6  09 
0 . 9 8 7 4

- 1 4 2 9 . 1 9  - 1 2 3 0 . 6 3

H e t b a n o l - l î a t o r H.M.R. 
C . S .  H.

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

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

- 1 2 5 7 . 7 3 1 8 6 . 8 9

H a t e r - n - B u t a n o l H.M.R. 
C . S .  M.

1 . 0 0 0 0  
0 . 6 9 4 5

0 . 9 1 2 8
1 . 1 1 4 3

- 1 5 9 6 . 5 7  - 2 2 9 9 . 9 8

H a t e r - P h e n o l H.M.R. 
C .  s .  M.

1 . 0 0 0 0
1 . 2 5 7 4

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

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



Tabla VIcQ

f i e s u l t s  o f  W ap o r-L ig u id  B q u i l i b r i u i i  P r e d i c t i o n s  f o c  
P o l a r - P o l a r  B i n a r y  System s

S y s t e m s % AARD

C1> -  (2)
Model T

K P K
■J

K
2

X
1

X
2

T
1

ï
2

C arbon D i o x i d e -  
ae& b anol

H.M.R. 
C« S* M#

3c 26 
IDu 3«

9 .3 9  
« 3 .  «8

3 .6 0
1 2 .0 0

6 .3 0
2 2 .7 8

0 .0 9
0 .1 1

9 .7 1
1 1 .5 5

D i e t h y l  B t h e r -  
H e tb a n o l

H.M.R. 
C .S .N .

5. U9 
7 .5 5

6 .8 «
9 .2 6

5 .5 2
8 .2 6

8 .5 2
1 0 .3 2

1 .7 6
2 .2 6

3 .9 «
1 0 .0 0

î o t r a h y d r o f u r a n -  
Q - P r o p a n o l

H.M.R. 
C .S .M .

0 . 5 2  
0 .  57

6 .2 2
6 .3 7

2 .5 0
2 .5 7

1 .« 5
1 .« 7

2 .6 6
2 .7 1

7 .  «9 
7 .6 9

n - P r o p a n o l -
n - B u t a n o i

H.M.R. 
C. S.  M.

0 .  03 
0 . 0 3

2 .8 7
3 .0 2

3 .0 5
3 .1 7

2 .61
2 .7 «

3 .0 5
3 .1 7

5 .6 0  
5 .  89

a c e t o n e - U a t e r H.M.R. 
C .S .  N.

3 7 3 .1 5 6 .  «2 
2 3 .  «3

3. 10 
3 1 .0 1

8 .3 3
19.«1

3 .3 0
1 8 .« «

2 .2 8
19 .12

1 .6 5
2 2 .6 8

H.M.R. 
C. S .  N.

« 2 3 .1 5 6 .  «3 
21 .  07

6 .6 7
2 9 .8 2

5 .2 0
2 1 .0 9

5 .9 7
1 8 .« 3

1 .8 2
15 .07

1 .8 0
2 6 .8 0

H.M.R. 
C .S .N .

« 7 3 .1 5 3 .2 2
2 0 .  58

3 .8 3
3 2 .7 «

6 .7 5
2 0 .5 7

« o 3 «
1 9 .6 0

« .3 «
2 0 .1 6

2 .  28 
2 1 .8 2



Table ? I . 8 jContiauadJ

S y s t e u s % AARD

12)

Â c e t o a a - S a t c r

Hydcogan Sulfide** H.M.R.
d a t e r

U B te r - i? y r id lB o

B e& haao l-W ate r

Model T
K P K

1
K

2
X

1
X

2
I

1
I

2

H.M.R. 
C. Se H.

5 2 3 .1 5 9 ,41  
27 . 74

2 .5 5
3 1 .7 0

7 .0 0
2 8 .3 7

2 ,0 1
2 2 .1 4

4 .1 6
1 8 .2 0

0 .9 6
2 4 .4 2

h. m. r .
C. Se H.

6 ,4 0  
10. 23

8 .1 2
1 1 ,8 »

6 .3 8
2 1 .5 8

0 .3 1
0 .6 1

0 .5 4
0 ,8 4

8 .2 9
1 1 .9 4

H.M.R. 
Cm S. M.

3 2 3 .1 5 2 .2 1
9 .9 3

7 .5 2
2 2 ,0 6

3 .0 2
2 3 .4 8

1 3 .0 2
12 .6 7

1 .8 4
1 1 ,7 0

4 .5 8
7 .9 2

H.M.R. 
C. S. M.

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

5 ,2 7
15 .41

2 .1 3
15.41

5 .4 2
3 1 .9 2

1 .2 9
9 .9 2

3 .0 4
1 7 .6 2

H.M.R. 
C. Sa M .

3 6 3 .0 0 1 .26  
M . 06

5 .6 0
11 .26

1 .4 8
2 3 .9 9

6 .8 6
1 6 .9 2

1 .12
9 .7 2

1 .8 8
1 0 .3 7

H.M.R.
C .S .M .

1 .6 0
1.0G

4 .7 4  
4 .  80

7 .3 4
6 .3 6

7 ,3 6
7 ,3 5

6 ,6 7
9 .4 5

3 .4 9
3 .3 8

9 .3 1
1 0 .7 0

B a ù e r -m -B u ta u o l H.M.R. 
C. S. M.

3 ,5 5  
18. 59

14 .81
3 0 .4 5

2 .9 4
19 .29

10 .28
3 0 .4 6

1 .76
18 .57

5 .2 3
3 1 .1 0

D a te r~ P h e o o l H.M.R.
C.S. H.

7 . 5 8  1 9 .1 6  7 .0 8  1 5 .2 2  0 .1 8  9 .8 6
2 6 . 4 0  7 6 .8 3  4 4 .3 9  8 4 .8 6  0 .8 8  5 8 .1 2
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d a t a  c o r r e l a t i o n  c a n  b e  s i g n i f i c a n t l y  i m p r o v e d  b y  u s i n g  t h e  

HUE. F i g u r e  s h o w s  g o o d  a g r e e m e n t  b e t w e e n  e x p e r i m e n t  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  u s i n g  t h e  HUB f o r  c a r b o n  d i o x i d e -  

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

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

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

p h a s e  b e h a v i o r .  I n  F i g u r e  1 4 ,  t h e  CSM f a i l s  b a d l y  when  t h e  

n o n i d e a l i t y  o c c u r s  a t  t h e  c o m p o s i t i o n  o f  C02 g r e a t e r  t h a n  

0 - 6 .  Good f i t s  w e r e  o b t a i n e d  a t  b o t h  25 C a n d  4 0  C u s i n g  t h e  

HSH w i t h  o n e  s e t  o f  p a r a m e t e r s .  F i g u r e s  1 5 - 1 8  show t h e  

r e s u l t s  f o r  a c e t o n e - w a t e r  s y s t e m  a t  f o u r  t e m p e r a t u r e .  The  

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

t h i s  non i d e a l  s y s t e n  y i t h  a z e o t r o p e s .  As s h o u n  i n  t h e s e s  

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

p h a s e - s p l i t t i n g .  S i m i l a r  o b s e r v a t i o n  w a s  a l s o  n o t e d  by Hu ro n  

a n d  V i d a l  ( 1 9 7 9 ) .  F i g u r e s  19 a n d  2 0  show w a t e r - n - b u t a n o l  

a n d  w a t e r - p h e n o l  s y s t e m s .  The  s am e  p a t t e r n s  c a n  b e  s e e n  i n  

t h e s e  f i g u r e s .  Good p r e d i c t i o n s  we re  o b t a i n e d  f r o m  t h e  HUE, 

p o o r  p r e d i c t i o n s  w e r e  o b t a i n e d  f r o m  t h e  CSM. T ho ug h  

t e t r a h y d r o f u r a n - n - p r o p a n o l ,  n - p r o p a n o l - n - b u t a n o l ,  a n d

m e t h a n o l - w a t e r  s y s t e m s  c o n t a i n  p o l a r  a nd  a s s o c i a t i n g  

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

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

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  o f  t h e s e  c o m p o n e n t s  

i n  t l i e  m i x t u r e  d o  n o t  d i f f e r  s u b s t a n t i a l l y  f r o m  u n i t y .  As a 

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

VIE an d  m i x t u r e  d e n s i t y  ( s e e  t a b l e  V I . 8 ) .
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F o r  t h e  p o l a r - p o l a r  b i n a r y  s y s t e m s ,  a g a i n  t h e  HHR i s  

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

6 . 3  A p p l i c a t i o n  t o  N o n p o l a r - N o n p o l a r  B i n a r y  S y s t e m s .

Th e  a p p l i c a b i l i t y  o f  t h e  HHE wa s  a l s o  t e s t e d  f o r  

n o n p o l a r - n o n p o l a r  s y s t e m s .  T a b l e  V I . 9 l i s t s  t h e s e  s y s t e m s .  

Th e  b i n a r y  p a r a m e t e r s  a r e  g i v e n  i n  t a b l e  V I . 10 t o g e t h e r  w i t h  

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

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

c y c l o h e x a n e - t o l u e n e ,  e t h a n e - n - b u t a n e  a n d  p r o p a n e - n - b u t a n e ,  

t h e  CSM a n d  t h e  HMR ( e i t h  = 0 ) g i v e  g o o d  r e s u l t s .

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

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

p a r a m e t e r s  w o r e  n e e d e d  t o  a d e q u a t e l y  c o r r e l a t e  t h e  d a t a .  

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

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

m i x t u r e s  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 .

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

HMR w i t h  j  =0 i s  n o t  a d e q u a t e  f o r  m i x t u r e s  o f  s y s t e m s  w i t h  

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



Table VI.9

Tempe rature and Pressure Banges^ and Data References  fo r  
the Nonpolar -  Nonpolar Binary Systems Studied in  This  Work.

Systems  

(1) -  (2)

Pro. No. of  
points

T r a n g e  
K

P range  
atm

Data References

Benzene-Cyclohexane VLB 22 298-352 0 . 1 2 - 1 . 0 0 Donald e t  a l .  1958 
Tas ic  e t  a l .  1978

Benzene-Hexane VLB 23 298-320 0 . 1 5 - 0 . 6 3 Smith e t  a l .  1970 
Yuan e t  a l .  1963

Cyclohaxane-Toluene VLB 31 359-301 1 Hyers 1956

Hethy lcyclohexane-
Toluene

VLB 31 333-373 0 . 1 9 - 1 .0 0 Schneider 1961

Ethane-n-Butane VLB 19 192-199 3-50 U i c h te r l e  e t  a l .  1970

Propane-n-Butane VLB 17 362-392 20-37 Kay 1970

Hethane-Ethane VLB 92 338-393 39-59 Hehra e t  a l .  1965

He th ane-T et ra l in VLB 19 593-665 30-223 Sebast ian e t  a l .  1979

Hethane-n-Decane VLB 11 593-503 50-125 Lin e t  a l .  1979

Hethane-n-Hexadecane VLB 10 593-709 30-200 Lin e t  a l .  1980

Hydrogen-Propane VLB 16 298-390 39-209 Trust and Kurata 1971

H y d c o g e n - n - B u t a n e VLB '60 338-399 11-170 Klink e t  a l .  1975



T a b l e  V I . 10

R e s u l t s  o f  V a p o r - L iq u id  E q u i l i b r i u m  P r e d i c t i o n s ,  and 
B i n a r y  I n t e r a c t i o n  Parame ter s  for No nPo lar “ NonPolar Bina ry  S y s t e m s

S y s t e m s
Mod e l 1 K A A

% AARD

11) “  (2) i j i j i j j i K K
( c a l / g u o l ) ( c a l / g n o l ) 1 2

B e n z e n e - H e x a n e H.M.R. O.OPOO 0 . 9 6 9 2 0.0 0.0 3.70 3.12
Cs S 9N • 0.97 87 0 . 9 0 1 7 - - 3.54 3.07

B e n z e n e - H.M.R. 0.94114 0 . 9 9 5 3 0.0 0.0 0.98 1.53
C y c l o h c x a n e C . S . M . 0.9459 0 . 9 9 4  7 - - 0.90 1.57

C y c l o h e x a n e - H.m. r . 0.9349 1 . 0 0 0 4 0.0 0.0 0.76 2.07
T o l u e n e C . S . M . 0.9877 0.9910 - - 0,69 1.80

M e t h y l
c y c l o h e x a n e - H.M.R. 1.0190 0 . 9 3 4 0 0.0 0 .0 1.53 2.13
T o l u e n e C . S . M . 1.0079 0 . 9 9 0 6 - - 1.09 2.22

P r o p a n e - n - B u t a n e H.M.R. 0.9704 1 . 0 1 1 1 0.0 0. 0 1.45 1.14
C . S . M . 1.0019 0 . 9 0 6 9 - - 1.92 2.50

E t  h a n e - n - B u t a n e H.M.R. 0.9018 0 . 9 3 0 0 0.0 0 .0 1.26 1.98
C . S . M . 0.9989 0 . 9 4 9 4 - - 2.88 3.  12

H e t h a n e - E t h a n e H.M.R. 1.0105 1 . 04 79 0.0 0.0 0.89 5.57
C . S . H . 1.00 54 0 . 9 7 9 2 - - 0.98 5.09



Table V I . 10 (Continued)

Systems

( n  -  (2)
Model

{cal /gmol) Jcal /goo l)

% AARD

K K 
1 2

Methane-Tetralin H.M.R. 1.0181 0 . 8 1 6 0 0.0 0. 0 20.00 19. 12
H.M.R. 1.1025 1 . 0 0 0 0 -13 79 .26 1956.37 7.75 9.80

C.S.H. 1.0778 0 . 0 1 6 8 - - 6.50 8.50

Hethane-n-Decane H.M.R. 1. 2622 1 . 3 9 0 7 0.0 0 .0 17.29 19.29
H.M.R. 1. 1531 1 . 0 0 0 0 -1953 .23 19132.96 2.61 7.38

C.S.H. 1. 1078 0 . 0 5 0 0 — - 2.31 9 .85

Hetha ne- H.M.R. 1. 1U60 1 . 0 0 5 0 0.0 0.0 26.53 50.60
a-Hoxadecane H.M.R. 1.0000 1 . 5 9 9 7 -1219 .69 90.73 12.50 13.70

C.S.H. 1.1323 0.7610 - - 7.73 9.63

Hydrogen- H.M.R. 1. 10U0 1 . 5 0 0 0 0.0 0. 0 10.97 15.93
Propane H.M.R. 1 . 1 2 2 2 1 , 0 0 0 0 -a 130.78 3909.01 6.13 7.89

C.S.H. 1.0773 1 , 2 8 6 3 - — 7. 19 12.60

Hydrogen- H.M.R. 1.1550 1 . 6 6 5 0 0.0 0.0 10.67 17.30
n-Butane H.M.R. 1.1600 1 . 0 0 0 0 -2762.00 16973.00 2.89 12.30

C.S.H . 1. 1029 1 . 3 2 0 6 - - 9.03 13.81
COo



CHAPTER V I I

PREDICTIONS OF THERMODYNAMIC PROPERTIES 

FOR MOI.TICOMPONENT HIXTDRES

T h i s  s e c t i o n  i l l u s t r a t e s  t h e  e x t e n s i o n  o f  t h e  HHR t o  

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

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

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

t h e  c e n t e r  o f  e a c h  c e l l  ^ i = l , 2 , . . . .  n) = F o u r  t e r n a r y  

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

( c y c l o h e x a n e ,  b e n z e n e ,  n - h e x a n e ,  t o l u e n e  a n d

m e t h y l c y c l o h e x a n e )  a n d  o n e  p o l a r  a n d  a s s o c i a t i n g  comp oun d  

( a n i l i n e ,  e t h a n o l ) .  The  l i s t  o f  s y s t e m s  a r e  p r e s e n t e d  i n  

t a b l e  V I I . 1 ,  t o g e t h e r  w i t h  t h e  r a n g e s  o f  t h e  d a t a  u s e d  a n d  

t h e  d a t a  r e f e r e n c e s .  P r e d i c t i o n s  o f  VIE b e h a v i o r  f o r  e a c h  

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

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

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

d a t a .  T h e s e  b i n a r y  p a r a m e t e r s  w e r e  r e p o r t e d  i n  t a b l e  V I . h  

a n d  V I . 1 0 .  No t e r n a r y  p a r a m e t e r s  w e r e  r e q u i r e d .  The  

r e s u l t s  a r e  g i v e n  i n  t a b l e  V I I . 2 .  G e n e r a l l y ,  t h e  HHR y i e l d s  

b e t t e r  r e s u l t s  t h a n  t h e  CSM. T h e  CSM p r e d i c t e d  K-  v a l u e s  a n d

81



'fable VII. 1

T e m p e r a t u r e  a n d  P r e s s u r e  R a n g e s *  a n d  D a t a  R e f e r e n c e s  f o r  
t h e  T e r n a r y  S y s t e u s  S t u d i e d  i n  T h i s  Work .

Systeus  

(1) — i 2)  (3)

Pro. Ho. of  
poin ts

T r a n g e  
K

P range 
atB

Data References

CycloheKane-
A n i l i n e -
Benzenc

VLE 10 3<i3 0 . 3 4 - 0 .6 9 Fodder 1963

Hethylcyclol iexaue-
A n i l i n e -
Toluene

VLE 25 3 5 3 - 3 7 3 0 . 3 2 - 0 .9 0 Schneider  1961

n-Hexane-
Ethanol-
Benzene

VLE <12 320 0 . 5 4 - 0 .8 8 Tuan e t  a l .  1963

Toluene-
Cyclohexane-
Ethanol

VLE 10 323 0 . 3 2 - 0 .5 0 Zharov e t  a l .  1968



Table VII.2

B e s u l t s  o f  V a p o r -L iq u id  E q u i l i b r i u m  P r e d i c t i o n s  f o r  Te rn ar y  S y s t e a s  

S y s t e a s  Model % AARD

H 5  -  <21 -  (3) K  K K X X X X Ï  Ï
1 2 3 S 2 3 1 2 3

Cyc lohesane-  H.M.R. 2 .65 2 .3 5  2 .93 2„V7 « .01 2.91 0 . 1« « .91 0 .1 7
A n i l i n e -  C.S.M. 12.61 « .2 8  8.2« 16. 00 13.93 9 .2« 0 .37 16.12 0 .  ««
Benzene

Methyl H.M.R. 3 .61 7-62 2 .08 3 .79 6 .91 2 .0 2  0 .1 8  2 .96 0 .1 5
cy c lo h e sa n e -  C.S.M. 6 .9« 6 .59  2 .88 8 . «2 13.85 2 .36  0 .83  1 1 .«6 0 .9 9
A n i l i n e -
Toluene

n-Hexane- H.M.R. 7 .88 10.32 7 .79 0.01 1 0 .7« 7 .0 7  8.31 « .59 5 . 19
Ethanol- C.S.M. «1.00 3 5 . 2« 21.90 21. 5« «9.27 1 9 .«1 9 .«« 15.85 7 .3
Benzene

Toluene-  H.M.R. 6 .17 8 .3 7  12.02 10.60 11.91 17.78 11.36 3 .15 2 .58
Cyclohexane- C.S.M. 14.9« 29.25 33.77 21.52 «7.«5 «3.61 26.33 2 .00 9 .65
Ethanol
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p h a s e  c o m p o s i t i o n s  f o r  c y c l o h e x a n e - a n i l i n e - b e n z e n e  a n d  

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

a c c u r a c y .  H o w e v e r ,  r e s u l t s  w e r e  n o t  a s  good  f o r  t h e  m i x t u r e s  

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

du e  t o  t h e  d i f f e r e n c e  i n  s i z e ,  s h a p e  a n d  p o l a r i t y  b e t w e e n  

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

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

m u l t i c o m p o n e n t  s y s t e m s  u s i n g  t h e  HHR.



CHAPTER V I I I

COMPOSITION DEPENDENCE OF THE EXCESS GIBBS FREE ENERGY

From a n  e q u a t i o n  o f  s t a t e ,  t h e  f u g a c i t y  c o e f f i c i e n t  

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

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

c a l c u l a t e d  ( s e e  a p p e n d i x  A a n d  B) . The a c t i v i t y  c o e f f i c i e n t

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

%
r   -------  ( 55 )
i  *

a n 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  c a n  be  e x p r e s s e d  a s :

E
G = RT Z X I n  r  ( 56)

i  i

The  e x c e s s  p r o p e r t i e s ,  f o r  e x a m p l e  t h e  e x c e s s  G i b b s  f r e e  

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

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

d e s c r i b i n g  g a s  a n d  l i q u i d  b e h a v i o r ,  s i n c e  PVT an d  VLE d a t a  

u s u a l l y  a r e  s u f f i c i e n t .  When t h e  e x c e s s  G i b b s  f r e e  e n e r g y

85
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a n d / o r  a c t i v i t y  c o e f f i c i e n t  d a t a  a r e  n o t  i n c l u d e d  i n  

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

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

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

s a m e  a s  t h o s e  i n  t h e  v a p o r  p h a s e .  F i g u r e s  2 1 - 2 3  show  

c o m p a r i s o n s  o f  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  a c t i v i t y  

c o e f f i c i e n t s  f o r  some s e l e c t e d  b i n a r y  s y s t e m s .  F i g u r e s  2 4 - 2 6  

show 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  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  h i g h l y  n o n i d e a l  s o l u t i o n s  s u c h  a s  a e t h a n o l -  

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

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

F i g u r e  2 1 ) .  T h e  HMR i s  a b l e  t o  r e p r o d u c e  t h e  d a t a  w h i l e  t h e  

CS’-l f a i l  b a d l y .  T h e s e  e f f e c t s  a r e  r e f l e c t e d  i n  t h e  e x c e s s  

G i b b s  f r e e  e n e r g y  p r e d i c t i o n s  ( s e e  F i g u r e  2 4 ) .  a h e n  t h e  

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

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

F i g u r e s  2 1 - 2 3  i n d i c a t e  t h e  VLE c a l c u l a t i o n s  i n  t h i s  w ork  

u s i n g  t h e  HHR d i d  n o t  f a l s i f y  t h e  a c t i v i t y  c o e f f i c i e n t s  a n d  

F i g u r e s  2 4 - 2 6  sh ow  g ood  p r e d i c t i o n s  o f  e x c e s s  G i b b s  f r e e  

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

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

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

e x c e s s  G i b b s  f r e e  e n e r g y .
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CHAPTER IX 

PREDICTIONS OF LIQOID-LIQOID EQOILIBRIA

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

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

l i m i t .  T h e  p r e s e n c e  o f  t h i s  f r e e - w a t e r  p h a s e  i n  t h e  p r o c e s s  

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

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

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

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

t h e  a p p l i c a b i l i t y  o f  t h e  HMB, i t  was  t e s t e d  u s i n g  l i q u i d -  

l i q u i d  e q u i l i b r i a  (LLE) d a t a  f o r  c o a l  f l u i d - w a t e r  s y s t e m s .  

T a b l e  I X . 1 l i s t s  s e v e n  r e p r e s e n t a t i v e  m o d e l  c o a l  

c o m p o u n d * w a t e r  b i n a r y  m i x t u r e s .  G e n e r a l l y ,  LLE i s  v e r y  

d i f f i c u l t  t o  d e s c r i b e .  T h i s  d i f f i c u l t y  i s  d u e  t o  t h e  

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

tw o  l i q u i d  p h a s e s .  T he  w a t e r - r i c h  p h a s e  i s  a l m o s t  p u r e  

w a t e r ,  a n d  t h e  h y d r o c a r b o n - r i c h  l i q u i d  p h a s e  c a n  c o n t a i n  a  

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

HMP, a n d  tw o  p a r a m e t e r s  w e r e  f i t  t o  t h e  CSM. S e v e r a l  

a t t e m p t s  w e r e  made  t o  a d d  m o r e  p a r a m e t e r s  t o  t h e  CSH,  b u t  

t h e  p h y s i c a l  m e a n i n g  o f  t h e  o b t a i n e d  b i n a r y  p a r a m e t e r s  was
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Table ï K o ' i

T e a p a c a t u r e  and P r e s s u r e  R a n g e s *  a n d  Data  R e f e r e n c e s  f o r  
t h e  C o a l  F l u i d  -  W a te r  B in a r y  S y s t s a s  S t u d i e d  i n  T h i s  Work.

S y s t e s s  

P )  (2)

P r o . No. o f  
p o i n t s

Ï  r a n g e  
K

P r a n g e  
atm

Data  R e f e r e n c e s

B e n a e n e - - W a t e r LLE 6 313-<473 ÜO 3 - 3 0 . 2 0 T s o n o p o u l o s  e t  a l . 1982

Cy c lo h e s t a n e -W ate r LLE 8 313-U82 0 . 3 - 3 0 . 0 0 T s o n o p o u l o s  e t  a l . 1982

H e s a n e - a a t e r LLE 6 310-<473 0.  <45-35, 1 T s o n o p o u l o s  e t  a l 1982

E t h y l b e n z e n e - W a t e r LLE 6 373-80<J J. 0 - 8 5 . 0 Brady  e t  a l .  1982

B t h y l c y c l o h e a a n e -
H a t e r

LLE 6 373-BOiJ 1 , 0 - 8 7 . 0 Brady  e t  a l .  1982

1- M e t h y l n a p t h a l e n e -  
B a t e r

LLE 6 3 7 3 - OOL! 2 . 0 - 6 3 . 2 Brady  e t  a l .  1982

1 - E th  y l n a p t h a l e n e -  
H a t e r

LLE 6 373-80C 2 , 0 - 6 3 . 0 Brady  e t  a l .  1982

L I E  = L i q u i d - L i q u i d  E q u i l i h r i u D
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l o s t ,  a n l  t h e  p r e d i c t i o n  r e s u l t s  w e r e  n o t  s a t i s f a c t o r y .  The  

b i n a r y  p a r a m e t e r s  a r e  r e p o r t e d  i n  t a b l e  I X . 2 .  R e s u l t s  a r e  

g i v e n  i n  t a b l e  I X . 3 i n  t e r m s  o f  a v e r a g e  a b s o l u t e  r e l a t i v e  

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

i m p r o v e m e n t s  o v e r  t h e  CSM w e r e  o b t a i n e d  u s i n g  t h e  HUB. 

F i g u r e s  2 7 - 3 0  sh o w  t h e  e x p e r i m e n t a l  an d  c a l c u l a t e d  LLE f o r  

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

w h i l e  t h e  HMR i s  a d e q u a t e  f o r  LLE c a l c u l a t i o n s .



Taille IXu 2
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  

C o a l  P l u i d - U a t e r  S y s t e m s  
( L i q u i d - L i q u i d  E q u i l i b r i u m )

S y s t e u s  

( 1) -  ( 2 )
M o d e l

13 i j
( c a l / i j o o l ) ( c a l / g a o l )

B e n z e n e - U a t e r H.M.R.
C . 5 . H .

0 . Û 9 3 0
0 . 5 5 1 0

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

4 4 3 1 . 7 1 1 7 6 . 5 2

C y c l o h e z a n e - W a t e r H.M.R.
C . S . M .

0 . 3 1 5 0  
0 . 5 9 4 3

0 . 6 1 9 0
0 . 1 5 6 8

- 3 4 . 0 0 7 5 4 1 . 4 0

H e s a n e - U a t e r H.M.R.
C . S . M .

0 . 1 0 0 0  
0 . 5 7 1 2

0 . 6 2 2 4
0 . 1 4 2 3

7 7 6 8 . 4 6 4 .  12

E t h y b e n z e n e - W a t e r H.M.R.
C . S . M .

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

0 . 6 8 7 8
0 . 4 6 7 9

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

E t  h y l c y c  l o l l  ex  a n e - W a t e r H.M.R,
C . S . M .

0 . 1000 
0 . 5 6 2 9

0 . 5 7 6 3
0 . 1 1 3 7

7 4 7 6 . 7 8  1 5 5 . 2 4

1 - H e t b y l u i a p t h a l e n e - H a t e r H.M.R.
C .S . M .

0 . 2 6 0 2
1 . 3 0 0 1

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

- 2 5 8 . 1 9  - 2 4 5 9 . 9 1

1 - E t h y l n a p t h a l e n e - H a t o r H.M.R.
C.S.M.

0 . 2 0 0 0
1 . 1 2 7 3

0 . 9 0 8 5
0 . 8 5 6 5

- 2 7 0 . 9 5  - 2 8 2 9 . 2 3



97

Table I I . 3

R e su l t s  o f  Liquid-Liquid Equilibrium Predic t i ons  
fo r  Coal Plu id-Hater  Systems

Systems Model % AARD

( 1) (2 )

Benrene-Hater H.M.R.
C.S.M.

3 . 6 6
5 0 . 4 6

1 2 . 9 3  
3 3 7 .  12

C y c l o h e x a n e - B a t e r H.M.R.
C.SsM,

1 1 . 4 6
1 7 3 . 0 0

1 8 . 5 9
1 4 3 1 = 6 6

H e i a a s - ï ï a t e r H.M.R.
c . s . a .

1 1 . 3 7  1 4 . 7 9
2 1 3 7 . 4 4  1 1 3 9 . 2 3

E t h y b e n z e n e - W a t e r H.M.R.
C . s . a .

2 4 . 6 8
7 7 7 . 2 5

1 4 . 0 7
1 0 1 5 . 6 6

'  E t h y I c y c l o h e x a n e - B a t e r H.M.R.
C.S.M.

2 7 . 5 8
1 1 6 . 3 1

2 8 . 3 6
3 3 6 1 . 8 8

1 - H e t h y l n a p t h a l e n e - S a t e r H.M.R.
C.S.M.

2 9 . 5 4
6 8 7 0 - 1 0

1 4 . 7 4
3 8 9 9 . 0 6

1- E t h y l n a p t h a l e n e - W a t e r H.M.R.
C.S.M.

2 7 . 7 7
5 9 4 9 . 7 0

1 2 . 3 3
3 8 3 3 . 0 6

$
H o l e  f r a c t i o n  o f  c o m p o n e n t  1 i n  l i q u i d  p h a s e  2

H o l e  f r a c t i o n  o f  c o n p o n e n t  2 i n  l i q u i d  p h a s e  1
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CHAPTER X 

CONCLOSIONS AND RECOMMENDATIONS

T h e  l o c a l  c o m p o s i t i o n  m o d e l  wa s  u s e d  t o  d e v e l o p  a  

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

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

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

c o n v e n t i o n a l  o n e - f l u i d  a o d e l -  C o n s e g u e n t l y ^  t h e  a i z i n g  r u l e s  

f o r  t h e  MPH c o r r e l a t i o n  c o n t a i n  c h a r a c t e r i s t i c s  o f  b o t h  o n e  

an d  t w o - f l u i d  m o d e l s .  T h e s e  h y b r i d  m i x i n g  r u l e s  w i t h  t h e  MPa 

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

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

an d  p o l a r i t y .

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

w i t h  k e t o n e s ,  a n i l i n e ,  a l c o h o l s ,  w a t e r  and  p o l a r - p o l a r  

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

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

r u l e s .  On t h e  c o n t r a r y ,  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 as  n o t  

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

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

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

102



103

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

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

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

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

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

c y c l o h e x a n e - a n i l i n e - b e n z e n e  a n d  n - h e x a n e - e t h a n o l - b e n z e n e .  

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

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

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

t o  p r e d i c t  l i q u i d - l i q u i d  e q u i l i b r i a  f o r  c o a l  f l u i d - w a t e r  

s y s t e m s  s u c h  a s  b e n z e n e - w a t e r ,  1 - a e t h y l n a p t h a l e n e - w a t e r  a n d  

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

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

Th e  c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  f r o m  t h e  H?r! 

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

The  e x c e s s  G i b b s  f r e e  e n e r g y  was  a l s o  p r e d i c t e d  w i t h  

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

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

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

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

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

b e h a v i o r .

I n  o r d e r  t o  be  a p p l i c a b l e  i n  i n d u s t r y ,  c o r r e l a t i o n s  

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

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

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

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

r u l e s  may b e  m or e  c o n v e n i e n t l y  a p p l i 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 -



NOHENCLATOHE

Roman

0
A -  A 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

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

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

a ^ , h  u n i v e r s a l  c o n s t a n t  i n  e x p r e s s i o n  f o r  E

f .  f u g a c i t y  o f  t h e  i t h  c o a p o n a n t  i n  a m i x t u r e

f . s t a n d a r d - s t a t e  r e f e r e n c e  f u g a c i t y

r a d i a l  d i s t r i b u t i o n  f u n c t i o n  

e x c e s s  G i b b s  f r e e  e n e r g y
0

H -  H e n t h a l p y  d e p a r t u r e
-23

k B o l t z m a n n  c o n s t a n t  ( 1 . 3 8 0 5 4  x 10 J / K )

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

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

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

N t o t a l  n u m b e r  o f  m o l e c u l e s

P a b s o l u t e  p r e s s u r e
0

P i d e a l  g a s  p r e s s u r e

E I d e a l  g a s  c o n s t a n t

T a b s o l u t e  t e m p e r a t u r e

T r e d u c e d  t e m p e r a t u r e
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Roman

c r i t i c a l  t e m p e r a t u r e
0

S -  S e n t r o p y  d e p a r t u r e

u^.j m o l a r  i n t e r n a l  e n e r g y

0 t o t a l  i n t e r n a l  e n e r g y

V s p e c i f i c  v o l u m e  

s p h e r i c a l  v o l u m e
0

V i d e a l  g a s  v o l u m e  

l o c a l  m o l e  f r a c t i o n

X. t o t a l  mole f r a c t i o n

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

z c o o r d i n a t i o n  n u n b a r

Z c o Q p r e s s i f l i l i t y  f a c t o r

G r e e k

a  n o n r a n d o m n e s s  p a r a m e t e r

y m o l e c u l a r  o r i e n t a t i o n  p a r a m e t e r

r. a c t i v i t y  c o e f f i c i e n t  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

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

K p o l a r  a n d  a s s o c i a t i o n  p a r a m e t e 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

p d e n s i t y
★

p r e d u c e d  d e n s i t y

p c r i t i c a l  d e n s i t y
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Greek

a characteristic aolecular-size paraaeter

fugacity coefficient of the ith component in 

a mixture
★
î>| fugacity coefficient of the ith component in

a pure state at the same T, and P of the mixture
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APPENDIX A

EXPRESSIONS FOB DERIVED THERMODYNAMIC PROPERTIES 

DSING THE CSB

The c l a s s i c a l  thermodynamic r e l a t i o n s h i p s  f o r  

en th a lpy  departure and Helmholtz f r e e  energy departure are  

given  by:

H _ -  1)  IA-1 )

a n d

-  1) - ÿ -  -  I n  - J r r  ( A- 2)

0
ot her  ther aodyn aaic  p r o p e r t i e s  are  r e la t e d  to  H -  H and

0
A — A through the  f o l l o w i n g  r e l a t i o n s :

S -  S° = -  - 16 .,-  A")------R(Z -  1) ( A- 3)

RT I n  - g —  =   (A  -  A )
P y ^  3n^

: a - 4 )

T ,  V ,  H j  U

0 0
E q u a t i o n s  ( A - 1) t h r o u g h  {A- 4) s h o a  t h a t  o n e s  H -  H a n d  A -  A 

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

r e a d i l y  c a l c u l a t e d .
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Enthalpy Departure

*
In terns of reduced temperature T , and reduced

*
density p , equation (A-1) becomes: 

H -
RT -T - I ?  • (2 - 1) I«-51

F r o a  e q u a t i o n s  ( 2 ) ,  ( 1 3 ) ,  (16) and  (7) 

I* « k l /e .X

= So ,- ■> !: X '.j/T  

*
Differentiating T and £,

^ 25pT^ (A-8)

D i f f e r e n t i a t i n g  Z f r o m  e q u a t i o n  ( 1 ) ,  w i t h  r e s p e c t  t o  T , 

t h e n  i n t e g r a t i n g ,  e q u a t i o n  (A-5 )  b e c o m e s :
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= [-T ̂ * ]  [p*(E2T*'* + 3E5T*’“- 4E,T*** + 5EiiT*’«) + 

0.5p**(E6T*'* + 2EioT*'’) + 0.2p**(-EtT*’* - 2Ei:T*-') +
3E
£i p j l  {e‘ E*P*’ ( l  + 0.5E.P*:) -  1 ) ] +  (2 -  1)

Substituting f&-8) into [A-9), the final expression for
0H - H can be obtained.

Fugacity

In terms of reduced density, equation (A-2) becomes;

« /P*(Z » 1) -  I n  : a - 1 0 )

Substitute Z, from equation (1), into equation (&-10), then 

integrate, equation fA-IO) becomes:

— h ~  = -  E îT * -» - EîT*-3 + E ,T * ---  E u T * * ')  +

0.5p*^(Es - EsT*-:. EjoT*'") + 0.2p*= (E7T*'»+ EizT*'^

W
(A -1 1 )
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f r o m  e q u a t i o n s  ( 1 2 ) ,  ( 1 3 )  a n d  (14 )

* i j  

" ij "‘i=‘j Hj 

Vx^'^ " ij *i"'j ^ij ®iĵ ’'*

i n d  f r o m  e q u a t i o n  ( A - 4 ) ,  t h e  f u g a c i t y  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  c a n  b e  o b t a i n e d  by d i f f e r e n t i a t i n g  e q u a t i o n  

( A - 1 1 ) ,  w i t h  r e s p e c t  t o  l y . :

■ T T "  ■ -  • '  '  t z  -  -  î j f )

■> -  3 3 , 5 ^ - '  ■> S j . i T * - ’ .

* 4  i » s . ,  -  * 4  « i . r "  * ' , 3 . 7 ' - '

( A - 1 2 )
0

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

b e  u n i t y .  T h e  d e r i v a t i v e s  i n  e q u a t i o n s  f a - 1 2 )  a r e :

= bj  ?x ?x *x3.5 (.4-13)
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6
4 3 ~  4.5 -  ^ 14)

w  I h t T . V . n ,
k J ' l ,

V x
4.5

( 1 -1 51



APPENDIX B

EXPRESSIONS FOE DERIVED lEEEMODYNAMIC PROPERTIES 

OSING THE H.M.R.

U s i n g  t h e  NHR, E q u a t i o n s  (A -1 )  t h r o u g h  (A-6 )  a n d  (A- 

9)  t h r o u g h  (A -12 )  a r e  s t i l l  a p p l i c a b l e .  F r o a  e q u a t i o n  (52)

z Xj E^j e x p ( - A ^ j / R T )

Z  x^ exp{-A^I^/RT)

E q u a t i o n  [ 1 - 7 )  b e c o n e s :

-1/2 -A../RT

--------------------
E x ^ e  I k

- A . . / R T

+ ^  Z X. - -- -- -- -- -- -- - -- ----
T" - A j . / R T

-A^ ^ / RT  - A j u /RT
^ ( i X j E ^ j e  )  ( Z x ^ ( A . ^ / R ) e  )

-  j, / RT^ 2
[3 - 1 )( I X .  e )

F rom  e q u a t i o n s  ( 5 2 ) ,  (53 )  a n d  (54 )

I Xj e.|j exp(-A^j/RT)

Z x^ exp(-A.|^/RT)
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T h e  d e r i v a t i v e s  i n  e q u a t i o n  ( A - 1 2 )  b e c o a e

120

SB,

= an^

'  b j 2(

?x  =x

1 ) -

(B-2)

I V " ,
(R-3)

1 ST* 
T* sn.

Z x . e  . e  
J i J

-A ./RT

- A . k / R T

- A . , / "

Zx.  e

+ I  X. - e.

(B-4)



APPEHDIX C

T a b l e  C . 1

D e t a i l e d  C a l c u l a t i o n s  o f  Y a p o r - L i q u i d  E q u i l i b r i a  
f rom t h e  H.M.R,

( s e e  t a b l e  T I . 4  a n d  F i g u r e  3)

E t h a n e  ( 1 ) - A c e t o n e ( 2 )  M i x t u r e  
D a ta  f rom Ohgaki  e t  a l . ,  1976

H T(R) P ( P S I A ) XI (EXP) XI (CAl) DEY % y i ( E X P ) T 1 ( C A l ) DEV %

1 5 3 6 . 6 7 6 9 . 6 7 4 0 . 0 4 2 7 0 . 0 4 1 6 - 2 . 4 2 1 0 . 9 3 7 1 0 , 9 3 5 9 - 0 . 1 2 2
2 5 3 5 , 6 7 1 4 2 . 6 3 3 0 . 0 9 1 5 0 . 0 9 1 0 - 0 . 3 8 8 D , 9 6 4 7 0 . 9 6 3 2 0 .  154
3 5 3 6 . 6 7 2 5 6 . 5 6 5 0 . 1 7 2 0 0 . 1 7 7 4 3 .  099 0 , 9 7 6 9 0 . 9 7 3 7 0 . 1 8 4
3 5 3 6 . 5 7 3 8 2 . 7 4 1 0 , 2 8 2 6 0 , 2 9 7 7 5 .  371 0 , 9 8 0 9 0 , 9 8 3 1 0 , 2 2 9
5 5 3 5 . 6 7 48 7 .  597 0 , 4 4 8 5 0 , 4 5 0 3 2 .  651 0 . 9 8 1 9 0 . 9 8 4 2 0 . 2 4 3
6 5 3 6 - 6 7 5 1 6 . 6 5 1 0 . 5 7 7 0 0 . 5 6 0 4 - 2 . 8 6 4 0 . 9 8 1 5 0 . 9 8 4 3 0 .  268
7 5 3 6 . 6 7 5 2 5 . 6 4 5 0 . 6 9 1 9 0 . 6 5 7 1 - 5 - 0 2 4 0 . 9 8 2 1 0 . 9 8 4 3 0 . 2 2 9
R 5 3 6 .  67 5 7 0 - 9 3 8 0 . 9 2 6 8 0 . 9 6 4 2 4 .  039 0 , 9 8 4 1 0 . 9 9 0 6 0 .  6 6 6

N T(R) P ( P S i a ) X2(EXP) X2(CAL) DEV % Y2 (EXP) T2 (CAL) DEY 5

1 5 3 6 . 6 7 6 9 . 6 7 4 0 , 9 5 7 3 0 . 9 5 8 3 0 .  108 0 . 0 6 2 9 0 . 0 6 4 0 1 . 8 3 1
2 5 3 6 . 6 7 1 4 2 . 6 8 3 0 . 9 0 8 4 0 . 9 0 8 9 0 . 0 5 9 0 . 0 3 5 2 0 . 0 3 3 7 - 4 . 2 3 6
3 5 3 6 . 6 7 2 5 6 . 6 6 5 0 . 8 2 7 9 0 . 8 2 2 1 - 0 . 6 4 4 0 . 0 2 3 1 0 . 0 2 1 2 - 7 . 8 1 1
4 5 3 6 . 6 7 3 8 2 . 7 4 1 0 . 7 1 7 4 0 . 7 0 2 2 - 2 .  115 0 . 0 1 9 1 0 . 0 1 6 8 - 1 1 . 7 6 8
5 5 3 6 . 6 7 4 8 7 . 5 9 7 0 . 5 5 1 5 0 . 5 3 9 6 - 2 - 1 5 6 0 . 0 1 8 1 0 . 0 1 5 7 - 1 3 . 2 1 1
6 5 3 6 . 6 7 5 1 6 . 6 5 1 0 . 4 2 3 0 0 . 4 3 9 5 3 . 9 0 6 0 . 0 1 8 3 0 . 0 1 5 6 - 1 4 . 3 7 6
7 5 3 6 . 6 7 5 2 5 . 6 4 5 0 . 3 0 8 1 0 . 3 4 2 9 1 1 . 2 9 0 0 . 0 1 7 9 0 . 0 1 5 7 - 1 2 . 2 9 0
8 5 3 6 , 6 7 5 7 0 . 9 3 8 0 . 0 7 3 2 0 . 0 3 5 7 - 5 1 . 1 4 3 0 . 0 1 5 9 0 . 0 0 9 3 - 4 1 . 2 5 0
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Table  C.1 (Continued)

N T(B) P ( P S I A ) K1 (EXP) K1 (CAl) DEV % K2(EXP) K2(CAL) DEV %

1 5 3 6 . 6 7 6 9 . 6 7 4 2 1 . 9 4 6 2 2 . 4 6 3 2 . 3 5 0 - 0 6 5 7 1 0 . 0 6 6 8 4 1 . 7 2
2 5 3 6 . 6 7 1 4 2 . 6 8 3 1 0 . 5 3 2 1 0 - 6 1 1 0 . 7 4 0 . 0 3 8 7 5 0 . 0 3 7 0 9 - 4 . 2 3
3 5 3 6 . 6 7 2 5 6 . 6 6 5 5 - 6 7 6 5 . 5 1 5 - 2 . 8 2 0 . 0 2 7 9 0 0 . 0 2 5 8 9 - 7 . 2 1
4 5 3 6 . 6 7 3 8 2 . 7 4 1 3 . 4 7 0 3 . 3 0 1 - 4 . 8 8 0 . 0 2 6 6 2 0 . 0 2 4 0 0 - 9 . 8 6
5 5 3 6 . 6 7 4 8 7 . 5 9 7 2 .  189 2 . 1 3 7 - 2 . 3 4 0 , 0 3 2 8 2 0 . 0 2 9 1 1 - 1 1 . 2 9
6 5 3 6 . 6 7 5 1 6 . 6 5 1 1 . 7 0 1 1 . 7 5 6 3 . 2 2 0 . 0 4 3 2 6 0 . 0 3 5 6 5 - 1 7 . 5 9
7 5 3 6 . 6 7 5 2 5 . 6 4 5 1 . 4 1 9 1 . 4 9 7 5 . 5 3 0 . 0 5 8 1 0 0 . 0 4 5 6 4 - 2 1 . 4 4
8 5 3 6 . 6 7 5 7 0 . 9 3 8 1 . 0 6 1 1 . 0 2 7 - 3 . 2 4 0 . 2 1 7 2 1 0 . 2 6 1 2 0 2 0 . 2 5

HPTS = 8

% AARD OF 
3 . 1 4  

% AARD OF Kg 
1 1 . 7 0  

% AARD OF Xj 
3 . 2 5

% AARD OF %2 
8 . 9 2

I  AARD OF Yj 
0 . 2 6  

% AARD OF Y 2 
1 3 . 3 8
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Table  C.2

D e t a i l e d  C a l c u l a t i o n s  o f  V a p o r - L i g u i d  E q u i l i b r i a  
f r o m  t h e  CSH 

( s e e  t a b l e  V I . 4 a n d  F i g u r e  3)

E t h a n e ( 1 ) - A c e t o n e (2 )  H i x t u r e  
D a t a  f r o m  o h g a k i  e t  a l ., 1976

N T (E ) P (P S I A ) XI (EXP) XI (CAL) DEY % Y1 (EXP) T1(CAL) DEY %

5 3 5 . 5 7 5 9 . 6 7 4 0 . 0 4 2 7 0 . 0 4 3 2 1 . 3 8 9 0 , 9 3 7 1 0 . 9 3 6 0 - 0 . 1 1 5
2 5 3 6 . 6 7 1 4 2 . 6 8 3 0 . 0 9 1 5 0 . 0 9 2 2 0 . 6 9 1 0 . 9 6 4 7 0 .  966 1 0 .  143
3 5 3 6 . 5 7 25 5 . 5 5 5 0 . 1 7 2 0 0 . 1 7 3 4 0 . 7 6 5 0 . 9 7 6 9 0 . 9 7 8 3 0 . 1 5 3
U 5 3 6 . 6 7 3 8 2 . 7 4 1 0 . 2 8 2 6 0 . 2 8 1 7 - 0 . 2 9 9 0 . 9 8 0 9 0 . 9 8 2 5 0 .  170
5 5 3 6 .  67 4 8 7 . 5 9 7 0 . 4 4 8 5 0 . 4 4 2 3 - 1 . 3 6 3 0 , 9 8 1 9 0 . 9 3 3 3 0 ,  146
6 5 3 5 . 6 7 5 1 5 . 5 5 1 0 . 5 7 7 0 0 . 8 6 9 6 5 0 , 7 1 9 0 , 9 8 1 6 0 . 9 8 4 5 0 . 2 9 2
7 5 3 6 . 6 7 5 2 5 . 6 4 5 0 . 6 9 1 9 0 . 8 9 4 0 2 9 . 2 1 6 0 . 9 8 2 1 0 . 9 8 5 4 0 . 3 4 5
8 5 3 5 . 6 7 5 7 0 . 9 3 8 0 . 9 2 6 8 0 . 9 6 8 3 4 . 4 8 5 0 - 9 8 4 1 0 . 9 9 2 4 0 . 8 4 8

H T (H) P ( P S I A ) X2 (2XP) X2(CAL) DEY % Ï 2 ( E X P ) Ï2 (CAL) DEY %

1 5 3 6 . 6 7 6 9 . 6 7 4 0 . 9 5 7 3 0 . 9 5 6 7 - 0 . 0 6 2 0 - 0 6 2 9 0 . 0 6 3 9 1 . 7 2 3
2 5 3 6 . 6 7 1 4 2 . 6 8 3 0 . 9 0 8 4 0 . 9 0 7 7 - 0 . 0 6 9 0 . 0 3 5 2 0 . 0 3 3 8 - 3 . 9 2 6
3 5 3 6 . 6 7 2 5 6 . 6 6 5 0 . 8 2 7 9 0 . 8 2 6 5 - 0 . 1 5 9 0 . 0 2 3 1 0 . 0 2 1 6 - 6 , 4 8 6
4 5 3 6 . 6 7 3 8 2 . 7 4 1 0 . 7 1 7 4 0 . 7 1 8 2 0 .  117 0 . 0 1 9 1 0 . 0 1 7 4 - 8 . 7 5 6
5 5 3 6 . 6 7 4 8 7 . 5 9 7 0 . 5 5 1 5 0 . 5 5 7 6 1.  108 0 . 0 1 8 1 0 . 0 1 6 6 - 7 . 9 6 3
6 5 3 6 . 6 7 5 1 6 . 6 5 1 0 . 4 2 3 0 0 . 1 3 0 3 - 6 9 .  184 0 . 0 1 8 3 0 . 0 1 5 4 - 1 5 . 6 7 9
7 5 3 6 . 6 7 5 2 5 . 6 4 5 0 . 3 0 8 1 0 . 1 0 5 9 - 6 5 . 6 1 1 0 . 0 1 7 9 0 , 0 1 4 5 - 1 8 . 9 5 4
8 5 3 6 . 6 7 5 7 0 . 9 3 8 0 . 0 7 3 2 0 . 0 3 1 6 - 5 6 . 7 9 5 0 . 0 1 5 9 0 , 0 0 7 5 - 5 2 . 5 0 7
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Table C.2 (Continued)

H T (R) P ( P S I A ) Kl (E XP ) Kl (CAL) DEV % K2(EXP) K2 (CAL) DEV %

1 5 3 6 . 6 7 6 9 . 6 7 4 2 1 . 9 4 6 2 1 . 6 2 0 - 1 . 4 8 0 . 0 6 5 7 1 0 . 0 6 6 8 8 1 . 7 8
2 5 3 6 . 6 7 1 4 2 . 6 8 3 1 0 . 5 3 2 1 0 . 4 7 5 - 0 . 5 4 0 . 0 3 8 7 5 0 . 0 3 7 2 5 - 3 . 8 5
3 5 3 6 . 6 7 2 5 6 . 6 6 5 5 . 6 7 5 5 . 6 4 1 - 0 . 6 0 0 . 0 2 7 9 0 0 . 0 2 6 1 3 - 6 . 3 3
4 5 3 6 . 6 7 3 8 2 . 7 4 1 3 . 4 7 0 3 . 4 8 7 0 . 4 7 0 . 0 2 6 6 2 0 . 0 2 4 2 6 —8 .  86
5 5 3 6 . 6 7 4 8 7 . 5 9 7 2 . 1 8 9 2 . 2 2 2 1 . 5 3 0 . 0 3 2 8 2 0 . 0 2 9 8 7 - 8 . 9 7
6 5 3 6 . 6 7 5 1 6 . 6 5 1 1 . 7 0 1 1 . 1 3 2 - 3 3 . 4 5 0 . 0 4 3 2 6 0 . 1 1 8 3 8 1 7 3 . 6 2
7 5 3 6 . 6 7 5 2 5 . 6 4 5 1 . 4 1 9 1 . 1 0 2 - 2 2 . 3 4 0 . 0 5 8 1 0 0 . 1 3 6 9 2 1 3 5 . 6 7
8 5 3 6 . 6 7 5 7 0 . 9 3 8 1 . 0 6 1 1 . 0 2 4 - 3 . 4 8 0 . 2 1 7 2 1 0 . 2 3 8 7 7 9 . 9 2

HPTS = 8

: AARD OF K 
7 .  98

% AARD OF Kg 
4 3 . 6 3

% AARD OF 
1 1 . 1 1

% AARD OF Xg 
2 4 .  13

: AARD OF 
0 .  27 

% AARD OF Yg 
1 4 . 5 0



Table C .3

D e t a i l e d  C a l c u l a t i o n s  of  Hixture Dens i ty  
from the H.M.R.

(see  t a b l e  V I .4)
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Data fr oa Sumer and Thompson, 1967

H T(B) P(PSIA) 11 DEN(EXP) DEN (CAL) % DEV
IBHOLE/CO.FT.

1 527 .670 14.696 0.1104 1.3454 1.3557 0.76593
2 527 .670 14.696 0.2208 1.2667 1.2623 -0 .3 4 2 6 5
3 527.670 14.696 0.3185 1.1946 1.1801 -1 .2 1 1 1 8
a 527.670 14.696 0.4251 1. 1147 1.0919 -2 .0 4 5 9 4
5 527.670 14.696 0.5233 1.0402 1.0125 -2 .6 6 3 8 0
6 527.670 14.696 0.6324 0.9543 0.9271 -2 .8 5 7 1 3
7 527.670 14.696 0.7237 0.8807 0.8579 -2 .5 9 2 1 0
8 527 .670 14.696 0.8171 0.3039 0.7855 -1 .7 9 0 2 3
9 327.670 14.63 5 0.9091 0.7264 0.7245 -0 .2 7 1 4 7
10 5 3 5 . 5 7 0 14.696 0.1673 1.3022 1.3158 1.04579
11 536.670 14. 696 0.2670 1.2244 1.2312 0.55474
12 5-36.570 14.696 0-3783 1.1374 1.1377 0.02230
13 536.570 14.696 0.5060 1.0377 1.0331 -0 .4 3 7 5 7
14 536.670 14,696 0.6295 0.9412 0.9355 -0 .6 0 7 7 9
15 536.670 14.696 0.6313 0.9397 0.9341 -0.60 481
16 536.670 14.696 0.7460 0.8503 0.8469 -0 .39094
17 536.670 14.696 0.8765 0.7486 0.7522 0.48397
18 545.670 14.696 0.1103 1.3619 1.3727 0.79627
19 545.67 0 14.696 0.2206 1.2822 1.2786 -0 -27907
20 545.670 14.696 0.3182 1.2097 1.1957 -1 .1 6 4 8 3
21 545 .670 14.696 0.4248 1.1281 1.1065 -1 .915 36
22 545.670 14.696 0.5230 1.0519 1.0262 -2 .4 4 2 4 5
23 545.670 14.696 0.6322 0.9647 0.9396 -2 .60537
24 545.670 14.696 0.7234 0.8908 0.8696 -2 .3 8 5 8 2
25 545 .670 14.696 0.8169 0.8132 0.8002 -1 .60496
26 545.670 14.696 0.9090 0.7349 0.7342 -0 .09416
27 563.670 14.696 0.1103 1.3776 1.3900 0.90272
28 563.670 14.696 0.2205 1.2965 1.2952 -0 .1 0 1 0 7
29 563.670 14.696 0.3182 1.2237 1.2113 -1 .014 67
30 563 .570 14,696 0.4243 1.1424 1. 1211 -1 .85650
31 563.670 14.696 0.5230 1.0655 1.0399 -2 .3 9 7 5 8
32 563 .670 14.696 0.6321 0.9  777 0.9523 -2 .59249
33 563 .670 14. 696 0.7234 0.9015 0.8813 -2 .23475
34 563.670 14.696 0.8169 0.8231 0.3110 -1 .47713
35 563.670 14.696 0.9090 0.7437 0.7441 0.04749

% AARD No.  P o i n t s
1. 27 35



Table C .4
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D e t a i l e d  C a l c u l a t i o n s  o f  Hixture Densi ty  
from the CSB 

(see  t a b l e  V I .4)

Bethanol  (1)-B en zene(2) Hixture
Data from Sumer and Thompson, 1967

N T (P.) P (PSIA) 11 DEN(EXP) DEN (CAl) % DEV
LBBOLE/CO.FT.

1 527.670 14.695 0.1104 1.3454 1.2780 - 5 . 0 0 9
2 527.670 14.696 0.2208 1.2667 1. 1219 - 1 1 . 4 3
3 527.670 14.696 0.3185 1.1946 0.9967 - 1 6 . 5 6
4 527.670 14.696 0.4251 1. 1147 0.8765 - 2 1 . 3 6
5 527.670 14.696 0.5233 1.0402 0.7837 - 2 4 . 6 6
6 527.670 14.696 0.6324 0.9543 0.7042 - 2 6 . 2 0
7 527.670 14.696 0.7237 0.8807 0.6598 - 2 5 . 0 8
a 527.670 14.696 0.8171 0.8039 0.6371 - 2 0 . 7 4
9 527.670 14. 59 6 0,9091 0.7264 0.6384 -1 2 .1 1
10 536.670 14.596 0 , 1673 1.3022 1.2031 - 7 . 5 1 1
11 536.670 14. 696 0 . 2 6 7 0 1.2244 1.0676 - 1 2 . 8 0
12 536.670 14.696 0,3783 1.1374 0-9328 - 1 7 . 9 9
13 536.570 14. 696 0.5050 1.0377 0.8037 - 2 2 . 5 4
14 536.670 14.696 0.6295 0.9412 0.7106 - 2 4 . 5 0
15 536.670 14,596 0,6313 0.9397 0.7095 -24-50
16 536.670 14.696 0.7460 0.8503 0.6565 - 2 2 . 7 9
17 536.670 14.696 0.8765 0.7 486 0.6395 - 1 4 . 5 7
18 545.670 14.696 0.1103 1.3619 1.2939 - 4 . 9 9 1
19 545.670 14.696 0.2206 1.2822 1.1361 - 1 1 .3 9
20 545.670 14.696 0.3182 1.2097 1.0096 - 1 6 . 5 4
21 545.670 14.69 6 0.4248 1.1281 0.8879 - 2 1 . 2 8
22 545.670 14.696 0.5230 1.0519 0.7940 - 2 4 . 5 2
23 545.670 14.696 0.6322 0.9 647 0.7135 - 2 6 . 0 4
2U 545.670 14.696 0.7234 0.8908 0-6685 - 2 4 . 9 5
25 545.670 14.696 0.8169 0.8132 0.6456 -2 0 .6 1
26 545.670 14.696 0.9090 0.7349 0.6469 - 1 1 . 9 7
27 563.670 14.696 0.1103 1.3776 1.3100 - 4 .9 1 0
28 563.670 14.696 0,2205 1.2965 1- 1504 - 1 1 . 2 6
29 563.670 14.696 0.3182 1.2237 1.0223 -1 6 . 4 6
30 563,670 14.696 0.4248 1. 1424 0.3992 - 2 1 . 2 8
31 563.670 14.696 0.5230 1.0655 0.8042 - 2 4 . 5 2
32 563.670 14.696 0.6321 0.9777 0.7229 - 2 6 . 0 5
33 563.670 14.696 0.7234 0.9015 0.6774 - 2 4 . 8 5
34 563.670 14.696 0,8169 0.8231 0.6542 - 2 0 .5 1
35 563.670 14.696 0.9090 0.7437 0.6556 - 1 1 .8 4
r AARD No.  P o i n t s

IS , 13 35
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APPENDIX D

SOURCE LISTING OF HYBRID MIXING RULES SUBPROGRAM

s u b r o u t i n e  e s I O ( t ,P , n c p , i d x
$ j i w o r k , i j w o r k , k v l , k p h i , k h
S , k s , k g »kv , n d s , k d i a g
$ , p h i , h , s , g ,  v i o
s , d p h i , d h , d s , d g f d v i o
s , k e r  )

N o t e * * *  k e r = 0  
=  1
=2

No e r r o r  i n  r o o t  s e a r c h  
V a p o r  r o o t  p r o b l e m  
L i q u i d  r o o t  p r o b l e m

i m p l i c i t  r e a l * 8  ( a - h ,  o - z )
common /espra/tstmjVstm,gstm 
common / h s r v b / h z x , s x x j r i , v i , b j i  
common / p e a g y / p e s ? («) 
common / d e n g y / p e r y ; 2 )
common / a  I p  h a / a  I f  a  1 (U] , a l f  a 2  (i() , a l f  a3  (4)
common / p p g l o b /  p r e f , t r e f , r g a s
common / g l o b a l / n h , i n
common / n c o m p /  n c c
common / c o d o /  me
common / t c b w r /  b v r t c  (2)
common / v c b w r /  b u r v c J 2 )
common / b s r g m a /  b v r g m a ( 4 )
common / b w r k v /  b w r k v J 4 )
common / b w r k t /  b w r k t  (4)
common / e s b u r g /  b w r g i j  (4)
common / b w r k v p /  b w r k v p j h )
common / t ) w r k t p /  b w r k t p  (4)
common / b d k d t /  b d k d t  [ i )
common / b d k t i i /  b d k t i i (4)
common / d e x d t / d e x d t (4)
common / t t t / t e m p
common / b v r c o n /  a I p h i , a l p h 2 j a l p h 3 , c o n v , c o n t  
common / e o s b w r /  e o s ' 1 0 )
common / e s r o o t /  k l f l a g ,  k v f l a g ,  p r e s s l ,  p r e s s ?
l o g i c a l  1 v , I d v , I h , I d h , I g , I d g , I p h  i , l d p h i , I s x , I h x , l i h x , I d v x
l o g i c a l  I s ,  I d s
d i m e n s i o n  x ( n c p )  , i d x ( n c p ) ,  p h i ( n c p ) ,  d p h i ( n c p )  
d i m e n s i o n  a i [ l 2 ) ,  b i [ l 2 )  
d i m e n s i o n  d i ( 1 5 ) , f i j (4)
d a t a  a i / 1 . 4  5 9 n 7 d 0 , 4 . 9 8  8 1 3 d 0 , 2 . 2 0  7 0 4 d 0 , 4 ,  861 2 I d O , 4 ,  59311 dO ,

1 5 . 0 6  7 0 7 d 0 , 1 l . 4  87 1 d 0 , 9 . 2 2 4  6 9 d 0 , .  94 6 2 4 d - 1 ,  1 .  4 8 8 5 8 d 0 , .  15 273 d -
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2 3 .  5 1 4 8 6 8 0  /
d a t a  b i  / . 3 2 8 7 2 8 0 , - 2 . 6 4 3 9 9 8 0 ,  1 1 . 3 2 9  3 8 0 , O dO ,2 .  7 9 9 7 9 8  0 , 1 0 . 3 9 0 I d O , 

1 1 0 . 3 7 3 0 8 0 , 2 0 . 5 3 8 8 8 0 , 2 . 7 6 0 1 8 0 , - 3 . 1 1 3 4 9 8 0 , .  1 8 9 1 5 8 0 , . 9 4 2 5 0 8 0  /
c
c  i n i t i a l  c a l c u l a t i o n s
c

t e a p = t
k e r = 0
r t = r g a s * t
p b r t = p / r t

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

i d s  1 = n c c *  ( n d s - 1 )  
i d s 2 = n c c * i d s 1

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

l v = k v . e q . 1 . o r . k v . e g . 3  
1 8 v = k v . g t . 1  
l h = k h . e q . 1 . o r . k h . e q . 3  
1 8 h = k h . g t . 1
l g = A g . e g . 1 . o r . k g . e g . 3 
ldg=!c g„ g t . 1
l s = k s . e q . i  . o r .  k s . e g . S  
l d s = k s . g t . 1
l p h i = k p h i . e q . l . o r . k p h i . e q . 3  
l d p h i = k p h i . g t . 1  
l s x = k g . g e . 1 . o r . I p h i . o r . I s  
l h x = l h . o r . I g . o r . k p h i . g e . 1 
l d h x = 1 8 h . o r . l d p h i . o r . l d s  
l d y x = l d v . o r . l d h x

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

v s t m a = 0 8 0
t s t a = 0 d 0
g s t a = 0 8 0

c
do 20 0 i = i , n c p  
i s = i d x  ; i )  
x i = x ; i )
l o c i =  n c c * ( i s - 1 ) + i d s 2  
l o c i i  = l o c i + i s  
i i s q = x i * x i
v s t n a  = v s t ma+ x i s q * b w r k v ( l o c i i )  
g s t m = g s t m + x i s q * b w r g i j ( l o c i i )  
i f  ( i . e q . n c p )  g o  t o  210  
j 1 = i + 1  
z i 2 = 2  d 0 * x i

do 200 j = j l , n c p  
j s  = i d x  ( j )
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l o c i j = l o c i + j s
v s t m a = v s t i n a + x i  j * b w r k T  ( l o c i  j )  
g s t a = g s t a + ï i j * b w r g i j ( l o c i j )

c
200 co n tin u e

c
210  v s t a = v s t B a ^ * ( I d 0 / a l p h 1 )  

v s t a 2 = ? s t m * * a l p h 2  
v s t m 3 = v s t a * * a l p h 3  
g s t a = g s t a / v s t a 3  
f i j  ( 1 ) =  i a o  
f i j  ( 2 ) = l d O  
f i j  ( 3 ) = 1 d O  
f i j ( * ) = l d O  
t s t = O d O  
d o  55 i = 1 , n c p  
l o i j = n c c * ( i - 1 ) + i  
t e s 1 = O d O  
t e s 2 = 0 d 0  
d o  56 j = 1 , n c p  
l o c = n c c * ( i - 1 )  + j
t e s = x  ( j )  <=fi  j ( l o c )  = f d e x p ( - p e s p ( l o c )  / t )
■>es' =  t e s i - î - t s s * b a r  k t  ( l o c )  
t s s 2 =  t a s 2 - : - t e 3  

56  c o n t i n u e
t s t = t s t + s  ( 1 1 * t e s 1 / t e s 2  

55  c o n t i n u e
t s t n = t s t

c
c  c a l c u l a t e  r e d u c e d  t e m p  a n d  p o w e r s
c

t r 1 = t s t n / t  
t r 2 = t r l * t r 1 
t r 3 = t r 2 * t r 1 
t r W = t r 3 * t r 1  
t r 5 = t r 4 * t r 1

c
c  c a l c  b w r  p a r a a s
c

b 1 = a i  (1)  + g s t m $ b i ( 1 )  
b2=  ( a i  (2) + g s t m * b i  (2) ) * t r 1  
b3 =  ( a i  (3) + g s t m * b i  (3) ) * t r 3  
b ü = a i  (U)
b S = a i  (5) + g s t a * b i  (5) 
b6= ( a i  (6)  + g s t m * b i  (6) ) * t r 1  
b7=  ( a i  (7) + g s t m * b i  (7) ) * t r l  
b8 =  ( a i  (8) + g s t m * b i  (8) ) * t r 3  
b9= ( a i  (9)  + g s t m * b i  (9) ) » t r 4  
b l O = ( a i  ( 1 0 ) + g s t m * b i ( 1 0 ) ) * t r 2  
b i 1 = ( a i  ( 11 )  + g s t a = b i  (11)  ) * t r 5  
b 1 2 = ( a i  ( 12 )  + g s t m * b i  ( 12)  ) = t r 2
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c
c

c
c
c

c
c
c

c
c
c

c a l e  c o e f f s  o f  d e n s i t y  i n  c o a p r  egn

t r h 1 = b l - b 2 - b 3 + b 9 - b 1 1  
t r h 2 = b S - b 6 - b 1 0  
t r h 5 = b 7 + b 1 2

s o l v e  f o r  a p p r o p r i a t e  v o l  r o o t  u s i n g  v p r o o t  o r  I g r o o t

i f l a g = 1
k=4
d p d v = - 1 0 0 0 .  dO
v c m = v s t m / { d s g r t ( a l f a l ( l ) * a l f a 1 (2)  ) )
v l i a = v c a / U d O
T c n e c h = v c m
v c u t = v l i a
i f  ( k v l . e q .  2) v c u t = 1 . 2 d 0 * v c n

i f  ( n c p  . e g .  1 . a n d .  k v l  . e g .  1) k v f l a g = - 1  
i f  ( n c p  . e g .  1 . a n d .  k v l  . e g .  2) k l f l a g = - 1

g o  t o  ( 2 2 0 ,  2 3 0 )  ,  k v l

v a p o r  p r o p e r t i e s  c a l c u l a t i o n

220  c a l l  V D r o o t  , i f l a g
1 t  , p
2 i p r o g  , k d i a g  ) 

go  t o  ( 2 5 0 , 2 5 0 , 2 5 0 , 2 0 0 , 2 7 0 ) ,

, v l i a  j - c a e c h  , 7 c u t
, 7  , p c a l c  , d p d 7

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

230  c a l l  I g r o o t  (k , i f l a g  , v l i a
1 t  , p  , v
2 i p r o g  , k d i a g  ) 

g o  t o  ( 2 5 0 , 2 5 0 , 2 5 0 , 2 6 0 , 2 7 0 ) ,  k

: p r e s s u r e  a n d  d p d v  c a l c

, v c n e c h  , v e u t  
, p c a l c  , d p d v

250  r h r = v s t n / v
r h r 2 = r h r * r h r
r h r 3 = r h r 2 * r h r
r h r U = r h r 3 * r h r
r h r 5 = r h r 2 » r h r 2 * r h r
r h r 6 = r h r 5 * r h r
r h r 7 = r b r 6 * r h r
r h r 8 = r h r 7 * r h r
b U r h = b b * r h r 2
b d r h e = d e x p  ( - b 4 r h )
r h r l t = r h r * t r h 1
r h r 2 t = r h r 2 * t r h 2
r h r 5 t = r h r 5 * t r h 5
r h r e t = b 3 * r h r 2 * b 4 r h e
z= 1 dO + r h r  I t  J - r h r 2 t  + r h r 5 t + r h r e t *  ( 1 dO+ b 4 r h )
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r t b v = r t / v
p c a l c = 2 * r t b T
i f  ( i f l a g . n e .  2) go  t o  8 78  
g o  t o  871

8 78  d p a v = - r t b v / v * ( I a 0 + 2 d 0 * r b r 1 t + 3 d 0 * r h r 2 t + 6 d 0 * r h r 5 t + r h r e t *
1 (3dO*b4rh*(3dO-2dO*b«rh)  ))

8 7 1  g o  t o  ( 2 2 0 , 2 3 0 ) ,  k T l  
c
c  c o n v e r g e n c e  n o t  a c h i e v e d  
c

270  k e r = k v l
i f  ( k d i a g  . I t .  2) g o  t o  2 6 0  
e r r = p  c a I c / p - 1dO 
w r i t e  ( n h , 100 )  p , e r r  

100 f o r m a t  ( 6 x , 3 0 h v o l n a e  c o n v e r g e n c e  f a i l e d ;  p  = d 1 1 . t t , 1 8 h  f r a c t  e r i
1 i n  p = d 1 2 . 4 )

c
c  c a l c u l a t i o n  o f  common t e r m s
c
2 6 0  i f  ( m e . e g . 1 - o r . a c . e g . - 1 ) g o  t o  320 

d l z = d l o g ( z )  
r o n = 1 d O / v  

c  w r i t e  ( 5 , 5 6 6 6 } z , r o n
c 6 5 6 6  f o r a  a t  ( 1 r , ’ z , r ’ , 2 g 1 5 . 6 )  

a i p r = d l o g  ( p c a l c / p r a f )  
p b r t =  p e a l c / r t  
b 0 b 4 e  = b 8 / b 4 * b 4 r h e  
rbv= L  g a s / 7  
b 4 r h e r = i a O / b 4 r h e
d r o = r h r I t + r h r 2 t / 2 d 0 + r h r 5 t / 5 d 0 + b 8 / b 4 *  ( 1 d 0 - b 4 r h e - 0 . 5 d O * b 4 r h * b 4 r h e )
s a o = o  a o  
s u  1=0 do 
do  75 i = l , n c p  
l o p = n c c * ( i - i )  + i  
s e1 =O dO  
s e 2 = 0  dO 
s e 3 = 0  ao  
s e 4 = 0  a o  
d o  76 j = 1 , n c p  
l o k = n c c * ( i - 1 ) + j
s e s = x  ( j ) * f i j  ( l o k ) $ d e x p ( - p e s p  ( l o k ) / t )  
s e 1 = s e 1 + s e s * ( b d k d t ( l o k ) -  

S d e s  a t ( l o k ) * b w r k t  ( l o k ) ) 
s e 2 = s e 2 + s e s  
s e 3 = s e 3 + s e s * b w r k t ( l o k )  
s e 4 = s e 4 + s e s * d e x d t  ( l o k )

76  c o n t i n u e
suO =s uO +x  ( i ) * s e 1 / s e 2  
s u 1 = s u 1 + x ( i ) » s e 3 * s e 4 / s e 2 / s e 2  

75  c o n t i n u e
s h t =  (suO-s-su 1) / t s t o n - l d O

c
c  c a l c u l a t i o n  o f  dv
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i f  ( . n o t .  I d  VI) go  t o  30 0  
i f  ( i  f l a g . e g .  2)

1 dpd v=-rtbv /v*( 1dO+2dO*rhr1t+3d0*rhr2t+6d0*rhr5t+rhret*
2 ( 3d O + bH rh *  ( 3 d 0 - 2 d 0 * b t t r h ) ) )

d p d t = r b v * ( l d O + r h r * ( b 1 + 2 d O * b 3 - 3 d O * b 9 + a d O * b 1 1 )
1 + r h r 2 * ( b 5 + b 1 0 )  - r h r 5 v b l 2 - 2 d O * r h r e t * ( 1 d 0 + b 4 r h )  ) 

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

300 i f  ( I h i )  go t o  879 
go  t o  872

879 h x = r t * {  ( r h r * ( b 1 - 2 d 0 * b 2 - 4 d 0 * b 3 + 5 d 0 * b 9 - 6 d 0 * b 1 1 )
1 + r h r 2 * ( b 5 - 1 . 5 d 0 * b 6 - 2 d 0 * b 1 0 ) + r h r 5 * ( 1 . 2 d 0 * b 7 + 1 . UdO*b 12
2 + b 8 b 4 e * ( 3 d 0 / b 4 r h e - 3 i 0 - b t t r h *  ( 5 d - 1 - b 4 r h )  ) )
3 * s h t *  ( z - l d O )  * ( 1 d 0 - s h t )  ) 

h x x = h i
8 7 2  i f  (DC.n e .  0) go  t o  320

i f  ( .  n o t ,  I d h x )  go t o  3 1 0
d h d t = r g a s * ( r h r *  ( b l * 8 d 0 * b 3 - 1 5 d 0 * b 9 + 2 4 d 0 * b 1 1)

1 + r h r 2 * ( b 5 + 2 d 0 * b 1 0 ) - 1 . 4 d O * r h r 5 » b 1 2
2 - 2 d O * b 8 b U e * ( 3 d 0 / b 4 r h e - 3 d 0 - b 4 r h * ( 5 d - 1 - b 4 r h ) ) )

d b d 7 = - r t b v * ( r h r * ( b l - 2 d 0 * b 2 - 4 d 0 * b 3 - > 5 d 0 ^ b 9 - 6 d 0 ^ b l l )
1 - > 2 d O * rh r 2 -  ( b S - l .  5 d 0 * b 6 - 2 d 0 - b 1 0 )  - ^ r n r S - { 5 d 0 - b 7 v 7 d 0 * b  )2)
2 v r h r a t -  (5a0-i-bilrh-> ( 5 d 0 - 2 d 0 = b i } r h ) } )

d h s = d h d t + d v * a ' h d v
c
c  c a l c u l a t i o n  o f  e n t r o p y
c

310 i f  ( I s x )  go t o  881 
go  t o  873

881 s x = r g a s * ( ( - r h r * ( b 1 + 2 d O * b 3 - 3 d O * b 9 + 4 d O * b 1 i )
1 - 5 d - 1 « r h r 2 * ( b 5 > b 1 0 )  + 2 d - 1 * r h r 5 * b 12
2 + 2 d O * b 8 b 4 e * ( b 4 r h e r - 1 d 0 - 5 d - l * b 4 r h ) ) * s h t - d r o * ( I d O - s h t )
3 + d l z - d l p r )  

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

873  i f  ( k p h i . I s . 0)  go  t o  320
c
c  b e g i n  c a l c  o f  com p  d e p  b w r  c o n s t s
c

b l = b i  (1) 
b 2 = b i  (2) * t r 1  
b.3=bi  (3) # t r 3  
b 5 = b i  (5) 
b 6 = b i ( 5 ) * t r 1
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b 7 = b i  ( 7 ) * t r i  
b S = b i  ;S) * t r 3  
b 9 = b i  (9) * t r %  
b 1 0 = b i  ( 1 0 ) * t r 2  
b 1 l = b i ( 1 1 ) * t r 5  
b l 2 = b i ( 1 2 ) » t c 2  
b 8 b 4 e = b 8 / b 4 * b 9 r h e

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

z m o= z- 1 dO
h x r t = h x / r t
t r h 1 = r h r * ( b 1 - b 2 - b 3 + b 9 - b 1 1) 
t r h 2 = r h r 2 * ( b 5 - b 6 - b 1 0 )  
t r h 5 = r h r 5 * ( b 7 + b 1 2 )

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

i f  ( - n o t .  I p h i )  go  t o  410  
c o e f f  0 = h x r t - s x / r g a s ~ d l p r
i f  ( k v l  - e g .  2) c o e f f 0 = c o e f f O - d l o g  ( p / p c a l c )
c o e f f  v = h i r t - z a o  
c o e f f  r = z a o
c o e f f  l ) = t r h  1 ' >5d-  1 * t rh2- ! -2d - 1 - t r h S  + b 3 b 4 e -  { b 4 r h e r - 1 d 0 - 5 d - 1 - b 4 r h )

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

410  i f  (, n o t . l d p h i )  g o  t o  4 20  
h x r t t = h x r t / t  
c o e f d  0 = - h  x r t t  
f n = z / t - p b r t * d v  
c o e f d  v = - h x r t t + d h x / r t + f n  
c o e f d r = - f n
f n t = r h r *  ( ( b 2 + 3 d 0 * b 3 - 4 d 0 * b 9 + 5 d 0 * b 11)

1 + 5 d - 1 * r h r 2 * ( b 6 + 2 d 0 * b 1 0 ) - 2 d - 1 * r h r 5 * ( b 7 + 2 d O * b 1 2 )
2 - b 8 b 4 e * ( b 4 r h e r - 1 d O - 5 d - 1 » b 4 r h ) ) 

f  n v = t r h  1 + t r  h 2 - * - t r h 5 - b 8 b 4 e *  (1 d0+b4 r h )  
c o e f d  b = f n t / t - f n v * d v / v

c
c  c a l c u l a t i o n  o f  f u g  c o e f f s  and  t e n p  d e r i v s
c
4 2 0  r t 1 = 2 d 0 / a l p h 1  

b j t 1 = 2 d 0 / v s t a 3
c

d o  43 0 i = l , n c p  
l o p i = n c c *  ( i - 1 ) + i  
i s = i d  X ( i )
l o c i = n c c *  ( i s - 1 ) + i d s 2

c
v s t i = 0 d 0  
gs  t i = O d O  
t s t i 1 = O d O  
t s  t i 2 = 0 d 0
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t s t i 3 = 0 d 0  
t s t i U = O d O  
do 440 j = 1 , n c p  
l o p j = n c c * (  j - 1 )  + j  
j s = i d x  ( j )  
l o c i j = l o c i + j s

▼ s t i = T s t i + x j * b w r k 7 ( l o c i j )
g s t i = g s t i * x j * b w r g i j ( l o c i j )
t s s 1 = O d O
t s s 2 = 0 d 0
do 441 k 3 = 1 , n c p
k o = n c c * (  j - 1 )  +k3
s e s 1 = x ( k 3 )  * f i j (ko )  * d e x p ( - p e s p ( k o ) / t )  
t s s l = t s s i + s e s l * b w r k t  (ko)  
t s s 2 = t s s 2 + s e s 1  

4 41  c o n t i n u e
k * = l o c i j
i f  ( l o c i j . e g .  2) kw=3 
i f  ( l o c i j . e g . 3 ) k* =2
t s t i 1 = t s t i 1 + x j * f i j ( l o c i j ) * b w r k t ( l o c i j )

1 * d e x p  ( - p e s p  ( l o c i  j )  / t )
t s t i 2 = t s t i 2 + x j * f i j  ( l o c i j ) * d e s p ( - p e s p ( l o c i j )  / t )
t s t i 3 = t s t i 3 ' > x j - f i  j  ( ku)  - b a r k t  ( ka)

1 i ' d e z p  ( - p e s o  ( k a ) / t ) / t s s 2
t s t i 4 = t s t i U ^ - . ' c  j * f  i  j  ( ka )  * d s z p ( - p e s p  ( ka )  / t )  * t s s 1 / t s s 2 / t s s 2  

44 0  c o n t i n u e
c

r i = r t 1 * ( v s t i / v s t a a - l d O )
v i =  ( - t s t m + t s t  H / t s t i 2 + t s t i 3 - t s t i 4 )  / t s t a  
v i = v i / s h t
b j i = h j t l * g s t i - ( 2 d O + a l p h 3 * r i ) * g s t a  

c  c a l c  o f  f u g .  c o e f .  o f  z a l p h a
c

i f  ( I p h i )  go  t o  33 33 
go  t o  3 32 2

3 3 3 3  p h i  ( i ) = c o e f f O + r i * c o e f f r + 7 i * c o e f f T + b j i * c o e f f b  
c  w r i t e ( 6 , 4  4 4 4 ) i , p h i ( i ) , x ( i )
C 4 4 4 4  f o r a a t ( 1 x , ’ i , f i ' , i 5 , 2 g 1 5 . 6 )
3 3 2 2  i f  ( I d p h i )  d p h i ( i ) = c o e f d O + r i ^ c o e f d r + v i * c o e f d v + b j i * c o e f d b  

430  c o n t i n u e  
v i o = v

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

3 2 0  h = h x
i f  ( I v )  v i o = v  
i f  ( I d v )  d ? i o = d 7  

c  i f  ( I h )  h = h z
i f  ( I d h )  d h = d h x  
i f  ( I g )  g = h z - t * s x  
i f  ( I d g )  d g = - s x  
i f  ( I s )  s = s x
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i f  ( I d s )  d s = d h x / t
h = h x
s = s x

r e t u r n
e n d

s u b r o u t i n e  e s  11

c  m o d u l e  t i t l e  -  i n i t i a l i z a t i o n  o f  CSH-3PCS-HBSH
c ------------------------------------------------------------------------------------------------------------

i m p l i c i t  r e a l * 8  ( a - h , o - z )  
common / p p g l o b /  p r e f , t r e f , r g a s  
common / t t t / t
common / a l p h a / a l f a l ( 1 ) , a l f a 2 (4) , a l f a 3 (4)
common / n c o m p /  n c c
common / t c b w r /  b w r t c ( 2 )
common / v c b w r /  b w r v c  (2)
common  / b w r g m a /  b w r g m a ( 4 )
common / b w r k v /  b w r k v  (4)
common / b w r k t /  b w r k t (4)
c o a a o n  / b d k d t /  b d k d t j 4 )
c o a n o a  / e s b u r g /  b a r g i j "  (4)
c o a n o n  / b w r k v p /  b w r k v p (4)
common / b w r k t p /  b w r k t p  (4)
common / b d k t i i /  b d k t i i (4)
common / p e n g y / p e s p (4)
common / d e n g y /  p e r y ( 2 )
common / d e x d t / d e x d t (4)
common / b w r c o n /  a l p h 1 , a l p h 2 , a l p b 3 , c o n v , c o n t  
d a t a  a l p h 1 d , a l p h 2 d , a l p h 3 d / 3 . O d O ,  3 . 0 d 0 , 3 .  OdO/  

c  s e t  c o n s t a n t s  f r o m  d a t a
a l p h i = a l p h 1 d / 3 . d O  
a l p h 2  = a l p h 2 d / 3 . d O  
a l p h 3 = a l p h 3 d / 3 . d O  
d o  12 0 i = l , n c c  
i n = i
d m i = a l f a 3  ( i n )  / t  
t c i = b w r t c ( i n ) / a l f a 2 ( i n ) + d m i  
v c i = b w r v c  ( i n )  $ a l f a  1 ( i n )  
g n a i = b w r g n a  ( i n )  
l o c i =  n c c * ( i - 1 )  
l o c i i = l o c i - ! - i  
b w r k v p  ( l o c i i )  =1dO 
b w r k t p  ( l o c i i ) = 1 d O

do 120 j = i , n c c  
j n = j
d m j = a l f a 3 ( j n ) / t  
t c j = b w r t c ( j n ) / a l f a 2 ( j n )  +dmj  
VC j = b w r v c ( j n ) * a l f a 1 ( j n )
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g n a j = b w r g a a ( jn )  
j i = n c c *  J i - 1) + j  
v j i = b w r k v p  ( j i )
v s t i  j = 7 - j i * v  j i * v  j i * d s q r t  ( Y c i * v c j )  
bwr kv  ( j i ) = v s t i j * * a l p h 1
b d k d t C j i ) = 0 - 5 3 0 * b u r k t p ( j i ) * ( t c j * d m i + t c i * d m j ) / d s g r t ( t c i * t c j ;  
b w r k t  ( j i )  = b w r k t p  ( j i )  ♦ d s g r t  ( t c i ^ t c j )  
b w r g i j ( j i ) = 5 d - 1 * ( g n a i + g a a j )  * v s t i j ^ ^ a l p h S  

i j = n c c ^  ( j - 1 ) + i  
bwrkv  ( i  j )  =bw rkv  ( j i )  
b d k d t  ( i j )  = b d k d t  ( j i )  
b w r k t ( i j )  = b w r k t  ( j i )  
b w r g i  j ( i j ) = b w r g i j ( j i )

120 c o n t i n u e
p e s p ( 1 ) =OdO
p e s p ( 4 ) =OdO
p e s p ( 2 ) = p e r y  (1)
p e s p ( 3 ) = p e r y ( 2 )
d e x d t  (2) = p e r y  ( 1 ) / t
d e x d t ( 3 ) = p e r y (2) / t
d e x d t  ( 1 ) =OdO
d e s d t ( 4 ) =OdO
c o n t i n u e
r e t u r n
e n d


