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ABSTRACT

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

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

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

s t u d i e d  w e r e  1 / 3 : 1 / 3 : 1 / 3 ,  1 / 6 : 1 / 6 : 2 / 3 ,  2 / 3 : 1 / 6 : 1 / 6 ,  a n d

1 / 6 : 2 / 3 : 1 / 6  mol e  p e r c e n t  q u i n o l i n e  : m - c r e s o l : t e t r a l i n  . The 

m e a s u r e m e n t  t e m p e r a t u r e s  r a n g e d  f r o m  291 t o  6 6 9  K, a n d  

p r e s s u r e s  f r o m  0 . 2  t o  1 0 . 3  MPa.  L i q u i d ,  v a p o r ,  a n d  t wo  

p h a s e  e n t h a l p y  d a t a  we r e  o b t a i n e d  w i t h i n  an e r r o r  o f  + / -  1 . 0  

p e r c e n t .

E n t h a l p y  p r e d i c t i o n s  c a l c u l a t e d  f r om t h e  S o a v e - R e d l i c h -  

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

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

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

d e p e n d e n t  and  t h r e e  s i m p l e  m i x i n g  r u l e s  we r e  i n v e s t i g a t e d  

w i t h  t h e  e q u a t i o n s  o f  s t a t e .  T h e  m o d i f i e d  e q u a t i o n  

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

b e t t e r  t h a n  t h e  S o a v e - R e d l i c h - K w o n g  . None  o f  t h e  m i x i n g  

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

e n t h a l p i e s  a l o n g  w i t h  t h e  t wo p h a s e  t r a n s i t i o n .  The 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  d i d  n o t  wor k  a s  w e l l  a s  e x p e c t e d ,  and 

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

p r e d i c t i o n s .
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INTRODUCTION

T h e r mo d y n a mi c  m e a s u r e m e n t s  a r e  v e r y  i m p o r t a n t  f o r  t h e  

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

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

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

t r a n s f e r ,  and  r e a c t i o n  k i n e t i c s . E n e r g y  b a l a n c e s  r e q u i r e  

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

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

e c o n o m i c a l l y .  A l s o ,  e n t h a l p y  d a t a  o r  c o r r e l a t i o n s  mus t  be 

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

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

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

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

f a i l u r e s .

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

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

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

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

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

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

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

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

o f  f u e l  a n d  e n e r g y  . I t  i s  t h e  a u t h o r ’ s o p i n i o n  t h a t  

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

i n  t h i s  r e p o r t  i s  t h e  t h e r m o d y n a m i c  r e s e a r c h  on a t e r n a r y  

m i x t u r e  t h a t  w i l l  be u s e d  t o  mode l  c o a l  d e r i v e d  l i q u i d s .

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

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

( 1 9 8 4  ) ,  S h a  r  ma e t .  a l .  ( 1 9 8 4  ) ) .  A f t e r  i n v e s t i g a t i n g  

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

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

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

t e t r a l i n  was c h o s e n  t o  mode l  c o a l  l i q u i d s .  C e r i s e  ( 1 9 8 0 )  

and  F l a n i g a n  ( 1 9 8 3 )  and  ( 1 9 8 6 )  g e n e r a t e d  e n t h a l p y  d a t a  f o r  

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

F l a n i g a n  g e n e r a t i n g  a l m o s t  a l l  o f  t h i s  d a t a .  The t e r n a r y  

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

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

s y s t e m .

T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  w a s  t o  s t u d y  t h e  

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

mode l  t h e  e n t h a l p y  o f  c o a l  l i q u i d s .  The c o mp o u n d s  c h o s e n  

w e r e  m - c r e s o l ,  q u i n o l i n e  , a n d  t e t r a l i n .  T h i s  t e r n a r y  

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

n i t r o g e n  g r o u p , a n d  a n  a r o m a t i c  c o m p o u n d .  Th e  c h e m i c a l  

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

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

p l a c e  i n  c o a l  d e r i v e d  l i q u i d s .

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

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

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

r e f i n e d  a p p a r a t u s  t h a t  g e n e r a t e s  p r e c i s e  d a t a  ( + / -  1 . 0

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

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

a n o t h e r  g o a l  was t o  c o n t i n u e  t h e  wor k  o f  F l a n i g a n  ( 1 9 8 6 )  and 

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

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

ma k i n g  up t h e  t e r n a r y  s y s t e m .  B i n a r y  i n t e r a c t i o n  p a r a m e t e r s  

f o r  t wo  e q u a t i o n s  o f  s t a t e  a n d  f i v e  m i x i n g  r u l e s  w e r e  

e x t r a c t e d  f r o m t h i s  d a t a  u s i n g  a maximum l i k e l i h o o d  me t h o d .  

T h e s e  i n t e r a c t i o n  p a r a m e t e r s  we r e  u s e d  t o  p r e d i c t  t e r n a r y  

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

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

f l u i d s  ( Y e s a v a g e  ( 1 9 8 6 ) )  of  t h e  S o a v e  e q u a t i o n  we r e  u s e d  i n  

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

t wo 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 .

T e r n a r y  e n t h a l p y  d a t a  a r e  no more  d i f f i c u l t  t o  o b t a i n  

i n  t h e  l a b o r a t o r y  t h a n  b i n a r y  e n t h a l p y  d a t a ,  b u t  i t  was  an 

i m p o r t a n t  o b j e c t i v e  t o  d e t e r m i n e  w h e t h e r  b i n a r y  d a t a  wou l d  

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

t h e  l a b  s h o u l d  s a v e  t i m e  and m o n e y . I n  t h e  l o n g  r u n ,  i t  i s

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

minimum a moun t  o f  e x p e r i m e n t a l  e n t h a l p y  d a t a .

T e r n a r y  d a t a  we r e  o b t a i n e d  f o r  f o u r  d i f f e r e n t  t e r n a r y  

s y s t e m s ,  1 / 3 : 1 / 3 : 1 / 3 ,  2 / 3 : 1 / 6 : 1 / 6 ,  1 / 6 : 2 / 3 :  1 / 6 ,  1 / 6 : 1 / 6 : 2 / 3 ,  

mol e  p e r c e n t  m - c r e s o l , q u i n o l i n e ,  and  t e t r a l i n  by u s i n g  a 

r e f e r e n c e  f l u i d  b o i l - o f f  c a l o r i m e t e r . F r e o n - 1 1  was  u s e d  a s  

t h e  r e f e r e n c e  f l u i d .  T e m p e r a t u r e s  r a n g e d  f r o m 291 t o  669 K, 

and  p r e s s u r e s  f r o m 0 . 2  t o  1 0 . 3  MPa.  L i q u i d , v a p o r  and two 

p h a s e  e n t h a l p y  d a t a  we r e  o b t a i n e d  w i t h  a maximum e r r o r  o f

+ / -  1 . 0  p e r c e n t . The c a l o r i m e t e r  a p p a r a t u s  was  r e c e i v e d  i n  

e x c e l l e n t  w o r k i n g  o r d e r  and  no m o d i f i c a t i o n s  we r e  r e q u i r e d  

f o r  t h e  s y s t e m .

A f t e r  t e r n a r y  d a t a  was m e a s u r e d  t h e  n e x t  s t e p  was t o  

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

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

m o d i f i c a t i o n s  t o  t h e  a t t r a c t i v e  " a ” t e r m ,  w h i l e  t h e  

r e p u l s i v e  " b" t e r m  was n o t  m o d i f i e d .  The 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  a r e  p r e s e n t e d  by H o l d e r  e t .  a l .  ( 1 9 8 6 ) ,  a n d  

L u e d e c k e  e t .  a l .  ( 1 9 8 5 ) .
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PROCESS DESCRIPTION

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

shown i n  F i g u r e  1.  F i g u r e  2 s hows  a d e t a i l e d  s c h e m a t i c  o f  

t h e  b o i l - o f f  c a l o r i m e t e r .  The p r o c e s s  f l o w  i s  c o m p r i s e d  of  

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

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

f l u i d  s y s t e m .

E n t h a l p y  m e a s u r e m e n t s  a r e  made  on t h e  s a m p l e  f l u i d s  

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

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

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

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

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

I m m e d i a t e l y  a f t e r  t h e  f l u i d  e x i t s  t h e  f l u i d i z e d  bed i t  i s  

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

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

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

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

F r e o n - 1 1 .  T h e  h e a t  f r o m  t h e  s a m p l e  f l u i d  i s  t h e n  

t r a n s f e r r e d  t o  t h e  r e f e r e n c e  f l u i d  and  t h e  F r e o n - 1 1  b o i l s  

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

a p p r o a c h i n g  65 ° F , and  t h e  p r e s s u r e  i s  s e t  by a n i t r o g e n

b a c k  p r e s s u r e  r e g u a l t o r .  The s a m p l e  t h e n  e n t e r s  a t h r e e  way 

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

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

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

s i e v e  f i l t e r  t o  h e l p  e l i m i n a t e  any w a t e r  t h a t  m i g h t  be i n

t h e  s a m p l e .

F r e o n - 1 1  i s  t h e  r e f e r e n c e  f l u i d  and i t  i s  k e p t  a t  i t s

b o i l i n g  p o i n t  ( 65 ° F f o r  G o l d e n ,  C o l o r a d o )  i n s i d e  t h e

c a l o r i m e t e r . The h e a t  f r om t h e  s a mp l e  i s  t r a n s f e r r e d  t o  t h e  

F r e o n , w h i c h  b o i l s  o f f  and  e x i t s  t h e  c a l o r i m e t e r . As t h e  

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

s u p e r h e a t e d  t o  make s u r e  a l l  t h e  b o i l e d  o f f  F r e o n  d o e s  n o t  

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

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

l i q u i d  r e f e r e n c e  f l u i d  t h e n  e n t e r s  a t h r e e  way v a l v e  whe r e

i t  i s  e i t h e r  d i v e r t e d  t o  a s a m p l e  f l a s k  and c o l l e c t e d , i f  a 

r u n  i s  b e i n g  i n i t i a t e d ,  o r  i t  i s  s e n t  b a c k  t o  t h e

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

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

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

i t  e n t e r s  t h e  c o l l e c t i o n  f l a s k .  B e f o r e  t h e  F r e o n  r e t u r n s  t o  

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

b o i l i n g  p o i n t ,  and  t h e n  i s  c h a r g e d  b a c k  t o  t h e  c a l o r i m e t e r .

T h i s  i s  t o  make s u r e  no s u b c o o l e d  F r e o n  i s  p u t  b a c k  i n t o  t h e  

c a l o r i m e t e r  r u i n i n g  t h e  e n t h a l p y  m e a s u r e m e n t s . T h e
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GOLDEN, COLORADO 80401
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c a l o r i m e t e r  h a s  a vacuum j a c k e t  and  an i n s i d e  F r e o n  j a c k e t  

t o  p r e v e n t  any  h e a t  f r o m p e n e t r a t i n g  i n t o  t h e  r e f e r e n c e  

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

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

c o n d e n s e r  i s  c o n n e c t e d  t o  t h e  v e n t  t o  p r e v e n t  any F r e o n  f r om 

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

t o  d r i e r i t e  c a p s u l e s  t o  p r e v e n t  any w a t e r  f r om g e t t i n g  i n t o  

t h e  F r e o n  s i d e  o f  t h e  c a l o r i m e t e r .
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P r o c e s s  T h e o r y

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

r e f e r e n c e  f l u i d  b o i l - o f f  c a l o r i m e t e r ,  and F r e o n - 1 1  i s  u s e d  

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

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

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

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

t o  t h e  r e f e r e n c e  f l u i d .

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

f i r s t  l aw o f  t h e r m o d y n a m i c s  t o  a f l o w  s y s t e m  ( S m i t h  and  Van 

N e s s  1 9 7 5 ) ,  a n d  t h e  f i r s t  l a w  a p p l i c a t i o n  t o  t h e  f l o w  

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

T0 u t  = o u t l e t  c a l o r i m e t e r  t e m p e r a t u r e  

P 0 u t  = o u t l e t  c a l o r i m e t e r  p r e s s u r e  

T h i s  e q u a t i o n  a s s u m e s  t h a t  no e x t e r n a l  h e a t  g r a d i e n t s

Ms *(  AH + AV2 / 2 g c + g / g c *AZ ) = Q -  Wg ( 1 )

w h e r e , AH = H(T o u t ’ o u t

Q = h e a t  r e mo v e d  f r o m s a m p l e  f l u i d  

Ms = mass  f l o w  r a t e  o f  s a m p l e  

Ws = s h a f t  wor k  done  by s a m p l e  f l u i d  

AV^ / 2 g c = k i n e t i c  e n e r g y  t e r m  

A Z * g / g c = p o t e n t i a l  e n e r g y  t e r m  

T^ n = i n l e t  c a l o r i m e t e r  t e m p e r a t u r e  

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

b e e n  s t u d i e d  by Mohr ( 1 9 8 0 ) ,  who d e t e r m i n e d  t h a t  h e a t  l e a k s  

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

m a i n t a i n e d  by t h e  pump .

Th e  k i n e t i c  e n e r g y  t e r m  A V ^ / 2 g c a n d  t h e  p o t e n t i a l  

e n e r g y  t e r m  A Z * g / g c a r e  n e g l e c t e d ,  and no s h a f t  wor k  i s  done  

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

f o l l o w i n g  f o r m.

AH = Q/Ms ( 2 )

w h e r e , Q = h^*

h f  = l a t e n t  h e a t  o f  v a p o r i z a t i o n  F r e o n  

M£ = mass  f l o w  o f  F r e o n - 1 1  

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

f o r m .

AH = h f *Mf /Mg ( 3 )

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

f u n c t i o n  o f  t h e  a t m o s p h e r i c  p r e s s u r e , s i n c e  t h e  F r e o n - 1 1  

b o i l i n g  p o i n t  v a r i e s  w i t h  t h e  a t m o s p h e r i c  p r e s s u r e  . The  

F r e o n  b o i l i n g  p o i n t  i s  a p p r o x i m a t e l y  6 5 0 F i n  G o l d e n ,  and  i t  

d o e s n ' t  d e v i a t e  m u c h  f r o m  t h i s  v a l u e .  T h e  r e f e r e n c e  

t e m p e r a t u r e  i s  6 5 ° F and  t h e  r e f e r e n c e  p r e s s u r e  i s  c h o s e n  a s  

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

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

e x p e r i m e n t a l  e n t h a l p y  i s  b a s e d  on h = 0 a t  65 ° F and t h e  a c t u a l
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o u t l e t  p r e s s u r e  of  t h e  c a l o r i m e t e r . The e x p r e s s i o n  f o r  t h e  

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

b e l o w :

AHexp -  h f *Mf /Ms + Ms *Cp 6 5 * ( T o u t - 6 5 )  ( 4 )

Cp^5 = s a m p l e  h e a t  c a p a c i t y  a t  6 5 ° F

T0 u t  = o u t l e t  c a l o r i m e t e r  t e m p e r a t u r e  ( ° F )

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

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

me t h o d  o f  c a l c u l a t i o n  a s  o u t l i n e d  by Lee and  K e s l e r ,  1 9 75 .  

The c o r r e c t e d  e n t h a l p y  i s  b a s e d  on h=0 a t  65° F and an o u t l e t  

p r e s s u r e  o f  1 a t m .  T h e  e x p r e s s i o n  f o r  t h e  e n t h a l p y  

c o r r e c t e d  f o r  t e m p e r a t u r e  and  p r e s s u r e  i s  a s  f o l l o w s :

AHc o r r  -  h f *Mf /Ms + Ms *Cp6 5 * ( T o u t - 6 5 ) + H( Tr e f , P r e f ) ( 5 )  

H ( ^ r e f  , P r e f )  = E n t h a l p y  p r e s s u r e  c o r r e c t i o n  f r o m  L e e -

K e s l e r  c o r r e l a t i o n  

The v a l u e s  f o r  AH^^p and AHc o r r  a r e  shown i n  t a b u l a t e d  

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

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

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

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

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

d a t a .

S t a r t - u p  P r o c e d u r e

1 . )  Tu r n  on t h e  r e f r i g e r a t i o n  u n i t  and w a i t  u n t i l  t h e  w a t e r  

o u t l e t  t e m p e r a t u r e  r e a c h e s  a p p r o x i m a t e l y  40 ° F ( t h i s  u s u a l l y  

t a k e s  25 m i n u t e s ) .

2 . )  T u r n  on vacuum p ump .

3 . )  Z e r o  H e i s e  g a u g e s , and  t h e n  c l o s e  t h e  g a u g e s .

4 . )  T u r n  on a i r  t o  f l u i d i z e d  bed  ( make s u r e  an a i r  f l o w  of  

150 SCFH i s  o b t a i n e d ) .

5 . )  Tu r n  on t h e r m o c o u p l e  and  PRT i n d i c a t o r s .

6 . )  Open a l l  v e n t s  t o  t h e  F r e o n  s y s t e m .

7 . )  Open v e n t  t o  s u r g e  t a n k .

8 . )  T u r n  on pump and  s t a r t  c i r c u l a t i n g  s a m p l e  f l u i d .

9 . )  Open H e i s e  g a u g e s  s l o w l y  t o  r e a d  s y s t e m  p r e s s u r e .

1 0 . )  T u r n  on d i f f u s i o n  pump .

1 1 . )  D i a l  t e m p e r a t u r e  on f l u i d i z e d  bed and t h e n  t u r n  on t h e  

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

1 2 . )  S e t  s y s t e m  p r e s s u r e  u s i n g  t h e  n i t r o g e n  b a c k  p r e s s u r e  

r e g u l a t o r .
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1 3 . )  T u r n  on p o w e r  t o  f i n a l  h e a t e r  a n d  s l o w l y  s e t  s y s t e m  

t e m p e r a t u r e .

1 4 . )  Wa i t  u n t i l  t h e  t e m p e r a t u r e  and  p r e s s u r e  g e t  t o  t h e i r  

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

F i g u r e  1 s hows  a p r e s s u r e  damper  i n  t h e  p r o c e s s  f l o w  

d i a g r a m . The p r e s s u r e  d a mpe r  s y s t e m  i s  n o t  r e q u i r e d  a n ymor e  

s i n c e  t h e  i n s t a l l a t i o n  o f  t h e  l ow p u l s e  HPLC s a m p l e  pump.  

The da mp e r  s y s t e m  was  n o t  u s e d  d u r i n g  t h i s  p r o j e c t .

S h u t - d o w n  P r o c e d u r e

1 . )  T u r n  o f f  p o w e r  t o  f i n a l  h e a t e r  c o n t r o l l e r  a n d  t h e  

f l u i d i z e d  b e d .

2 . )  Tu r n  on w a t e r  t o  f l u i d i z e d  bed c o o l i n g  c o i l .

3 . )  Ven t  n i t r o g e n  p r e s s u r e  f r o m b a c k  p r e s s u r e  r e g u l a t o r . 

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

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

4 . )  Tu r n  o f f  d i f f u s i o n  p u mp .

5 . )  Wa i t  u n t i l  s a m p l e  f l u i d  t e m p e r a t u r e  i s  b e l o w 140 °F and 

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

6 . )  C l o s e  v e n t s  t o  t h e  F r e o n  s y s t e m .

7, . )  T u r n  o f f  t h e r m o c o u p l e  and PRT i n d i c a t o r s .

8 . )  Tu r n  o f f  w a t e r  t o  t h e  f l u i d i z e d  bed and  t u r n  o f f  t h e  

a i r  f l o w  t o  t h e  f l u i d i z e d  b e d .

9 . )  C l o s e  v e n t  t o  t h e  s u r g e  t a n k .

1 0 . )  T u r n  o f f  t h e  vacuum pump.
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1 1 . )  Tu r n  o f f  t h e  r e f r i g e r a t i o n  u n i t .

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

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

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

p r e s s u r e  and  t e m p e r a t u r e  a r e  c l o s e  t o  t h e  d e s i r e d  l e v e l s .  

The f o l l o w i n g  s t e p s  w i l l  i l l u s t r a t e  how an e x p e r i m e n t a l  r u n  

i s  t a k e n .

1 . )  F i n e  t u n e  p r e s s u r e  and  t e m p e r a t u r e  t o  t h e i r  d e s i r e d  

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

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

2 . )  W a i t  u n t i l  t e m p e r a t u r e s  a n d  p r e s s u r e s  a r e  s t a b l e  ( a  

s u i t a b l e  s t e a d y  s t a t e  i s  a c h i e v e d ) .

3 . )  R e c o r d  b a r o m e t r i c  p r e s s u r e .

4 . )  Ge t  t wo s a m p l e  f l a s k s  r e a d y . One w i l l  be u s e d  f o r  t h e  

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

f l u i d  ( t h e  r e f e r e n c e  f l u i d  f l a s k  mus t  be c o l d ) .

5 . )  Op e n  t h r e e  way v a l v e s  t o  d i v e r t  s a m p l e  a n d  r e f e r e n c e  

f l u i d s  t o  t h e  c o l l e c t i o n  f l a s k s .  T h e  f l u i d s  w i l l  b e  

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

6 . )  R e c o r d  i n l e t  and  o u t l e t  p r e s s u r e  a t  t h e  b e g i n n i n g  and 

end o f  t h e  r u n .

7 . )  R e c o r d  F r e o n  s y s t e m  t e m p e r a t u r e s  a t  t h e  b e g i n n i n g  o f  

t h e  r u n .

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

9 . )  R e c o r d  s a m p l e  i n l e t  t e m p e r a t u r e  e v e r y  30 s e c o n d s  

t h r o u g h o u t  t h e  r u n .

1 0 . )  H a l t  t h e  c o l l e c t i o n  o f  f l u i d s  a f t e r  f i v e  m i n u t e s  by 

a d j u s t i n g  t h e  t h r e e  way v a l v e s  t o  t h e i r  r e c i r c u l a t i o n  

p o s i t i o n .

1 1 . )  Wei gh s a m p l e  f l a s k s  and  d e t e r m i n e  s a m p l e  and  r e f e r e n c e  

w e i g h t s .

1 2 . )  C a l c u l a t e  e x p e r i m e n t a l  e n t h a l p y .

E x p e r i m e n t a l  V e r i f i c a t i o n

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

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

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

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

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

r e p e a t e d  d u r i n g  t h i s  i n v e s t i g a t i o n . A g a u g e  h a d  t o  b e  

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

p r o p e r l y , b u t  i t  was r e p l a c e d  w i t h  a n o t h e r  H e i s e  g a u g e  t h a t  

ha d  b e e n  c a l i b r a t e d  e a r l i e r . The p r e s s u r e  m e a s u r e m e n t  c an  

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

g a u g e s  w h i c h  c a n  be c h e c k e d  a g a i n s t  e a c h  o t h e r .

B e f o r e  t h e  e x p e r i m e n t a l  w o r k  wa s  i n i t i a t e d  on t h i s  

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

h e p t a n e . T h i s  f l u i d  h a s  b e e n  u s e d  e x t e n s i v e l y  i n  t h e  p a s t  

t o  c h e c k  i f  t h e  e q u i p m e n t  i s  w o r k i n g  p r o p e r l y . The  n -  

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

e q u i p m e n t  f o r  t h e  1 0 6 1 . 5  ( 1 5 4  p s i a )  i s o b a r .

The n - h e p t a n e  d a t a  g e n e r a t e d  f o r  t h e  c a l o r i m e t e r  c h e c k  

i s  s h o w n  i n  T a b l e  1.  F i g u r e  3 s h o w s  t h e  n - h e p t a n e  d a t a  

a l o n g  w i t h  o t h e r  n - h e p t a n e  d a t a  g e n e r a t e d  by F l a n i g a n  

( 1 9 8 6 ) .  The a g r e e m e n t  b e t w e e n  t h e  two s e t s  o f  n - h e p t a n e  

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

t h a t  no m a j o r  m o d i f i c a t i o n s  we r e  r e q u i r e d  f o r  t h e  a p p a r a t u s . 

C o m p o s i t i o n  A n a l y s i s

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

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

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

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

s y s t e m s  o f  t h e  f l u i d s  o f  i n t e r e s t  ha d  b r o k e n  down u n d e r  t h e  

h i g h  t e m p e r a t u r e s  and  p r e s s u r e s . T e t r a l i n  was  one  o f  t h e s e  

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

b r e a k d o w n  c a n n o t  be a v o i d e d ,  b u t  t h e  s a m p l e s  we r e  a n a l y z e d  

on a g a s  c h r o m a t o g r a p h  t o  c h e c k  i f  t h e  c o mp ounds  c o m p o s i t i o n  

h a d  a c t u a l l y  c h a n g e d  . Th e  g a s  c h r o m a t o g r a p h  c h e c k s  w e r e  

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

s u b j e c t e d  t o  h i g h  t e m p e r a t u r e s , w h i c h  o c c u r  a t  t h e  h i g h  end
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T a b l e  1

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

A H / C k J - k g - 1 )

T ( i n ) / K  P ( i n ) / k P a  P ( o u t ) / k P a   e x p t .  c o r r .

1061

3 6 6 . 4 1 0 6 1 . 7 1027
3 8 9 . 8 1 0 6 5 . 1 1034
4 1 0 . 8 1 0 6 8 . 5 1040
4 3 6 . 0 1 0 6 8 . 5 1034
4 5 4 . 9 1 0 6 1 . 6 1040
4 6 8 . 9 1 0 6 5 . 0 1047
4 7 7 . 3 1 0 6 1 . 6 1040
4 7 7 . 9 1 0 6 1 . 6 1047
487 .1 1 0 6 1 . 6 1040
4 9 5 . 3 1 0 6 1 . 6 1040
5 0 7 . 5 1 0 6 1 . 6 1040
5 2 2 . 2 1 0 6 1 . 6 1047
5 3 3 . 6 1 0 6 5 . 0 1044

5 kPa 

2 1 7 1 . 6 1 7 2 . 4
1 2 3 0 . 9 2 3 1 . 7
9 2 8 7 . 8 2 8 8 . 6
0 3 6 0 . 5 3 6 1 . 4
9 4 1 8 . 2 4 1 9 . 0
8 461 .1 4 6 2 . 0
9 5 5 0 . 3 5 5 1 . 1
8 6 5 8 . 7 6 5 9 . 5
9 7 3 0 . 4 7 3 1 . 2
9 7 5 3 . 6 7 5 4 . 4
9 7 8 8 . 3 7 8 9 . 1
8 8 2 8 . 2 8 2 9 . 0
3 8 6 1 . 3 8 6 2 . 1
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o f  t h e  v a p o r  p h a s e  r e g i o n .  The  g a s  c h r o m a t o g r a p h  s h o w e d  

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

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

Th e  l o w p r e s s u r e  e n t h a l p y  i n  t h e  l i q u i d  r e g i o n  was  

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

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

p h a s e  d a t a  we r e  t h e n  o b t a i n e d , and t h e  s a m p l e  c o m p o s i t i o n  

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

The  l a s t  d a t a  t a k e n  w e r e  t h e  h i g h  p r e s s u r e  l i q u i d  p h a s e  

d a t a .  T h e s e  we r e  t a k e n  l a s t  b e c a u s e  t h e  s y s t e m  was b e i n g  

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

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

o p e r a t i n g  a t  h i g h  p r e s s u r e  ( 1 0 3 4 0  k P a )  due  t o  t h e  p o t e n t i a l  

s a f e t y  p r o b l e m s .

The s a m p l e  l o o p  ha d  b e e n  m o d i f i e d  a y e a r  a g o , and i t  

was  i s o l a t e d  f r o m t h e  a t m o s p h e r e . T h i s  p r e v e n t s  t h e  s a m p l e  

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

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

c h e c k e d  f o r  w a t e r  c o n t a m i n a t i o n  by u s i n g  a H e w l e t t  P a c k a r d  

g a s  c h r o m a t o g r a p h  w i t h  a t h e r m o c o n d u c t i v i t y  d e t e c t o r  ( TCD) .  

The  TCD d e t e c t o r  c a n  d e t e r m i n e  w a t e r  c o n t a m i n a t i o n .  No 

w a t e r  c o n t a m i n a t i o n  was  w i t n e s s e d  d u r i n g  t h i s  i n v e s t i g a t i o n  

by t h e  g a s  c h r o m a t o g r a p h .
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MODELING COMPOUNDS 

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

s y s t e m  w e r e  m - c r e s o l ,  q u i n o l i n e ,  a n d  t e t r a l i n .  T h e s e  

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

c o mp ounds  t h a t  a r e  f o u n d  i n  c o a l  d e r i v e d  l i q u i d s .  

m - C r e s o l

m - C r e s o l  i s  an a c i d i c  t y p e  compound and i t s  c h e m i c a l  

s t r u c t u r e  i s  shown b e l o w .

CH

The p h y s i c a l  and  c r i t i c a l  d a t a  u s e d  f o r  t h i s  compound a r e  

shown i n  T a b l e  2 .  The compound was p u r c h a s e d  f r o m t h e  Si gma 

c h e m i c a l  company w i t h  a p u r i t y  o f  99+ mol e  p e r c e n t .

Q u i n o l i n e

Q u i n o l i n e  i s  a b a s i c  n i t r o g e n  compound t h a t  i s  commonl y 

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

shown b e l o w .

The p h y s i c a l  and  c r i t i c a l  d a t a  u s e d  f o r  t h i s  compound 

a r e  t a b u l a t e d  i n  T a b l e  2 .  The compound was p u r c h a s e d  f r om
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t h e  J . T .  B a k e r  c h e m i c a l  c o m p a n y  w i t h  a 9 9+ mo l e  p e r c e n t  

p u r i t y .

T e t r a l i n

T e t r a l i n  i s  a h y d r o a r o m a t i c  compound and i t s  c h e m i c a l  

s t r u c t u r e  i s  shown b e l o w .

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

p r e s e n t e d  i n  T a b l e  2 .  T e t r a l i n  was  p u r c h a s e d  f r o m  t h e  

A l d r i c h  c h e m i c a l  company a t  a p u r i t y  o f  99+ mol e  p e r c e n t .

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

p u r i f i e d  t o  + 9 9 . 9  m o l e  p e r c e n t  u s i n g  a s p i n n i n g  b a n d  

d i s t i l l a t i o n  c o l u m n .  The d i s t i l l a t i o n  c o l u mn  was  a b l e  t o  

r e mo v e  w a t e r  a nd  o t h e r  i m p u r i t i e s  i n  a v e r y  s i m p l e  m a n n e r , 

and  no p r o b l e m s  we r e  e n c o u n t e r e d  w i t h  t h e  d i s t i l l a t i o n .

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

c o r r e c t  w e i g h t s  o f  e a c h  c h e m i c a l  t o  g i v e  t h e  d e s i r e d  mol e  

p e r c e n t . The w e i g h t s  we r e  m e a s u r e d  u s i n g  a M e t t i e r  b a l a n c e , 

w h i c h  c a n  m e a s u r e  t o  0 . 0 1  g r a m s .
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T a b l e  2

T e t r a l i n ^ 

7 1 9 . 2

3 . 5 1 4

0 . 3 0 3

1 3 2 . 2 1  

We i g h t

a ( G l a s e r  e t .  a l .  1957)  

b ( R e i d  e t .  a l .  1977)

c ( L i n  e t .  a l .  1 9 80 ,  R e i d  e t .  a l  1977)

C r i t i c a l  and  P h y s i c a l  P r o p e r t y  
o f  P u r e  Compounds

C r i t i c a l  
T e m p e r a t u r e  (K)

Q u i n o l i n e 1

8 0 0 . 2

m - C r e s o l

7 0 5 . 8

C r i t i c a l  
P r e s s u r e  (MPa)

A c e n t r i c
F a c t o r

A v e r a g e
M o l e c u l a r

5 . 7 7 4  

0 . 3 1 8  

1 2 9 . 1 6

4 . 5 5 8

0 . 4 6 4

1 0 8 . 1 4
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MATHEMATICAL MODELING 

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

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

d a t a .  D u r i n g  t h e  i n v e s t i g a t i o n  by F l a n i g a n  ( 1 9 8 6 ) ,  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  we r e  g e n e r a t e d  f o r  t h e  S o a v e - R e d l i c h -  

Kwong e q u a t i o n  o f  s t a t e , and an e q u a t i o n  t h a t  m o d i f i e s  t h e  

SRK f o r  p o l a r  f l u i d s  f o r  f i v e  d i f f e r e n t  m i x i n g  r u l e s . The 

m o d e l i n g  i n  t h i s  t h e s i s  i s  a c o n t i n u a t i o n  o f  F l a n i g a n ’ s 

w o r k .  The  e q u a t i o n s  o f  s t a t e  w i l l  b e  u s e d  f o r  b o t h  t h e  

l i q u i d  a n d  v a p o r  p h a s e  f u g a c i t i e s ,  a n d  no 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  we r e  i n v e s t i g a t e d .  The g o a l  i s  t o  u s e  

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

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

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

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

f i v e  m i x i n g  r u l e s .

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

The t wo i n v e s t i g a t e d  e q u a t i o n s  o f  s t a t e  i n  t h i s  t h e s i s  

a r e  t h e  S o a v e - R e d l i c h - K w o n g  ( 1 9 7 2 )  SRK a n d  t h e  m o d i f i e d  

S o a v e - R e d l i c h - K w o n  g f o r  p o l a r  f l u i d s  by Y e s a v a g e  YSRK.  

T h e s e  t wo e q u a t i o n s  we r e  i n v e s t i g a t e d  by F l a n i g a n  ( 1 9 8 6 ) .  

The wor k  he i n i t i a t e d  i s  c o n t i n u e d  i n  t h i s  t h e s i s .  The SRK 

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

mode l  n o n p o l a r  f l u i d s .  The YSRK e q u a t i o n  was i n v e s t i g a t e d
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b e c a u s e  i t  a t t e m p t s  t o  s e p a r a t e  t h e  e f f e c t s  o f  s h a p e  a n d  

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

u s e d  t h a t  e x t e n s i v e l y  i n  t h e  p a s t  a n d  t h i s  g i v e s  u s  t h e  

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

p o l a r  c o mp o u n d s .  The SRK e q u a t i o n  f o r  a s i n g l e  compound i s  

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

P = R T / ( v - b )  -  a ( T ) / v ( v + b )  ( 6 )

w h e r e ,  b= 0 . 08664RTC/ P C

a ( T c ) = 0 . 4 2 7 4 7 R 2Tc 2 / P c 

a = (1 + m ( l - ( T r ) 0 - 5 ) ) 2 

a ( T )  = a ( T c ) * a  

m=0 . 48+1 .  5 7 4 a ) - 0 . 1 76co2

a) = a c e n t r i c  f a c t o r  o f  t h e  compound 

Tc = c r i t i c a l  t e m p e r a t u r e  

Pc = c r i t i c a l  p r e s s u r e  o f  compound 

Tr  = T / T c

The YSRK e q u a t i o n  i s  v e r y  s i m i l a r  t o  t h e  SRK e q u a t i o n .  

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

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

f r o m s i z e  e f f e c t s  i n  t h e  " a "  p o r t i o n  o f  t h e  e q u a t i o n . The 

" a  " t e r m  i n  t h e  SRK e q u a t i o n  i s  r e p l a c e d  by Ma ^  a n . A 

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

Y e s a v a g e  ( 1 9 8 6 ) .  The YSRK e q u a t i o n  i s  g i v e n  a s :

P = R T / ( v - b )  -  a ( T ) / v ( v + b ) ( 7 )
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w h e r e , b= 0 . 08664RTC/ P C

a ( T c ) = 0 . 4 2 7 4 7 R 2Tc 2 / P c 

a n = (1 + m ( l - ( T r ) 0 - 5 ) ) 2

a p = 1 + R p ^ e x p ( - R p ) e - R p * e x p ( - ( R p / T r ) e ) 

m = 0 . 4 8  + 1.574(jJn - 0 . 1 7 6 u ) 2n 

a ( T) = a ( T c ) ^ a n * a p 

Tc = c r i t i c a l  t e m p e r a t u r e

Rp = P o l a r  p a r a m e t e r  f i t  t o  VP d a t a  o f  p o l a r  

p a r a m e t e r . 

e = 0 . 4 5

u)n = a c e n t r i c  f a c t o r  f o r  n o n p o l a r  homomorph

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

t o  t h e  SRK e q u a t i o n  when Rp=0.

M i x i n g  R u l e s

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

a t t r a c t i v e  " a "  t e r m  w e r e  i n v e s t i g a t e d  i n  t h i s  s t u d y .  

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

s i m p l e  a r i t h m e t i c  t y p e  shown b e l o w ,  

b = Zx^b^

The m i x i n g  r u l e s  f o r  t h e  " a "  t e r m  a r e  shown b e l o w i n  T a b l e

p r e s s u r e  o f  compound

Tr  = T / T c
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Table 3
Mi x i n g  R u l e s  f o r  t h e  A t t r a c t i v e  " a "  Term

1 . )  a = ZZxj^x • ( a i a • ) °  * ^
i  j

2 . )  a = ZZxi x . ( a i a , ) 0 *5 ( l - k i - j )
i  j  J J J

3 . )  a = ZZxi x 1( a i a 1) 0 , 5 ( l - ( A  + B / T ) )
i  j

4 . )  a = Z Z x - x i ( a i a , ) ° - 5 ( l - k i  . + B ( i j ) / ( v R T ) )
i j  J

5 . )  a = ZZxi x . ( a i a i ) 0 , 5 ( l - k i 1 )
i  j  J

+ ( l / ( v R T ) ) Z Z x i x , ( x i c i ( j ) + x , c j ( i ) )  
i  j

The f i r s t  t h r e e  m i x i n g  r u l e s  a r e  v e r y  s i m p l e .  Mi x i n g  

r u l e  o n e  a s s u m e s  i s  e q u a l  t o  z e r o ;  m i x i n g  r u l e  t wo

i n c o r p o r a t e s  a s i m p l e  k^ j  ; and  t h e  t h i r d  a s s u m e s  t h a t  t h e

k ^ j  t e r m  i s  d e p e n d e n t  on t e m p e r a t u r e . Mi x i n g  r u l e s  f o u r  and 

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

m o d i f i c a t i o n  o f  t h e  H o l d e r  e t .  a l .  ( 1 9 8 6 )  m i x i n g  r u l e ,  and

t h e  f i f t h  was p r o p o s e d  by L u e d e c k e  e t .  a l .  ( 1 9 8 5 ) ;  b o t h  - a r e

d e n s i t y  d e p e n d e n t .

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

The  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  w e r e  g e n e r a t e d  by
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F l a n i g a n  ( 1 9 8 6 ) .  T h i s  d o c u me n t  u s e s  h i s  p a r a m e t e r s  t o  do 

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

u s i n g  a ma xi mum l i k e l i h o o d  m e t h o d ,  a n d  a r e  s u m m a r i z e d  i n  

T a b l e  4 .  The SRK e q u a t i o n  d i d  n o t  do a good j o b  p r e d i c t i n g  

t h e  p u r e  c o mp o n e n t  m - c r e s o l  e n t h a l p y  ( F l a n i g a n  ( 1 9 8 6 ) )  so 

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

e q u a t  i o n .
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Mi x i n g
R u l e

1 .

2 .

1 .

2 .

3.

4 .

T a b l e  4

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

( 1 ) - Q u i n o l i n e , ( 2 ) - m - C r e s o l , ( 3 ) - T e t r a l i n

I n t e r a c t i o n  E q u a t i o n
P a r a m e t e r s  S t a t e

k i 2 = 0 . 0  SRK
k 13 = 0 . 0 
k 23 = 0 . 0

k 12= - 5 . 9 E - 2  SRK
k 2 = - 1 . 6 6 E— 2
k 23 = 2 . 8 4 E - 2

k 12= 0 . 0  YSRK
k 1 3 = 0 . 0 
k 23  = 0 . 0

k 12= - 6 . 1 0 E - 2  YSRK
k  ̂3=— 2 . 17E- 2  
k 23 = 3 . 6 5 E- 2

k 12= 5 . 4 9 E - 2 ,  B ( 1 2 ) = - 3 4 . 89  YSRK
k 13= - l . 8 4 2 E - 3 , B ( 1 3 ) = - 1 1 . 46  
k 23= l . 2 1 E - 2 ,  B( 2 3 ) = - 3 7 . 3  

B ( i j ) = B ( j i )

k 1 2 = - 8 . 8 7 E - 2 ,  B( 1 2 ) = - 5 . 04E7 YSRK
k 13= - 3 • 2 2 E - 2 , B( 1 3 ) = - 1 . 68E7 
k 23= - 5 . 8 8 E - 2 ,  B ( 2 3 ) = - 5 . 7 5 E 7  

B ( i  j  ) =B ( j  i  )

k 12= 6 . 5 7 E - 2 ,  c ( 1 2 ) = 5 . 9 4 E - 2 *  YSRK
k 13= 7 . 0 1 E - 3 ,  c ( 1 3 ) = 6 . 31E- 3  
k 2 3 = 0 . 155 ,  c ( 2 3 ) = 8 . 9 2 E - 2

c ( 2 1 ) =  8 . 6 0 E - 2  
c ( 3 1 ) = 1 . 91E- 2  
c ( 3 2 ) = 5 . 57E- 2

* o
The v a l u e s  o f  c a r e  n o r m a l i z e d  by a ^ ( T c )
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D e r i v e d  T h e r mo d y n a mi c  Q u a n t i t i e s

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

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

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

( 1 9 8 6 )  d e r i v e d  t h e s e  e x p r e s s i o n s  f o r  a m u l t i c o m p o n e n t  s y s t e m  

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

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

The d e r i v a t i o n s  i n  t h i s  i n v e s t i g a t i o n  ha d  t o  be c o m p l e t e d  

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

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

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

e q u a t i o n  d o e s  n o t  do a good j o b  p r e d i c t i n g  t h e  e n t h a l p y  o f  

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

t h e  YSRK e q u a t i o n  a r e  shown b e l o w .

b i *Ami x

A p r ( i  ) b i  + 2*,rvb i ^ B e t a

v*b * ( b + v )( R*T) _b*R*T

B e t a  + C a p r ( i )

( R*T )

1 .

b‘*( b + v )/

-  InZ (8 )

w h e r e , b = Z x i ^ i

Amix = ZZx^x • ( a ^  • ) ^ ^  ( 1-R- l -; ) 
i  j  J
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Cmix = ZZxi x • ( a i a  ̂ ^  • )
i  j  J J

Apr  ( i  ) = 2Zx j  ( a i a j  ) ( 1-kj^ j  )

C a p r ( i )  = 2 Z x j ( a i a j ) 1/ /2(Bi  j )

Z = ( P * v ) / ( R * T )

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

e q u a t i o n  i s  l i s t e d  b e l o w .

( H- H*)  = R * T * ( Z - 1 )  -
Apr i me*T -  Aeos

* I n
Z+B

R*b2

2 * B e t a
D b e t a  - 1 ) .  u ( - L

Z /  \ Z + B
( 9 )

w h e r e , b = Zx^b^ 
i

B = ( P * b ) / ( R * T )

1 / 2 /Aeos  = Z Z x ^ x - C a ^ a - )  ' ( 1 - k • • )
i  j  J

B e t a  = ZZxj^x • ( aj^a i ) ^ 2B( i  j  ) 
i  j

Apr i me  = ZZ ( 1 /  2 ) x • x • ( a • a • ) *1 ^  ( a-: ^Apr  ( j  ) + a -^Apr ( i  ) )
i j * ( l - k l j )

D b e t a  = D E ( l / 2 ) x i x i ( a - a i ) - '*F',,^ ( a i * A p r ( j )  + a i * A p r ( i ) )  
i j  * B ( i  j )

A p r ( i ) = - a T c ( i ) * ( ( ( ( R p ( i ) / T r ( i ) ) * * e ) * a ( i )

* e * R p ( i ) / T ) * e x p ( - ( R p ( i ) / T r ( i ) ) * * e )  + m ( i ) * a p ( i )

* ( 1 . 0 + m ( i ) * ( 1 . 0 - T r ( i ) * * . 5 ) ) / ( ( T * T c ( i ) ) * * . 5 ) >
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The f i f t h  m i x i n g  r u l e  i s  s omewha t  more  c o m p l i c a t e d  t h a n  

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

g i v e n  a s :

f  b i \  /  v ’
ln(J)i  =( -----  )+ I n  I -----

X v - b /  X v - b -

b i *Ami x

R*T
y  i. (-). (—  ■
b /  X v /  \ b * ( b  + v)/

A p r ( i )

b*R*T •  *

b i * Cmi x
%

( R * T ) 2

b i + 2*v

v * b ^ * (  b + v ) X b̂ >
.< - )Xv + b/

C a p r ( i  )

( R*T) 2
* 1 A  * i n

b* v> v + b-
-  InZ ( 1 0 )

w h e r e , b = Z x^ b^

1 / 2Amix = ZZxi x . ( a i a ^ )  7 ( 1 - k ^ - )
i  j

Cmix = ZZ( x . 2 x - c i ( j ) + x i x . 2c j ( i ) )  
i  j

Apr  ( i  ) = 2Zx j  (aj^a j  ) l y/2( 1-kj^ j  )

C a p r ( i )  = 2 Z ( 2 x j x j c i ( j ) + X j 2c j ( i ) )

Z = ( P * v ) / ( R * T )

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

e q u a t i o n  i s  p r e s e n t e d  b e l o w .
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(H- H*)  =

♦(—X R*b2 /

w h e r e ,

R* T * ( Z - 1 )  -
Apr i me *T -  Aeos

■In!
Z+B

*
2 * B e t a

+ I n
Z+B

( 1 1 )

b = Zxi b i

B = ( P * b ) / ( R * T )

Aeos  = ZZxi x • ( a i a • ) -*-^(  l - k i  •) 
i  j

B e t a  = Z Z ( x i 2x - c i ( j )  + x i x - 2c j ( i ) )  
i  j  J

Apr i me  = EZ( 1 / 2 ) x • x • ( a ^ a i ^ 2 ( a •* a p r ( j )  + a - * Ap r ( i  ) ) 
i j  J J

* e * R p ( i ) / T ) * e x p ( - ( R p ( i ) / T r ( i ) ) * * e )  + m ( i ) * o p ( i )
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ENTHALPY MEASUREMENTS ON THE TERNARY SYSTEM OF M-CRESOL, 
QUINOLINE,  AND TETRALIN

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

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

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

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

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

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

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

T h e  t e r n a r y  s y s t e m s  a r e  r e f e r r e d  by t h e  m o l e  p e r c e n t  

q u i n o l i n e ,  m - c r e s o l , and  t e t r a l i n  p r e s e n t  i n  e a c h  m i x t u r e . 

The e n t h a l p y  d a t a  a r e  p r e s e n t e d  i n  t a b u l a r  f o r m ( T a b l e s  6 - 9 )  

a n d  t h e y  a r e  a l s o  s h o wn  i n  e n t h a l p y  p l o t s  ( F i g u r e s  4 - 7 ) .  

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

c a l o r i m e t e r  t e m p e r a t u r e  o f  65 ° F . The v a l u e  l a b e l e d  AHc o r r  

i s  c o r r e c t e d  f o r  t h e  r e f e r e n c e  t e m p e r a t u r e  o f  65 ° F and  an 

o u t l e t  c a l o r i m e t e r  r e f e r e n c e  p r e s s u r e  o f  1 a t m .

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

t e m p e r a t u r e  r a n g e  o f  291 t o  6 6 9  K, a n d  c o mmo n l y  o v e r  t h e  

f o l l o w i n g  i s o b a r s , 2 0 6 . 8 ,  4 1 3 . 7 ,  6 8 9 . 5 ,  1034 ,  and 10340 k P a .  

I t  was n o t  p o s s i b l e  t o  o b t a i n  d a t a  f o r  t h e  2 0 6 . 8  kPa i s o b a r  

d u r i n g  t h e  1 / 6 : 2 / 3 : 1 / 6  q u i n o l i n e : m - c r e s o l : t e t r a l i n  s y s t e m  

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

g e n e r a t e d  f o r  a 2 7 5 . 7  kPa  i s o b a r . The 1034 kPa  i s o b a r  was 

o b t a i n e d  o n l y  f o r  t h e  l / 3 : l / 3 : l / 3  q u i n o l i n e  : m -
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c r e s o l  : t e t r a l i n  s y s t e m  and  was n o t  r e p e a t e d  f o r  any  o t h e r  

s y s t e m .

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

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

t e m p e r a t u r e  and  p r e s s u r e . The p u r e  c o mp o n e n t  c o n s t a n t s  t h a t  

w e r e  p r e s e n t e d  i n  T a b l e  2 w e r e  u s e d  t o  c a l c u l a t e  t h e  

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

a r e  g i v e n  i n  T a b l e  5 .

T h e  e n t h a l p y  d a t a  g e n e r a t e d  f o r  t h e  l / 3 : l / 3 : l / 3 ,  

l / 6 : l / 6 : 2 / 3 ,  2 / 3 :  1 / 6 :  1 / 6 ,  l / 6 : 2 / 3 : l / 6  m o l e  p e r c e n t

q u i n o l i n e : m - c r e s o l : t e t r a l i n  a r e  p r e s e n t e d  i n  F i g u r e s  4 ,  5 ,  6 

a n d  7 ,  a n d  t h e  d a t a  i s  t a b u l a t e d  i n  T a b l e s  6 , 7 ,  8 , a n d  9

r e s p e c t i v e l y  .
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Table 6
S p e c i f i c  e n t h a l p y  m e a s u r e m e n t s  f o r  a t e r n a r y  m i x t u r e  o f

___________________  q u i n o l i n e ,  m - c r e s o l  and  t e t r a l i n _________■
Mole  f r a c t i o n s ;  m - c r e s o l  0 . 3 3 3 3 ,  q u i n o l i n e  0 . 3 3 3 3 ,

and  t e t r a l i n  0 . 3 3 3 3 .
A H / ( k j * k g  )

C( i n  ) /K P ( i n ) / k P a P ( o u t ) / k P a e x p t . c o r  r  .

2 0 6 . 8  kPa i s o s b a r

3 6 3 . 0 2 1 3 . 9 1 5 9 . 3 1 1 6 . 3 1 1 6 . 4
3 6 4 .  1 2 1 2 .0 1 5 9 . 1 1 3 0 . 2 1 3 0 . 2
3 6 9 . 9 2 0 5 . 9 1 5 9 . 3 1 3 4 . 4 1 3 4 . 4
3 7 8 . 9 2 1 2 . 4 1 5 9 . 1 1 5 7 . 9 1 5 8 . 0
3 9 0 . 5 2 0 9 . 3 1 5 9 . 2 1 8 6 . 5 1 8 6 . 6
4 1 1 . 4 2 0 7 . 2 1 5 9 . 1 2 2 7 . 3 2 2 7 . 3
4 1 1 . 5 2 1 3 . 7 1 5 9 . 1 2 2 9 . 3 2 2 9 . 4
4 3 4 . 5 2 0 6 . 8 1 5 9 . 1 2 8 0 . 2 2 8 0 . 2
4 5 7 . 0 2 0 7 . 2 1 5 9 . 1 3 2 6 . 5 3 2 6 . 6
4 7 8 . 2 2 0 6 . 2 1 5 9 . 1 3 8 3 . 0 3 8 3 . 1
4 8 7 . 7 2 0 8 . 9 1 5 9 . 1 4 0 3 . 9 4 0 3 . 9
4 8 9 . 2 2 0 9 . 9 1 5 1 . 5 4 0 7 . 9 4 0 7 . 9
4 9 7 . 3 2 0 7 . 4 1 5 1 . 4 4 2 9 . 4 4 2 9 . 4
5 0 9 . 3 2 0 8 . 2 1 3 7 . 6 457 .1 4 5 7 . 2
5 1 6 . 6 2 0 8 . 3 1 3 7 . 1 4 8 4 . 1 4 8 4 . 1
5 1 9 . 2 207 . 6 1 3 7 . 1 5 0 8 . 7 5 0 8 . 7
5 2 1 . 2 2 0 6 . 4 1 3 7 . 3 5 8 4 . 1 5 8 4 . 2
5 2 3 . 4 2 0 6 . 0 1 3 7 . 3 671 . 5 6 7 1 . 5
5 2 5 . 3 2 0 5 . 7 1 3 7 . 3 7 4 4 . 3 7 4 4 . 4
5 2 6 . 1 2 0 5 . 1 1 3 7 . 4 777 . 2 7 7 7 . 2
5 2 9 . 5 2 0 6 . 9 1 3 7 . 1 8 5 7 . 9 8 5 7 . 9
5 3 6 . 2 2 0 6 . 8 1 3 0 . 1 8 7 8 . 3 8 7 8 . 4
5 5 0 . 6 2 0 7 . 7 1 3 0 . 1 9 0 8 . 4 9 0 8 . 4
5 6 6 . 1 2 0 7 . 5 1 3 7 . 0 9 3 6 . 4 9 3 6 . 4
5 6 6 . 3 2 0 9 . 0 1 5 1 . 2 9 3 8 . 4 9 3 8 . 4
5 8 4 . 1 2 0 4 . 7 1 3 7 . 0 9 7 6 . 7 9 7 6 . 7
5 8 9 . 5 2 0 6 . 3 151 . 2 9 8 4 . 2 9 8 4 . 3
6 0 0 . 4 2 0 6 . 8 1 3 7 . 0 1 0 1 5 . 3 1 0 1 5 . 3
6 1 4 . 8 2 0 7 . 6 1 5 1 . 1 1 0 4 1 . 8 1 0 4 1 . 8
6 2 1 . 0 2 0 7 . 9 1 2 3 . 7 1 0 4 7 . 3 1 0 4 7 . 3
6 2 8 . 7 2 0 8 . 2 1 2 3 . 8 1 0 6 8 . 5 1 0 6 8 . 6
6 3 2 . 6 2 0 8 . 2 151 .1 1 0 7 4 . 1 1 0 7 4 . 1
6 3 7 . 3 2 0 7 . 3 1 5 7 . 9 1 0 8 7 . 4 1 0 8 7 . 5
6 3 9 . 1 2 0 7 . 1 1 2 3 . 8 1 0 8 5 . 7 1 0 8 5 . 7
6 3 9 . 2 2 0 7 . 6 1 2 3 . 7 1 0 9 2 . 7 1 0 9 2 . 8
6 5 0 . 5 2 0 7 . 7 1 2 3 . 8 1 1 1 3 . 6 1 1 1 3 . 6
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2 0 6 . 8  kPa i s o b a r

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

4 1 3 . 6  kPa i s o b a r

3 5 7 . 2 4 1 4 . 0 3 1 6 . 1 1 1 9 . 1
3 6 7 . 4 4 0 8 . 0 3 6 4 . 5 1 3 5 . 9
3 9 0 . 3 4 1 5 . 8 2 9 5 . 5 1 8 4 . 3
4 0 0 . 7 4 1 4 . 4 3 1 5 . 8 2 0 6 . 0
4 0 5 . 9 4 1 5 . 5 3 6 4 . 5 225 . 2
4 0 6 . 3 4 1 4 . 8 3 3 0 . 3 2 2 3 . 7
4 2 7 . 9 4 1 3 . 4 3 5 7 . 6 2 6 3 . 4
4 5 0 . 1 4 1 4 . 3 3 5 7 . 4 3 1 6 . 6
4 7 2 . 0 4 1 6 . 0 3 7 1 . 2 3 6 6 . 7
4 9 4 . 0 4 1 6 . 7 3 6 4 . 3 4 1 9 . 0
5 1 5 . 2 4 1 5 . 8 3 2 9 . 6 4 8 0 . 0
527 . 8 4 1 3 . 0 3 2 9 . 6 5 1 1 . 2
5 4 4 . 0 4 1 3 . 3 3 2 9 . 5 5 4 9 . 2
5 5 2 . 5 4 1 2 . 7 3 2 9 . 6 5 8 1 . 5
5 5 4 . 9 4 1 5 . 5 3 2 9 . 6 6 2 1 . 1
5 5 6 . 2 4 1 3 . 9 3 2 9 . 4 6 5 1 . 0
5 5 8 . 3 4 1 6 . 7 3 2 9 . 5 7 1 9 . 3
5 6 0 . 3 4 1 2 . 2 3 2 9 . 4 8 1 0 . 8
562 . 9 4 1 2 . 5 3 2 9 . 4 8 8 3 . 7
5 6 5 . 4 4 1 1 . 5 3 3 0 . 1 9 2 6 . 4
5 7 4 . 6 4 1 3 . 2 3 3 0 . 1 9 4 6 . 7
5 8 3 .  1 4 1 2 . 4 3 3 7 . 2 9 6 1 . 0
5 8 4 . 7 4 1 1 . 0 3 3 0 . 0 9 7 7 . 9
5 8 8 . 1 4 1 3 . 0 3 2 9 . 9 9 7 9 . 0
5 9 8 . 6 4 1 4 . 4 3 3 0 . 0 9 9 7 . 1
6 0 5 . 9 4 1 4 . 3 337 .1 1 0 1 6 . 6
6 1 1 . 0 4 1 3 . 3 3 2 9 . 8 1 0 2 8 . 9
6 2 1 . 3 4 1 2 . 3 3 1 6 . 8 1 0 4 4 . 7
62 2 . 0 4 1 3 . 8 3 2 9 . 7 1 0 5 5 . 4
627 . 2 4 1 4 . 3 337 . 1 1 0 6 1 . 4
6 3 0 . 1 4 1 5 . 8 3 2 9 . 6 1071 .1
6 3 3 . 2 4 1 3 . 1 3 3 0 . 3 1 0 6 6 . 8
6 3 5 . 2 4 1 3 . 5 3 2 9 . 8 1 0 7 5 . 0
6 4 2 . 1 4 1 4 . 0 3 3 7 . 1 1 0 9 2 . 1
6 4 2 . 2 4 1 6 . 0 337 .1 1 0 9 3 . 1
6 4 6 . 0 4 1 3 . 2 3 2 9 . 8 1 1 1 0 .0
6 5 1 . 5 4 1 3 . 0 3 5 7 . 8 1 1 1 6 . 9
6 6 0 . 6 4 1 4 . 9 3 2 9 . 7 1 1 2 7 . 9
6 6 5 . 0 4 1 3 . 0 3 5 7 . 8 1 1 4 5 . 4

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

119 
136 
184 
206 
225
2 2 3 . 8
2 6 3 . 6  
316 
366 
419 
480 
511 
549 
581 
621 
651 
719 
8 1 1 . 0
8 8 3 . 8
9 2 6 . 6
9 4 6 . 9  
9 6 1 .  2
9 7 8 . 1
9 7 9 . 2  
997 . 2

1 0 1 6 . 7  
1 0 2 9 . 0
1 0 4 4 . 8
1 0 5 5 . 6  
1061 
1071 
1066 
1075 
1092 
1093 
1110  
1117 
1 1 2 8 . 0
1 1 4 5 . 6



T-3448 43

689.5 kPa isobar
3 5 9 . 5
3 7 5 . 2
3 8 6 . 9
4 0 3 . 3
4 0 3 . 3
4 2 2 . 1
4 4 4 . 9
4 6 9 . 3
4 9 0 . 9
5 1 3 . 1
5 3 5 . 9
5 5 3 . 2
5 6 9 . 7
5 8 1 . 1
5 8 3 . 9
5 8 4 . 8
5 8 8 . 6
5 9 1 . 9
5 9 4 . 4
5 9 8 . 7  
6 1 7 . 0
6 3 2 . 2  
6 4 7 . 6

3 6 4 . 8
3 8 7 . 4
4 0 5 . 6
4 2 0 . 6
4 4 3 . 6
4 6 6 . 0
4 9 3 . 8
5 1 2 . 8
5 3 8 . 9
5 6 1 . 3
5 8 5 . 0
5 9 5 . 3
5 9 5 . 5
6 0 3 . 4
6 0 8 . 9  
6 1 1 . 2
6 1 5 . 7
6 1 9 . 5  
6 2 3 . 4  
631 . 7

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

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

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

1 0 3 4 . 0  kPa

9 6 4 . 5
9 6 4 . 5
9 6 4 . 5
9 2 6 . 8
9 3 0 . 6
9 3 7 . 5
9 3 7 . 5
9 3 7 . 5
9 4 4 . 4
9 4 4 . 4
9 5 1 . 3
9 6 4 . 2
9 6 4 . 2  
957 . 3
9 5 7 . 3
9 5 7 . 3
9 6 4 . 2
9 6 4 . 7
9 6 4 . 7
9 6 4 . 6

1 1 5 . 6
1 4 8 . 4
1 7 3 . 4
2 1 0 . 2
2 0 3 . 4  
252 . 6
3 0 0 . 9
3 6 2 . 9
4 1 5 . 6  
471 .1
5 2 5 . 7
5 7 3 . 1
6 1 9 . 6
6 5 5 . 5
6 8 6 . 4
6 9 7 . 6
8 2 4 . 7
9 0 3 . 3
9 6 1 . 4
9 8 9 . 0

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

i s o b a r

1 3 2 . 4
1 7 8 . 6
2 1 6 . 2
2 4 6 . 4
3 0 2 . 7
3 5 7 . 3
4 2 3 . 7
4 7 7 . 4
5 4 0 . 3
5 9 2 . 9
6 6 1 . 6
6 7 9 . 2
6 8 0 . 1
7 0 8 . 4  
747 . 4  
771 . 5
8 8 6 . 1  
975 . 6

1 0 1 6 . 4
1 0 5 1 . 6

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

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

1 3 3 . 0
1 7 9 . 3
2 1 6 . 8
2 4 7 . 0
3 0 3 . 3
3 5 7 . 9
4 2 4 . 3
4 7 8 . 0
5 4 0 . 9
5 9 3 . 5
6 6 2 . 2
6 7 9 . 8
6 8 0 . 7
7 0 9 . 0
7 4 8 . 0  
772 .1
8 8 6 . 7
9 7 6 . 2

1 0 1 7 . 0
1 0 5 2 . 2
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1 0 3 4 . 0  kPa  i s o b a r

6 4 2 . 9 1 0 3 7 . 0 9 6 4 . 6 1 0 7 0 . 4 1071 .
6 5 5 . 1 1 0 3 7 . 0 9 6 4 . 6 1 1 0 4 . 3 1 1 0 4 .
6 6 7 . 5 1 0 3 7 . 0 9 6 4 . 6 1 1 2 9 . 4 1130 .

1 0 3 4 0 .  kPa i s o b a r

3 7 8 . 6 1 0 3 3 8 . 5 1 0 2 4 2 . 0 1 5 3 . 7 160 .
4 0 2 . 3 1 0 3 4 1 . 9 1 0 2 4 5 . 3 2 1 2 .2 21 9 .
4 2 3 . 5 1 0 3 4 8 . 7 1 0 2 5 2 . 2 2 5 5 . 8 2 6 3 .
4 4 5 . 5 1 0 3 4 1 . 8 1 0 2 4 5 . 3 3 0 9 . 6 3 1 6 .
4 6 7 . 5 1 0 3 3 4 . 8 1 0 2 3 8 . 3 3 5 7 . 0 36 4 .
4 8 9 . 4 1 0 3 3 4 . 8 1 0 2 3 8 . 3 4 0 9 . 7 4 1 6 .
5 1 2 . 1 1 0 3 4 1 . 7 1 0 2 4 5 . 2 4 6 9 . 6 476 .
5 3 4 . 5 1 0 3 4 1 . 7 1 0 2 4 5 . 3 5 2 4 . 7 531 .
5 5 6 . 5 1 0 3 4 1 . 7 1 0 2 4 5 . 2 5 8 1 . 6 588 .
5 7 6 . 5 1 0 3 2 7 . 9 1 0 2 3 1 . 4 6 3 2 . 1 6 3 9 .
6 0 0 . 7 1 0 3 3 0 . 8 1 0 2 3 4 . 2 70 1 .  2 708 .
6 2 1 . 3 1 0 3 4 1 . 0 1 0 2 4 4 . 5 7 5 9 . 3 7 6 6 .
6 4 6 . 1 1 0 3 4 1 . 0 1 0 2 4 2 . 0 8 2 4 . 1 83 1 .
6 6 5 . 3 1 0 3 4 1 . 0 1 0 2 4 4 . 4 8 7 9 . 2 8 8 6 .

0
9
0

9
4
1
8
2
9
8
9
9
4
5
5
4
5
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Table 7
S p e c i f i c  e n t h a l p y  m e a s u r e m e n t s  f o r  a t e r n a r y  m i x t u r e  o f

_____________________q u i n o l i n e ,  m - c r e s o l  and  t e t r a l i n _____________
Mole  f r a c t i o n s  ; m - c r e s o l  0 . 1 6 6 7 ,  q u i n o l i n e  0 . 1 6 6 7 ,

and  t e t r a l i n  0 . 6 6 6 7 .
AH/ ( k J • kg )

r ( i n ) /K P ( i n ) / k P a P ( o u t  ) / k P a e x p t . c o r r  .

2 0 6 . 8  kPa i s o s b a r

3 5 3 . 8 2 1 0 .6 1 2 3 . 6 1 0 9 . 4 1 0 9 . 4
3 6 4 . 9 2 1 2 . 3 1 2 3 . 6 1 2 7 . 5 1 2 7 . 5
3 7 5 . 3 2 0 8 . 9 1 2 3 . 6 1 4 8 . 8 1 4 8 . 8
3 8 4 . 8 2 0 9 . 9 1 3 7 . 3 1 6 9 . 5 1 6 9 . 5
4 0 3 . 8 2 1 5 . 3 1 3 7 . 3 2 1 0 . 9 2 1 0 . 9
4 2 5 . 6 2 0 8 . 8 1 3 7 . 3 2 5 4 . 5 2 5 4 . 5
446 . 2 2 1 0 . 5 1 3 7 . 3 3 0 4 . 9 3 0 4 . 9
4 6 6 . 9 2 0 6 . 9 137 .1 3 5 5 . 7 3 5 5 . 7
4 7 4 . 3 2 0 7 . 5 1 3 7 . 0 3 7 1 . 4 3 7 1 . 4
4 8 6 . 0 2 0 9 . 0 137 .1 3 9 2 . 6 3 9 2 . 6
4 9 1 . 3 2 0 8 . 8 1 3 6 . 9 4 1 1 . 8 4 1 1 . 8
4 9 7 . 0 2 0 7 . 7 1 3 6 . 9 4 2 1 . 4 4 2 1 . 5
5 0 7 . 4 2 0 9 . 9 1 2 4 . 0 4 4 8 . 9 4 4 8 . 9
5 1 3 . 1 2 0 7 . 7 1 3 6 . 9 472 .1 4 7 2 . 1
5 1 3 . 4 2 1 0 .6 1 2 4 . 0 4 6 9 . 7 4 6 9 . 7
5 1 5 . 8 2 0 7 . 4 1 3 6 . 9 6 1 1 . 0 6 1 1 . 0
5 1 7 . 8 2 0 6 . 7 1 2 3 . 8 7 1 0 . 4 7 1 0 . 4
5 2 1 . 0 2 0 7 . 4 1 3 6 . 9 7 9 4 . 3 7 9 4 . 4
5 2 4 . 5 2 0 7 . 3 1 2 3 . 8 8 0 7 . 8 8 0 7 . 8
5 3 2 . 0 2 0 6 . 6 1 2 3 . 7 8 2 2 . 6 8 2 2 . 6
5 5 0 . 4 2 0 7 . 5 1 2 3 . 6 8 6 1 . 8 8 6 1 . 8
5 6 7 . 2 2 0 6 . 8 1 2 3 . 6 8 9 4 . 9 8 9 4 . 9
5 8 4 . 2 2 0 8 . 2 1 2 3 . 6 9 3 3 . 5 9 3 3 . 5
5 9 5 . 4 2 0 7 . 6 1 2 3 . 7 9 5 5 . 3 9 5 5 . 3
6 1 0 . 0 2 0 7 . 4 1 2 3 . 5 9 8 0 . 4 9 8 0 . 5
6 1 0 . 1 2 0 8 . 4 1 2 3 . 5 9 8 1 . 3 9 8 1 . 3
6 1 3 . 1 2 0 8 . 6 1 2 3 . 6 9 8 8 . 2 9 8 8 . 2
627 . 8 2 0 7 . 7 1 2 3 . 6 1 0 2 6 . 0 1 0 2 6 . 1
6 4 4 . 9 2 0 7 . 3 1 2 3 . 6 1 0 6 5 . 0 1 0 6 5 . 0
6 4 5 . 1 207 . 7 1 2 3 . 6 1 0 6 0 . 5 1 0 6 0 . 5
6 6 1 . 3 2 0 7 . 4 1 2 3 . 5 1 0 9 9 . 2 1 0 9 9 . 3
6 6 6 . 5 2 0 7 . 4 1 2 3 . 5 1 1 1 1 . 5 1 1 1 1 . 5

4 1 3 . 6  kPa  i s o b a r

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

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

4 1 5 . 8  
4 1 6 . 1
4 1 5 . 3
4 1 6 . 7
4 1 4 . 9
4 1 6 . 0
4 1 6 . 0
4 1 6 . 7
4 1 4 . 9
4 1 4 . 4
4 1 5 . 8
4 1 4 . 9
4 1 5 . 1
4 1 3 . 8
4 1 4 . 1
4 1 5 . 1
4 1 2 . 4  
4 1 4 . 3
4 1 3 . 5
4 1 0 . 9
4 1 4 . 0
4 1 2 . 9
4 1 4 . 0  
415 .1
4 0 9 . 6  
4 1 3 . 8

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

413.6 kPa
3 3 0 . 6
3 3 0 . 6
3 3 0 . 5
3 3 0 . 5  
33 0 .  5
3 3 0 . 5
3 3 7 . 4
3 3 7 . 4
3 3 7 . 4
3 3 0 . 3
3 3 0 . 1
3 3 0 . 1
3 3 0 . 3
3 3 0 . 3
3 3 0 . 3
3 3 0 . 3
3 3 0 . 2
3 3 0 . 2
3 3 6 . 7
3 2 9 . 5
3 2 9 . 8
3 2 9 . 5
3 2 9 . 5
3 3 6 . 5
3 2 9 . 6
3 3 6 . 5

6 8 9 . 5  kPa

592 . 6
6 0 6 . 3
6 1 3 . 2
6 1 3 . 2
6 1 3 . 1
6 2 0 . 0
6 1 3 . 0
6 1 9 . 9
6 1 9 . 9
6 1 9 . 9
6 0 6 . 7
6 0 6 . 7
6 1 3 . 7
6 1 3 . 5  
606 . 6
6 1 3 . 4
6 2 0 . 3

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

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

i s o b a r

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

1 3 3 . 7
1 5 4 . 2
1 8 9 . 0
2 3 8 . 9
2 8 4 . 5
3 1 2 . 0
3 6 5 . 8
4 2 2 . 4
4 7 1 . 4
5 1 5 . 6
5 2 5 . 4
5 5 8 . 2
6 1 8 . 5
7 6 4 . 7
8 4 0 . 1
8 7 4 . 6
9 0 4 . 7
9 4 3 . 1
9 4 2 . 9  
957 . 4
9 6 1 . 9
9 9 5 . 1

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

1 4 3 . 8
1 8 3 . 4
2 4 1 . 0
2 9 1 . 0
3 4 3 . 6
3 9 4 . 7  
436 . 6
4 8 8 . 8
5 4 4 . 8
5 9 6 . 1
6 2 0 . 6
6 4 2 . 3
7 4 4 . 6
8 3 7 . 0
8 9 9 . 9
9 3 4 . 7
9 7 2 . 2
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6 8 9 . 5  kPa i s o b a r

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

1 0 3 4 0 .  kPa i s o b a r

3 8 3 . 6 1 0 3 6 9 . 4 1 0 3 4 1 . 8 1 6 4 . 5
3 9 4 . 3 1 0 2 5 8 . 9 1 0 1 7 6 . 2 1 8 4 . 0
416 .1 1 0 3 2 7 . 8 1 0 2 4 5 . 1 2 3 8 . 4
4 3 3 . 2 1 0 3 3 1 . 2 1 0 2 5 1 . 9 2 7 5 . 9
4 5 5 . 7 1 0 3 2 7 . 7 1 0 2 5 1 . 9 3 2 1 . 5
4 7 8 . 2 1 0 3 3 4 . 6 1 0 2 5 1 . 8 3 7 5 . 5
4 9 9 . 8 1 0 3 4 1 . 4 1 0 2 5 8 . 7 4 3 0 . 5
5 2 2 . 1 1 0 3 4 0 . 4 1 0 2 6 4 . 6 4 8 6 . 7
5 4 4 . 4 1 0 3 3 6 . 9 1 0 2 7 1 . 4 5 4 7 . 7
5 6 7 . 2 1 0 3 4 0 . 2 1 0 2 7 1 . 3 6 0 1 . 5
5 9 1 . 4 1 0 3 3 3 . 3 1 0 2 6 4 . 4 661 . 7
6 1 1 . 4 1 0 3 4 0 . 1 1 0 2 7 1 . 1 7 1 6 . 4
6 3 3 . 0 1 0 3 4 0 . 0 1 0 2 7 1 . 1 7 7 5 . 6
6 5 2 . 0 1 0 3 3 6 . 6 1 0 2 7 1 . 1 8 2 6 . 7
6 6 4 . 8 1 0 3 3 3 . 1 1 0 2 7 1 . 1 8 6 3 . 7

1 0 1 3 . 6
1 0 5 3 . 6

1 7 2 . 4  
1 9 1 . 7  
246 
283 
329 
383 
438
4 9 4 . 5
5 5 5 . 5  
609 
669 
724 
783 
834 
871
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Table 8

S p e c i f i c  e n t h a l p y  m e a s u r e m e n t s  f o r  a t e r n a r y  m i x t u r e  o f
 ________________ q u i n o l i n e ,  m - c r e s o l  and  t e t r a l i n _____________
Mol e  f r a c t i o n s ;  m - c r e s o l  0 . 1 6 6 7 ,  q u i n o l i n e  0 . 6 6 6 7 ,

and  t e t r a l i n  0 . 1 6 6 7 .

: ( i n ) / K P ( i n ) / k P a P ( o u t  ) / k P a

AH/ ( k J  

e x p t .

" k g - 1 )

c o r r  .

2 0 6 . 8  kPa i s o b a r

3 6 5 . 4 2 0 9 . 2 1 4 3 . 5 1 2 1 . 9 1 22 . 0
3 7 3 . 1 212 . 1 1 2 3 . 7 1 2 6 . 3 1 2 6 . 3
3 7 3 . 3 2 10 . 1 1 2 3 . 8 1 3 2 . 8 1 3 2 . 8
3 7 8 . 2 2 1 1 . 6 1 3 6 . 7 1 4 5 . 8 1 4 5 . 8
3 8 7 . 4 2 1 3 . 5 1 2 3 . 7 1 5 9 . 6 1 5 9 . 6
4 0 2 . 5 2 1 3 . 0 1 2 3 . 7 1 9 3 . 0 1 9 3 . 0
4 1 6 . 7 2 1 0 . 0 1 3 7 . 5 2 2 1 . 7 22 1 . 8
4 3 3 . 4 2 1 0 . 4 1 3 7 . 6 2 4 8 . 2 2 4 8 . 2
4 3 4 . 7 2 0 7 . 5 1 4 8 . 0 257 . 5 257 . 5
4 5 5 . 5 2 0 9 . 5 1 5 1 . 4 3 0 2 . 9 3 0 2 . 9
4 7 6 . 8 2 1 1 . 9 1 4 6 . 7 3 4 6 . 5 3 4 6 . 5
4 9 6 . 6 2 0 9 . 4 1 5 1 . 3 3 9 0 . 8 3 9 0 . 9
5 0 6 . 9 2 1 0 . 6 151 .  2 4 1 2 . 1 4 1 2 . 1
522 . 5 2 1 1 . 0 1 4 4 . 3 4 4 6 . 9 4 4 6 . 9
5 3 1 . 2 2 0 7 . 5 1 3 7 . 1 4 7 1 . 6 4 7 1 . 6
5 3 3 . 8 2 0 9 . 7 1 3 0 . 2 4 8 2 . 6 4 8 2 . 6
5 3 6 . 3 2 1 0 . 8 1 5 1 . 2 5 5 4 . 5 5 5 4 . 5
5 3 7 . 3 2 0 9 . 6 1 2 3 . 3 5 9 3 . 0 5 9 3 . 1
5 3 9 . 1 2 0 5 . 5 1 3 7 . 1 8 0 9 . 5 8 0 9 . 5
5 4 2 . 4 2 0 9 . 5 1 2 3 . 2 8 3 5 . 3 8 3 5 . 3
5 5 0 . 8 2 0 6 . 7 1 2 3 . 1 8 6 1 . 9 8 6 1 . 9
5 6 5 . 3 2 0 6 . 7 1 2 3 . 1 881 .1 881 .1
5 8 4 . 2 2 0 7 . 7 1 2 3 . 1 9 2 4 . 2 9 2 4 . 2
5 9 9 . 4 2 0 6 . 2 1 5 0 . 2 9 5 3 . 2 9 5 3 . 2
6 1 6 . 0 2 0 8 . 6 1 5 0 . 0 9 8 7 . 8 9 8 7 . 8
6 3 3 . 8 2 1 0 . 4 1 5 0 . 0 1 0 2 7 . 8 1 0 2 7 . 8
6 4 9 . 7 2 0 9 . 9 1 5 0 . 0 1 0 6 1 . 8 1 0 6 1 . 8
6 6 7 . 3 2 0 7 . 8 1 4 9 . 9 1 0 9 6 . 2 1 0 9 6 . 2

4 1 3 . 6  kPa i s o b a r

3 5 9 . 0 4 1 3 . 0 3 8 5 . 4 1 1 0 . 5 11 0 . 6
3 6 7 . 6 4 1 3 . 7 3 1 6 . 5 1 2 7 . 1 1 2 7 . 2
3 7 9 . 5 4 1 5 . 0 3 1 6 . 4 1 4 7 . 3 1 4 7 . 4
3 9 4 . 8 4 1 5 . 5 3 1 6 . 3 1 7 4 . 9 1 7 5 . 1
4 1 7 . 7 4 1 4 . 4 3 1 6 . 2 2 1 7 . 2 2 1 7 . 3
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4 4 1 .  1
4 6 4 . 5
4 8 6 . 3
5 0 8 . 3
5 3 0 . 6
5 5 4 . 0
5 6 4 . 5  
5 7 1 . 2
5 7 2 . 4
5 7 3 . 6
576.1
5 8 3 . 7
5 9 1 . 2  
606 . 6
616.7
6 3 3 . 2
6 4 9 . 8
6 6 5 . 9

3 6 2 . 5  
3 7 4 . 3
3 9 8 . 1
4 1 4 . 0
4 3 2 . 0
4 5 5 . 0
4 7 7 . 2
4 9 4 . 3
5 1 3 . 3
5 3 4 . 4
5 5 7 . 8
5 7 8 . 0
5 9 4 . 0
5 9 7 . 1
6 0 0 . 8  
6 0 3 . 0
6 0 5 . 2  
6 0 7 . 9  
6 0 9 . 7
617.4
6 3 3 . 3
6 3 5 . 2
6 5 0 . 2
6 6 8 . 6

4 1 4 . 7  
4 1 6 . 1
4 1 4 . 0
4 1 4 . 0
4 1 4 . 0
4 1 4 . 7
4 1 3 . 7
4 1 4 . 4
4 1 3 . 1  
4 1 2 . 9
4 1 3 . 3
4 1 4 . 3
413.3 
411.6
4 1 5 . 5
4 1 6 . 0
4 1 6 . 0
4 1 7 . 0

6 9 2 . 4
6 9 0 . 3  
691.2
691.1
6 9 2 . 8
6 9 4 . 2
6 9 4 . 4
6 9 4 . 4
6 8 9 . 4  
69 0 .  7
692.8
6 8 9 . 1
6 9 3 . 0
6 8 7 . 3
687.0
6 8 8 . 2
686.9
687.8
6 8 7 . 4
6 9 3 . 5
6 8 7 . 8
6 9 4 . 0
6 9 4 . 6
6 9 0 . 9

413.6 kPa
3 1 6 . 1
3 1 6 . 1
3 1 6 . 1
3 1 6 . 1
3 1 6 . 1
316.1 
3 1 6 . 5
3 2 3 . 4
3 1 6 . 5
3 2 3 . 3
3 1 6 . 4
3 1 6 . 4
3 2 3 . 3
3 2 3 . 4
3 4 3 . 8
3 4 3 . 6
3 4 3 . 6
3 4 3 . 6

6 8 9 . 5  kPa

5 9 2 . 1
5 9 2 . 1
5 9 1 . 9
5 8 5 . 0
591.8
5 9 1 . 8
591.7
5 9 1 . 7
5 9 9 . 1
5 9 9 . 0
5 9 9 . 0
6 0 6 . 0  
6 0 6 . 1
5 9 0 . 8  
6 0 6 . 0  
5 9 9 . 2
5 9 9 . 1  
6 0 6 . 0
5 9 9 . 2
619.2
6 0 5 . 4
6 0 5 . 4
6 1 2 . 3
6 1 2 . 3

2 6 8 . 1
3 1 7 . 5  
366.9 
4 1 8 . 4
4 7 7 . 2  
5 2 6 . 7
5 5 0 . 6
5 9 5 . 1
680.7
7 6 9 . 3
8 7 9 . 2
9 1 2 . 2
923.8
9 6 0 . 0
979.4

1019.7
1 0 5 2 . 8
1 0 8 0 . 5

i s o b a r

1 1 4 . 5
1 3 9 . 8
1 7 3 . 8  
2 1 1 . 4
2 5 0 . 6
300.1
3 4 2 . 8
3 8 9 . 3
4 3 3 . 2
4 8 0 . 7  
5 3 8 . 1
5 8 5 . 9  
621.6
6 3 0 . 0
657.0
7 0 2 . 7
8 2 3 . 4
9 3 4 . 5
9 5 2 . 9
9 7 3 . 6  

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

2 6 8 . 3
3 1 7 . 7  
3 6 7 . 0
4 1 8 . 5
4 7 7 . 4
5 2 6 . 8
5 5 0 . 8
5 9 5 . 3
6 8 0 . 9
7 6 9 . 4
8 7 9 . 3
9 1 2 . 3
923.9 
9 6 0 . 2
979.6 

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

1 1 4 . 9
1 4 0 . 1
1 7 4 . 1  
2 1 1 . 7
250.9
3 0 0 . 5
3 4 3 . 1
389.6 
4 3 3 . 5
481.0 
5 3 8 . 4
586.2 
622 . 0
6 3 0 . 3
6 5 7 . 3
7 0 3 . 0
823.7
934.8 
9 5 3 . 2
973.9 

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

n o ^ I HUB LAKES LIBRARY
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10340

3 9 1 . 1 1 0 3 4 1 . 6 1 0 127 .
411 . 6 1 0 3 4 1 . 6 1 0 1 4 8 .
4 3 4 . 9 1 0 3 3 4 . 6 1 0 162 .
4 5 6 . 8 1 0 3 3 4 . 6 1 0 1 6 9 .
4 7 6 . 8 1 0 3 4 1 . 4 10176 .
5 0 0 . 9 1 0 3 4 1 . 4 10182 .
5 2 4 . 7 1 0 3 2 7 . 6 1 0 1 8 9 .
5 4 6 . 2 1 0 3 4 1 . 4 1 0 1 9 6 .
5 6 7 . 5 1 0 3 4 1 . 4 1 0 203 .
5 8 8 . 5 1 0 3 3 7 . 9 1 0 2 0 3 .
6 0 0 . 3 1 0 3 4 1 . 4 10203 .
6 1 6 . 5 1 0 3 4 0 . 2 10 2 2 9 .
6 3 2 . 9 1 0 3 4 0 . 2 10243 .
6 5 0 . 7 1 0 3 4 0 . 1 10 2 4 3 .
6 6 3 . 7 1 0 3 4 0 . 1 10243 .

kPa i s o b a r

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

8
5
3
1
0
8
7
6
6
5
5
9
7
6
5
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Table 9
S p e c i f i c  e n t h a l p y  m e a s u r e m e n t s  f o r  a t e r n a r y  m i x t u r e  o f

_____________________q u i n o l i n e ,  m - c r e s o l  and  t e t r a l i n _____________
Mol e  f r a c t i o n s ;  m - c r e s o l  0 . 6 6 6 7  , q u i n o l i n e  0 . 1 6 6 7 ,

and  t e t r a l i n  0 . 1 6 6 7 .
A H / C k J - k g " 1 )

r ( i n  ) /K P ( i n  ) / k P a P ( o u t  ) / k P a e x p t . c o r r  .

2 7 5 . 7  kPa i s o b a r

3 6 2 . 3 277 . 2 1 2 3 . 3 1 3 5 . 1 1 3 5 . 1
3 7 9 . 6 2 8 0 . 6 1 2 3 . 2 1 7 5 . 0 1 7 5 . 1
3 9 2 . 3 277 . 5 1 6 4 . 2 2 0 1 . 8 2 0 1 . 9
395 . 0 2 8 1 . 3 1 2 3 . 2 211 . 1 211 . 1
4 1 6 . 9 2 7 8 . 1 1 2 3 . 1 2 6 0 . 0 2 6 0 . 0
4 2 1 . 5 2 8 0 . 9 1 6 4 . 2 272 . 0 272 .1
4 3 9 . 5 2 7 8 . 1 1 2 3 . 1 3 1 5 . 7 3 1 5 . 7
4 5 6 . 2 277 . 0 1 6 4 . 1 3 5 4 . 4 3 5 4 . 5
4 6 0 . 4 277 . 7 1 2 3 . 0 3 6 7 . 2 367 . 2
4 8 3 . 8 2 7 9 . 0 1 2 3 . 0 4 2 3 . 7 4 2 3 . 7
5 0 8 . 6 2 7 9 . 0 1 2 2 . 9 4 8 1 . 8 4 8 1 . 9
5 2 0 . 0 277 . 7 1 3 0 . 0 5 1 3 . 9 5 1 3 . 9
5 2 5 . 4 278 . 4 1 2 3 . 1 5 7 0 . 2 5 7 0 . 2
527 . 8 277 . 0 1 3 0 . 0 6 7 8 . 0 6 7 8 . 0
5 3 1 . 4 277 . 0 1 3 0 . 0 7 9 4 . 2 7 9 4 . 2
5 3 5 . 0 2 7 7 . 4 1 3 0 . 0 8 8 7 . 7 8 8 7 . 8
5 4 0 . 1 2 7 8 . 1 1 3 6 . 9 9 2 4 . 6 9 2 4 . 6
5 5 0 . 0 2 7 4 . 6 1 3 0 . 0 9 4 4 . 1 9 4 4 . 1
5 6 6 . 5 2 7 6 . 3 1 3 6 . 9 9 8 2 . 0 9 8 2 . 1
5 8 4 . 0 277 .3 1 2 3 . 3 1 0 2 3 . 4 1 0 2 3 . 4
6 0 1 . 1 2 7 9 . 0 1 2 3 . 3 1 0 5 1 . 9 1 0 5 1 . 9
6 1 6 . 9 276 . 5 1 3 0 . 2 1 0 8 6 . 6 1 0 8 6 . 6
6 3 2 . 1 277 . 2 1 3 0 . 2 1 1 1 9 . 0 1 1 1 9 . 0
6 4 9 . 2 2 8 0 . 0 1 3 0 . 2 1 1 6 0 . 1 1 1 6 0 . 1
6 6 3 . 1 2 8 1 . 0 1 3 0 . 2 1 1 8 5 . 2 1 1 8 5 . 2

4 1 3 . 6  kPa i s o b a r

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

3 6 3 . 5  
372 . 6
3 8 1 . 0
3 9 5 . 9
4 1 2 . 1
4 3 1 . 0
4 5 2 . 4
4 7 3 . 5
4 9 5 . 1
5 1 7 . 5
5 4 0 . 1
5 5 9 . 3
5 6 7 . 1  
572 . 8
5 7 6 . 2
5 7 8 . 9
5 8 1 . 6  
5 8 8 . 0  
5 9 9 . 8
6 1 6 . 2
6 3 3 . 7
6 4 8 . 4

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

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

413.6 kPa
1 3 8 . 0
1 3 8 . 0
1 3 8 . 0
1 3 7 . 9
1 3 7 . 9
2 2 0 . 1
2 2 0 . 1
2 3 3 . 7
2 3 3 . 7
2 3 3 . 7  
226 . 8
2 2 6 . 9
2 2 6 . 8
2 3 3 . 7
2 3 3 . 6
2 3 3 . 6
2 3 3 . 6
2 4 0 . 4
2 4 0 . 4
2 4 0 . 4
2 4 0 . 4

6 8 9 . 5  kPa

3 9 9 . 2
3 8 5 . 5
3 8 5 . 4
3 9 9 . 2
3 9 9 . 2  
399 . 2
4 2 7 . 2
4 2 7 . 2
4 3 4 . 1
4 3 4 . 0
4 4 0 . 9
4 4 0 . 9
4 1 3 . 0
4 1 3 . 0
4 1 3 . 0
4 1 3 . 0
4 4 0 . 9
4 1 2 . 9
4 1 2 . 9
4 1 9 . 8
4 2 6 . 8
4 2 6 . 8

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

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

i s o b a r

1 3 8 . 6
1 6 1 . 3
1 7 8 . 0
2 0 9 . 9
2 4 5 . 7
2 9 3 . 8
3 4 5 . 2
3 9 3 . 2
4 5 1 . 7
5 1 2 . 6
5 6 9 . 6
6 2 2 . 3
6 3 9 . 4  
667 .1
7 5 7 . 1
8 4 5 . 9
9 5 8 . 9

1 0 0 9 . 1
1 0 2 4 . 1
1 0 7 3 . 4
1 1 1 9 . 1  
1141 .1

2 8 2 . 2
3 2 9 . 5
3 8 3 . 2
4 2 9 . 8
4 8 5 . 2
5 1 5 . 1
5 5 9 . 9  
585 .1
6 3 6 . 8
7 3 0 . 5
7 9 9 . 2
8 9 3 . 2
9 4 9 . 4
9 6 9 . 9
9 9 0 . 0

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

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

1 0 0 9 . 3
1 0 2 4 . 3
1 0 7 3 . 7
1 1 1 9 . 4
1 1 4 1 . 3
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6 8 9 . 5  kPa  i s o b a r

6 6 2 . 3 6 8 8 . 4 4 2 6 . 8 1 1 7 8 . 7 1178 .

1 0 3 4 0 .  kPa i s o b a r

3 8 6 . 7 1 0 3 3 8 . 6 9 6 8 0 . 1 1 8 3 . 7 190.
4 0 8 . 1 1 0 3 1 4 . 3 9 7 2 1 . 4 2 3 4 . 3 241 .
4 2 8 . 5 1 0 3 2 8 . 1 9 7 3 5 . 1 2 8 7 . 4 294 .
4 5 0 . 2 1 0 3 1 3 . 5 9 7 3 5 . 1 3 3 6 . 9 34 3 .
4 7 1 . 4 1 0 3 4 1 . 8 9 6 7 9 . 9 3 9 2 . 9 39 9 .
4 9 4 . 1 1 0 3 1 4 . 1 9 6 7 9 . 8 4 5 0 . 8 457 .
5 1 5 . 7 1 0 3 1 4 . 1 9 6 7 9 . 8 5 0 7 . 4 514 .
5 3 9 . 8 1 0 3 1 4 . 1 9 6 7 9 . 8 5 6 9 . 8 5 7 6 .
5 6 0 . 9 1 0 3 2 3 . 3 9 8 9 9 . 3 6 2 3 . 4 630 .
5 8 2 . 2 1 0 3 4 0 . 4 9 8 5 7 . 8 6 8 6 . 3 6 9 3 .
6 0 0 . 3 1 0 3 2 6 . 7 9 8 7 1 . 6 732 . 5 739 .
6 1 6 . 8 1 0 3 1 9 . 7 9 8 7 1 . 6 7 8 0 . 0 787 .
6 3 1 . 0 1 0 3 4 0 . 4 9 8 7 1 . 6 8 1 9 . 7 82 6 .
6 5 0 . 0 1 0 3 3 3 . 4 9 8 7 8 . 4 8 7 1 . 6 8 7 8 .
6 6 0 . 3 1 0 3 1 2 . 8 9 8 7 8 . 4 9 0 0 . 5 9 0 7 .

9

7
3
4
9
9
8
4
7
5
4
7
1
9
8
6
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Al s o  i n c l u d e d  on t h e  p l o t s  of  t h e  e x p e r i m e n t a l  d a t a  a r e  

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

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

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

e x p r e s s i o n s ,  a n d  t h e  f i t s  w o r k e d  w e l l .  The  p o l y n o m i a l  

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

A h / ( k J / k g ) = Cl  + C 2 ( T / K ) 2 + C3 ( T/ K)  + C 4 ( T / K ) ( P / k P a )

+ C 5 ( P / k P a ) + C6 ( P / k P a ) 2 . ( 1 2 )

T h e  l i q u i d  p h a s e  e n t h a l p y  w a s  f i t  t o  t h e  f o l l o w i n g  

e x p r e s s i o n :

A h / ( k J / k g ) = C 7 * [ ( T - 2 9 1 . 4 8 ) / K ]  + C8 * [ ( T - 2 9 1 . 4 8 ) / K ] 2

+ C 9 * [ ( T - 2 9 1 . 4 8 ) / K ] 3 . ( 1 3 )

An e x p r e s s i o n  f o r  l i q u i d  h e a t  c a p a c i t y  c a n  be o b t a i n e d  by 

t a k i n g  t h e  d e r i v a t i v e  o f  e q u a t i o n  13 w i t h  r e s p e c t  t o  

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

be  o b t a i n e d  by s e t t i n g  p =0  i n  e q u a t i o n  ( 1 2 ) .  An e r r o r  

m e a s u r e m e n t  was d e f i n e d  t o  show how t h e  e x p e r i m e n t a l  d a t a  

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

s i m p l e  and i s  g i v e n  b e l o w :

ERR .  (AHc o r r  -  AHp f ) / AHc o r r *100  ( 1 4 )

w h e r e ,  AHp^ = E n t h a l p y  p r e d i c t i o n  by p o l y n o m i a l  f i t .

ERR = P e r c e n t  e r r o r  b e t w e e n  e x p e r i m e n t a l  a n d  
p o l y n o m i a l  f i t  d a t a .

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

The a b s o l u t e  v a l u e  o f  t h e  e r r o r s  was summed t h r o u g h o u t  t h e
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d a t a  b a s e ,  a n d  an a v e r a g e  a b s o l u t e  d e v i a t i o n  (AAPD) was  

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

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

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

w i t h  t h e  AAPD a r e  p r e s e n t e d  i n  T a b l e  10.

Th e  p l o t s  i n  F i g u r e s  4 - 7  s h o w  t h a t  t h e  e x p e r i m e n t a l  

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

d a t a  w e l l  and  t h i s  c a n  be  s e e n  i n  t h e  p l o t s .  The AAPD f o r  

t h e  l i q u i d  p h a s e s  r a n g e d  f r o m  0 . 5 7 0  t o  0 . 8 8 9  w i t h  t h e  

1 / 6 : 1 / 6 : 2 / 3  q u i n o l i n e  : m - c r e s o l : t e t r a l i n  s y s t e m  t h e  g r e a t e s t  

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

h i g h e r  t e m p e r a t u r e s  i n  t h e  l / 6 : l / 6 : 2 / 3  q u i n o l i n e  : m-  

c r e s o l : t e t r a l i n  s y s t e m ,  b u t  t h e  f i t s  wor k  e x t r e m e l y  w e l l  f o r  

t h e  o t h e r  t h r e e  s y s t e m s .  The AAPD o f  t h e  p l o y n o m i a l  f i t s  o f  

t h e  v a p o r  p h a s e s  r a n g e d  f r o m 0 . 2 1 1  t o  0 . 3 0 3 .  The c u r v e s  f i t  

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

e a s i l y  be s e e n  i n  t h e  p l o t s .  The  i n c o r p o r a t i o n  o f  t h e  

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

e n t h a l p i e s  show t h a t  t h e  d a t a  a r e  c o n s i s t e n t .

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

Reham a n d  L e e ^  ( 1 9 8 5 )  a n d  c o m p a r e d  t o  i d e a l  g a s  e n t h a l p y  

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

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

e x p r e s s i o n  ( e q u a t i o n  1 2 ) d e s c r i b i n g  t h e  v a p o r  p h a s e
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Table 10
C o n s t a n t s  f o r  P o l y n o m i a l  F i t s  

1 / 3 :  1 / 3 : 1 / 3  Q u i n o l i n e : m - C r e s o l : T e t r a l i n

Va por P h a s e L i q u i d  P h a s e
Cl  = - 51  . 9 C7 = 1 . 5 9 3 0 7
C2 = 4 . 0 2 4 E - 4 C8 = 2 . 9 2 0 3 E
C3 = 1 . 5 3 1 5 C9 = - 2 . 2 8 E - 6
C4 = 2 . 8 1 8 E - 4 AAPD = 0 . 6 5 9
C5 = - 1 . 8 0 4 3 E - 1
C6 = - 2 . 3 6 6 E - 5
AAPD = 0 . 2 8 7

1 / 6  : 1 / 6  : 2 / 3 Q u i n o l i n e : m - C r e s o l  : T e t r a l i n

Va por P h a s e L i q u i d  P h a s e
Cl  = 1 9 7 . 1 C7 = 1 . 6 2 2 9 1
C 2 = 1 . 27 42E- 3 C8 = 2 . 4 0 2 6 E
C3 = 5 . 2 1 8 E - 1 C9 = -  9 . 9 E - 7
C4 = 4 . 2 0 8 E- 4 AAPD = 0 . 8 8 9
C5 = - 2 . 7 8 3 2E- 1
C6 = 8 . 0 5 E - 6
AAPD = 0 . 2 1 1

2/3:1/6:1/6 Q u i n o l i n e : m - C r e s o l  : T e t r a l i n

Va por P h a s e L i q u i d  P h a s e
Cl  = - 2 2 4 . 3 C7 = 1 . 4 7 1 0 1
C 2 = 1 . 0 9 E - 4 C8 = 2 . 4 2 3 0 E
C3 = 1 . 9 3 1 C9 = - 1 . 3 2 E - 6
C4 = 6.66E-5 AAPD = 0 . 7 4 6
C5 = - 1 . 3 4 6 E - 1
C 6 = 7 . 0 0 4 E - 5
AAPD = 0 . 3 0 3

1/6:2/3:1/6 Q u i n o l i n e : m - C r e s o l : T e t r a l i n

Vapor P h a s e L i q u i d  P h a s e
Cl  = - 8 7 . 5 C7 = 1 . 7 7 4 1 0
C2 = 1 . 6 3 0 E - 4 C8 = 2 . 6 6 0 4 E - :
C3 = 1 . 7 9 9 4 C9 = - 2 . 1 4 E - 6
C4 = 4 . 8 1 9 E - 4 AAPD = 0 . 5 7 0
C5 = - 2 . 6 5 0 E - 1
C 6 = 7 . 144E- 5
AAPD = 0 . 2 5 9
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e n t h a l p i e s . I d e a l  g a s  e n t h a l p i e s  a r e  c a l c u l a t e d  by i n s e r t i n g  

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

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

T a b l e  11 a l o n g  w i t h  an a b s o l u t e  p e r c e n t  d e v i a t i o n  ( APD)  

b e t w e e n  t h e  two e n t h a l p i e s .

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

e x p e r i m e n t a l  and  t h e  c a l c u l a t e d  c o mp a r e  v e r y  w e l l  f o r  t h e  

1 / 3 : 1 / 3 : 1 / 3 ,  and 1 / 6 :  2 / 3 : 1 / 6  q u i n o l i n e : m - c r e s o l : t e t r a l i n  

s y s t e m s .  The a b s o l u t e  p e r c e n t  d e v i a t i o n  r a n g e s  f r o m 0 . 2 9  

a n d  3 . 0 2  f o r  t h e s e  t wo  s y s t e m s .  The  a b s o l u t e  p e r c e n t  

d e v i a t i o n  f o r  t h e  1 / 6 : 1 / 6 : 2 / 3  q u i n o l i n e : m - c r e s o l : t e t r a l i n  

s y s t e m  r a n g e s  f r o m 3 . 8 2  t o  4 . 1 4 .  The v a p o r  p h a s e  p o l y n o m i a l  

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

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

The 2 0 6 . 8 ,  4 1 3 . 6 ,  and  6 8 9 . 3  kPa  e n t h a l p y  d a t a  a t  t h e  v e r y

h i g h  t e m p e r a t u r e s  seem t o  f a l l  on a common l i n e  i n s t e a d  of  

f a l l i n g  on s e p a r a t e  l i n e s .  T h i s  phe nomena  w i l l  e f f e c t  t h e  

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

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

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

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

b e t w e e n  t h e  i d e a l  g a s  e n t h a l p i e s  f o r  t h e  2 / 3 : l / 6 : l / 6  

q u i n o l i n e : m - c r e s o l : t e t r a l i n  s y s t e m  r a n g e  f r o m 1 . 8 8  t o  4 . 5 4 .  

A g a i n , t h e  l a r g e  d e v i a t i o n s  c an  be a t t r i b u t e d  i n  t h e  s c a t t e r
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Table 11
I d e a l  Gas  E n t h a l p y  D i f f e r e n c e  C o m p a r i s o n s  
B e t we e n  E x p e r i m e n t a l  and  C a l c u l a t e d  V a l u e s

1 / 3 : 1 / 3 : 1 / 3  Q u i n o l i n e : m - C r e s o l : T e t r a l i n

E n t h a l p y
E x p e r i m e n t a l

D i f f e r e n c e s
T a b u l a t e d P e r c e n t  D e v i a t i o n

 ̂h 570K- h 540K ^ 5 9 . 3 4 5 8 . 2 0 1 . 92

^h 600K” h 540K^ . 1 1 9 . 4 1 1 1 8 . 5 8 0 . 7 0

 ̂h 630K- h 540K ^ 1 8 0 . 2 1 1 8 1 . 0 1 0 . 4 4

 ̂h 660K- h 540K ^ 2 4 1 . 7 2 2 4 5 . 3 6 1 . 5 0

1 / 6 : 1 / 6 : 2 / 3  Q u i n o l i n e  : m - C r e s o l : T e t r a l i n

E n t h a l p y
E x p e r i m e n t a l

D i f f e r e n c e s
T a b u l a t e d P e r c e n t  D e v i a t i o n

( h 610K- h 600K ^ 2 1 . 5 5 2 0 . 6 4 4 . 2 3

^ h 630K_ h 600K) 6 5 . 3 6 6 2 . 6 7 4 . 1 1

^h 650K~h 600K^ 110 . 11 1 0 5 . 7 3 3 . 9 8

 ̂h 670K- h 600K ^ 1 5 5 . 7 4 1 4 9 . 8 0 3 . 8 2

2 / 3 : 1 / 6 : 1 / 6  Q u i n o l i n e  : m - C r e s o l : T e t r a l i n

E n t h a l p y
E x p e r i m e n t a l

D i f f e r e n c e s
T a b u l a t e d P e r c e n t  D e v i a t i o n

 ̂h 610K- h 600K ^ 2 0 . 6 3 1 9 . 6 9 4 . 5 4

( h 630K“ h 600K^ 6 1 . 9 5 5 9 . 7 1 3 . 6 2

 ̂h 650K~h 600K ^ 1 0 3 . 3 6 1 0 0 . 5 3 2 . 7 3

( h 6 7 0 K" h 6 00K) 1 4 4 . 8 6 1 4 2 . 1 4 1 . 88
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T a b l e  11

I d e a l  Gas  E n t h a l p y  D i f f e r e n c e  C o m p a r i s o n s  
B e t we e n  E x p e r i m e n t a l  and  C a l c u l a t e d  V a l u e s

( C o n t i n u e d )

1 / 6 : 2 / 3 : 1 / 6  Q u i n o l i n e : m - C r e s o l  : T e t r a l i n

E n t h a l p y  D i f f e r e n c e s  
E x p e r i m e n t a l  T a b u l a t e d  P e r c e n t  D e v i a t i o n

^ 5 8 0 K - ^550K^ 5 9 . 5 1  5 8 . 8 0  1 . 1 9

( ^ 6 i o k _ ^550K^ 1 1 9 . 3 1  1 1 9 . 6 5  0 . 2 9

( h640K_ ^550K^ 1 7 9 . 4 0  1 8 2 . 4 3  1 . 6 9

( h 670K- h 5 5 0 K ^ ; 2 3 9 . 7 9  2 4 7 . 0 3  3 . 0 2

* I d e a l  g a s  e n t h a l p y  d i f f e r e n c e s

APD: A b s o l u t e  p e r c e n t  d e v i a t i o n
* ( ^ e x p e r i m e n t a l ~ ^ c a l c u l a t e d ) / ( ^ e x p e r i m e n t a l ) ^ ^ ^ "
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o f  t h e  v a p o r  p h a s e  e n t h a l p i e s  a t  t h e  h i g h e r  t e m p e r a t u r e s  f o r  

t h e  4 1 3 . 6  and 6 8 9 . 3  kPa  i s o b a r s .

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

show t h a t  t h e  e x p e r i m e n t a l  d a t a  a r e  c o n s i s t e n t .  Two of  t h e  

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

w i t h i n  t h e  a c c u r a c y  of  t h e  a p p a r a t u s  ( + / -  1 . 0  p e r c e n t  ) .

F l a n i g a n  ( 1 9 8 3 )  a n d  ( 1 9 8 6 )  a l s o  c o n v e r t e d  t h e  

e x p e r i m e n t a l  b i n a r y  d a t a  t o  a p u r e  f l u i d  da t um by a d d i n g  on 

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

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

c o u l d  n o t  be o b t a i n e d  f o r  t h e  t e r n a r y  m i x t u r e s .
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ENTHALPY PREDICTIONS FOR THE TERNARY SYSTEM OF QUINOLINE,  
m-CRESOL,  AND TETRALIN

A s e t  o f  c o m p u t e r  p r o g r a m s  we r e  g e n e r a t e d  t o  p r e d i c t  

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

c r e s o l ,  a n d  t e t r a l i n .  The  p r o g r a m s  i n c o r p o r a t i n g  m i x i n g  

r u l e s  one  t o  t h r e e  we r e  d e v e l o p e d  by F l a n i g a n  ( 1 9 8 6 ) .  The 

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

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

t wo 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  we r e  a m o d i f i c a t i o n  o f  

F l a n i g a n ’ s b i n a r y  e n t h a l p y  p r e d i c t i o n  p r o g r a m s .

E n t h a l p y  p r e d i c t i o n s  a r e  g e n e r a t e d  w i t h  two e q u a t i o n s  

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

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

w i l l  h e l p  t o  v i s u a l l y  s e e  how good t h e  p r e d i c t i o n s  a c t u a l l y  

w o r k . O n l y  t wo  m i x i n g  r u l e s  w e r e  i n v e s t i g a t e d  f o r  t h e  

S o a v e - R e d l i c h - K w o n g  e q u a t i o n  o f  s t a t e  and  t h e y  c o n s i s t  o f  

t h e  s i m p l e  k ^ j  and  j  = 0 . F l a n i g a n  had  o b s e r v e d  t h a t  t h e  

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

C r e s o l ,  so 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  we r e  n o t  g e n e r a t e d  

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

i n v e s t i g a t i o n  was  t h e  YSRK e q u a t i o n  of  s t a t e .

I n  o r d e r  t o  do t h e  e n t h a l p y  p r e d i c t i o n s  f o r  t h e  YSRK 

e q u a t i o n ,  t h e  n o n p o l a r  homomor ph mus t  be  d e f i n e d  a l o n g  w i t h  

i t s  r e s p e c t i v e  a c e n t r i c  f a c t o r . The p o l a r  p a r a m e t e r  Rp mus t



T-3448 62

a l s o  be d e f i n e d . T h i s  i n f o r m a t i o n  i s  t a b u l a t e d  i n  T a b l e  12.

T a b l e  12

N o n p o l a r  Homomorph A c e n t r i c  F a c t o r s  and 

P o l a r  P a r a m e t e r s  f o r  T e r n a r y  S y s t e m  

Compound Homomor ph u)n

m - C r e s o l  m- X y l e n e  0 . 3 2 6  0 . 9 0 9

Q u i n o l i n e  N a p h t h a l e n e  0 . 3 0 3  0 . 0 2 6 7 9

T e t r a l i n  T e t r a l i n  0 . 3 2 7  0 . 0

D u r i n g  t h e  a n a l y s i s  i t  was d e t e r m i n e d  t h a t  t h e  b i n a r y  

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

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  j =A- B/ vRT a r e  i n  e r r o r  due  

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

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

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

m i x i n g  r u l e  w i l l  n o t  be c o n s i s t e n t .  The o b j e c t i v e  f o r  t h i s  

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

F l a n i g a n ' s  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 .

E n t h a l p y  P r e d i c t i o n s  f o r  t h e  1 / 3 : 1 / 3 : 1 / 3  Q u i n o l i n e  : m - C r e s o l : 
T e t r a l i n  M i x t u r e

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

a r e  shown i n  F i g u r e s  8 and  9 .  F i g u r e  8 d o e s  n o t  i n c o r p o r a t e  

a n y  i n t e r a c t i o n  p a r a m e t e r s  . F i g u r e  9 g e n e r a t e s  t h e
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p r e d i c t i o n s  w i t h  t h e  s i m p l e  k ^ j  m i x i n g  r u l e .  W i t h  b o t h  

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

p r e d i c t e d  l o w.  A l s o , b o t h  p r e d i c t  t h e  b o i l i n g  p o i n t  o f  t h e  

f l u i d  t o  b e  l o w e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e .  Th e  j

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

m i x i n g  r u l e  k ^ j = 0 .

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

a r e  shown i n  F i g u r e s  10 t o  14.  F i g u r e  10 i n c o r p o r a t e s  t h e  

m i x i n g  r u l e  k i j  = 0 ,  F i g u r e  11 u s e s  t h e  s i m p l e  k^ j  m i x i n g  

r u l e ,  and F i g u r e  12 i n c o r p o r a t e s  t h e  m i x i n g  r u l e  k i j =A+B/ T.  

Ag a i n  t h e  m i x i n g  r u l e s  k — and  k i j = 0  b o t h  p r e d i c t  t h e  l i q u i d  

and  v a p o r  p h a s e  e n t h a l p i e s  t o  be l o w.  The s i m p l e  k — m i x i n g  

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

m i x i n g  r u l e  k ̂  j  = 0 .  The m i x i n g  r u l e  k^ j =A + B/T p r e d i c t s  t h e

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

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

r e g i o n .  F i g u r e s  13 and  14 i n c o r p o r a t e  t h e  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  k — =A-B/ vRT and A+C r e s p e c t i v e l y .  The m i x i n g  

r u l e  k ^ j = A - B / v R T  d o e s  n o t  wor k  v e r y  w e l l  due  t o  t h e  e r r o r  i n  

F l a n i g a n ’ s e q u a t i o n .  Mi x i n g  r u l e  A+C p r e d i c t s  t h e  l i q u i d  

p h a s e  w e l l  a t  t h e  l o w e r  t e m p e r a t u r e s , b u t  i t  s ee ms  t o  f a l t e r  

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

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

and  i t  m i s s e s  t h e  t wo p h a s e  t r a n s i t i o n  r e g i o n .
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E n t h a l p y  P r e d i c t i o n s  f o r  t h e  1 / 6 : 1 / 6 : 2 / 3  Q u i n o l i n e : m - C r e s o l  : 
T e t r a l i n  M i x t u r e

F i g u r e s  15 and 16 show t h e  e n t h a l p y  p r e d i c t i o n s  f o r  t h e  

SRK e q u a t i o n  o f  s t a t e .  Bo t h  o f  t h e s e  m i x i n g  r u l e s  do a good 

j o b  p r e d i c t i n g  t h e  e x p e r i m e n t a l  e n t h a l p y .  The l i q u i d  and

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

p r e d i c t  t h e  t wo p h a s e  r e g i o n  w e l l .  T h e r e  i s  no n o t i c e a b l e  

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

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

a r e  shown i n  F i g u r e s  17 t o  21 .  The s i m p l e  n o n d e n s i t y  m i x i n g  

r u l e s  a r e  p r e s e n t e d  i n  f i g u r e s  17 t o  1 9 ,  a n d  t h e y  w o r k  

f a i r l y  w e l l  ma p p i n g  t h e  e x p e r i m e n t a l  d a t a .  F i g u r e  19 u s e s  

t h e  m i x i n g  r u l e  k — = A + B / T ,  w h i c h  p r e d i c t s  b o t h  e n t h a l p y  

p h a s e s  and  t h e  t wo p h a s e  r e g i o n  w e l l .  Mi x i n g  r u l e s  k ^ j

a n d  k ^ j  =0 map t h e  t wo  p h a s e  r e g i o n  w e l l ,  b u t  p r e d i c t  t h e  

v a p o r  and  l i q u i d  p h a s e  e n t h a l p i e s  l o w.  They do a b o u t  t h e  

same j o b  a s  t h e  m i x i n g  r u l e s  a p p l i e d  t o  t h e  SRK e q u a t i o n  of  

s t a t e ,  and  t h e r e  i s  no n o t i c e a b l e  d i f f e r e n c e .  The m i x i n g  

r u l e  k — = A+B/T d o e s  a c t u a l l y  p r e d i c t  t h e  v a p o r  and  l i q u i d  

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

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

s i m p l e  k^ j  a n d  k ^ j  = 0 .  F i g u r e  20 i n c o r p o r a t e s  t h e  m i x i n g

r u l e s  Kj_j = A- B/ vRT and  F i g u r e  21 u s e s  t h e  m i x i n g  r u l e  A+C. 

The  m i x i n g  r u l e  A+C p r e d i c t s  t h e  v a p o r  a n d  l i q u i d  p h a s e  

e n t h a l p i e s  q u i t e  w e l l ,  b u t  i t  i s  o f f  s omewha t  p r e d i c t i n g  t h e
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t wo p h a s e  r e g i o n .  The v a p o r  and  l i q u i d  p h a s e  e n t h a l p i e s  a r e  

p r e d i c t e d  l ow by t h e  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  k ^ j = A -  

B / v R T , b u t  t h e  t wo p h a s e  r e g i o n  i s  d e f i n e d  w e l l .

The p r e d i c t i o n s  wo r k e d  v e r y  w e l l  f o r  t h i s  s y s t e m .  One

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

t e t r a l i n .  S i n c e  t e t r a l i n  i s  n o n p o l a r  , t h e  p o l a r

i n t e r a c t i o n s  a r e  n o t  a s  s t r o n g  i n  t h i s  s y s t e m .  T h u s , t h e

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

E n t h a l p y  P r e d i c t i o n s  f o r  t h e  2 / 3 : 1 / 6 : 1 / 6  Q u i n o l i n e : m - C r e s o l  : 
T e t r a l i n  M i x t u r e

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

a r e  s h o w n  i n  F i g u r e s  2 2  a n d  2 3 .  T h e  m i x i n g  r u l e  

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

t h e y  a r e  a l i t t l e  l o w ,  a n d  i t  d o e s  n o t  map t h e  t wo  p h a s e  

r e g i o n  a s  w e l l  a s  e x p e c t e d .  The m i x i n g  r u l e  k — =0 d o e s  n o t  

wor k  n e a r l y  a s  w e l l  a s  t h e  s i m p l e  k ^ j  m i x i n g  r u l e .

F i g u r e s  24 t o  28 show t h e  e n t h a l p y  p r e d i c t i o n s  f o r  t h e  

YSRK e q u a t i o n  o f  s t a t e .  Ag a i n  m i x i n g  r u l e s  k ^ j  and  k ̂  j  = 0 

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

k — m i x i n g  r u l e  p r e d i c t s  t h e  t wo p h a s e  r e g i o n  much b e t t e r  

t h a n  k^ j  = 0 .  The m i x i n g  r u l e  k^ j =A + B/T f a l t e r s  on t h e  two 

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

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

F i g u r e  27 and  28 i n c o r p o r a t e s  t h e  d e n s i t y  d e p e n d e n t  m i x i n g
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r u l e s  k ^ j = A - B / v R T  and  A+C r e s p e c t i v e l y . M i x i n g  r u l e  k ^ j = A -  

B / v R T  p r e d i c t s  b o t h  e n t h a l p y  p h a s e s  p o o r l y ,  b u t  i t  d o e s  

p r e d i c t  t h e  two p h a s e  r e g i o n  w e l l .  The m i x i n g  r u l e  VA+C d o e s  

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

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

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

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

r e g i o n .

E n t h a l p y  P r e d i c t i o n s  f o r  t h e  1 / 6 : 2 / 3 : 1 / 6  Q u i n o l i n e  : m - C r e s o l  : 
T e t r a l i n  M i x t u r e

F i g u r e s  29 and  30 show e n t h a l p y  p r e d i c t i o n s  f o r  t h e  SRK 

e q u a t i o n  of  s t a t e  i n c o r p o r a t i n g  t h e  m i x i n g  r u l e s  k^ j  a n d  

k ^  j  = 0 r e s p e c t i v e l y  .  B o t h  m i x i n g  r u l e s  do  a p o o r  j o b  

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

p r e d i c t e d  l ow,  and  t h e  t wo p h a s e  t r a n s i t i o n  p r e d i c t i o n  i s  

f a r  o f f  f o r  k ^ j  = 0 and  b e t t e r  f o r  t h e  m i x i n g  r u l e  k — .

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

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

i n  F i g u r e s  31 t o  3 5 .  A g a i n  m i x i n g  r u l e s  k ^ j  a n d  k^ j  = 0 

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

a r e  b e t t e r  t h a n  t h e  SRK e q u a t i o n  o f  s t a t e .  Mi x i n g  r u l e  k — 

p r e d i c t s  t h e  t w o  p h a s e  t r a n s i t i o n  b e t t e r  t h a n  k — = 0 a n d  

k ^ j = A + B / T .  The m i x i n g  r u l e  k ^ j =A+B/ T d o e s  a v e r y  good j o b  

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

and  f a l t e r s  on t h e  p r e d i c t i o n  o f  t h e  two p h a s e  t r a n s i t i o n

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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r e g i o n .  The e n t h a l p y  p r e d i c t i o n s  i n c o r p o r a t i n g  t h e  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  a r e  shown i n  F i g u r e  34 t o  35 .  The 

m i x i n g  r u l e  j =A- B/ vRT d o e s  n o t  wor k  v e r y  w e l l  p r e d i c t i n g  

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

f i n e .  T h e  A+C m i x i n g  r u l e  d o e s  a s a t i s f a c t o r y  j o b  

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

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

The two p a r a m e t e r  ( k i j =A+B/ T)  and  t h e  d e n s i t y  d e p e n d e n t  

( A+C)  m i x i n g  r u l e s  g e n e r a l l y  do  a b e t t e r  j o b  p r e d i c t i n g  

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

t h e y  do n o t  do a s a t i s f a c t o r y  j o b  p r e d i c t i n g  t h e  t wo p h a s e  

t r a n s i t i o n .  The  p o l a r  i n t e r a c t i o n s  a r e  v e r y  s t r o n g  i n  t h i s  

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

one  r e a s o n  why t h e  SRK e q u a t i o n  o f  s t a t e  d o e s  n o t  wor k  a s  

w e l l  a s  t h e  YSRK e q u a t i o n .

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

s i m i l a r  t o  t h e  r e s u l t s  o f  F l a n i g a n ’ s ( 1 9 8 6 )  i n v e s t i g a t i o n .  

F l a n i g a n  was a b l e  t o  f i t  t h e  b i n a r y  e n t h a l p y  w e l l  u s i n g  t h e  

YSRK e q u a t i o n  a n d  t h e  a p p r o p r i a t e  m i x i n g  r u l e s  . Th e  t wo  

p a r a m e t e r  m i x i n g  r u l e  ( k ^ j = A + B / T )  was shown t o  wor k  b e t t e r  

t h a n  t h e  t h r e e  p a r a m e t e r  d e n s i t y  d e p e n d e n t  ( A+C)  m i x i n g  

r u l e .  T h e s e  m i x i n g  r u l e s  w o r k e d  b e t t e r  t h a n  t h e  o t h e r  

t h r e e .  I n  t h i s  i n v e s t i g a t i o n  t h e  s a m e  t wo  m i x i n g  r u l e s  

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

m i x i n g  r u l e  shows  no s i g n i f i c a n t  i m p r o v e m e n t  on t h e  e n t h a l p y  

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

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

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

f i t s  t h e  b i n a r y  e n t h a l p y  w e l l  b u t  t h e n  f a l t e r s  s u b s t a n t i a l l y  

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

a n d  F l a n i g a n ’ s b o t h  s h o w e d  t h a t  t h e  SRK p r e d i c t i o n s  w e r e  

p o o r  .
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CONCLUSIONS

The p r i m a r y  g o a l  o f  t h i s  i n v e s t i g a t i o n  was t o  g e n e r a t e  

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

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

s u c c e s s f u l l y  c o l l e c t e d  w i t h  no  m a j o r  p r o b l e m s .  T h e  

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

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

v a p o r . T h e r e  was no o t h e r  e x p e r i m e n t a l  d a t a  t o  c o mp a r e  w i t h  

t h e  d a t a  g e n e r a t e d  f r o m t h i s  i n v e s t i g a t i o n .

A s e t  o f  t r e n d s  we r e  o b s e r v e d  d u r i n g  t h e  p r e d i c t i o n s  o f  

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

made a b o u t  t h e  v a r i o u s  m i x i n g  r u l e s . The m i x i n g  r u l e  k ^ j  = 0 

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

m i s s e s  t h e  t wo  p h a s e  t r a n s i t i o n  r e g i o n  . The  s i m p l e  k — 

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

l i k e  t h e  m i x i n g  r u l e  k ^ j  = 0 i t  p r e d i c t s  t h e  v a p o r  and  l i q u i d  

p h a s e  e n t h a l p i e s  l o w.  The m i x i n g  r u l e  k^ j =A+B/ T p r e d i c t s  

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

f a l t e r s  p r e d i c t i n g  t h e  t wo  p h a s e  r e g i o n . The  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  A+C p r e d i c t  t h e  v a p o r  and l i q u i d  p h a s e  

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

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

r u l e  k ^ j  = A - B / v RT w e r e  o f f  d u e  t o  an e r r o r  i n  F l a n i g a n ’ s 

e x p r e s s i o n  f o r  t h e  e n t h a l p y  d e p a r t u r e  f o r  t h i s  r u l e .  The
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m i x i n g  r u l e  k ^ j =A+B/ T p r e d i c t s  t h e  v a p o r  and l i q u i d  p h a s e  

e n t h a l p i e s  a b o u t  a s  w e l l  a s  t h e  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 .

The u s e  o f  t h e  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  c a n n o t  be 

j u s t i f i e d  i n  t h i s  i n v e s t i g a t i o n .  The m i x i n g  r u l e  j  =A+B/T 

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

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

k^ j = A+ B/ T  m i x i n g  r u l e ,  b u t  do n o t  wor k  s i g n i f i c a n t l y  b e t t e r . 

T h u s , t h e  m i x i n g  r u l e  k ^ j = A + B / T  s h o u l d  be u s e d  o v e r  t h e  

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

u s e s  l e s s  c o m p u t e r  t i m e .  The s i m p l e  k ^ j  m i x i n g  r u l e  i s  t h e  

o n l y  one  t h a t  c a n  p r e d i c t  t h e  t wo p h a s e  r e g i o n  w e l l ,  b u t  i t  

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

None o f  t h e  m i x i n g  r u l e s  s t u d i e d  c o u l d  p r e d i c t  t h e  t wo p h a s e  

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

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

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

b u t  wo u l d  n e v e r  do b o t h .

The YSRK e q u a t i o n  p r e d i c t e d  e n t h a l p i e s  b e t t e r  t h a n  t h e  

SRK e q u a t i o n  o f  s t a t e  wh e n  t h e  p o l a r  i n t e r a c t i o n s  w e r e  

s t r o n g  a s  i n  t h e  1 / 3 : 1 / 3 : 1 / 3 ,  1 / 6 : 2 / 3 : 1 / 6 ,  and  2 / 3 : 1 / 6 : 1 / 6

q u i n o l i n e : m - c r e s o l : t e t r a l i n  s y s t e m s .  The YSRK e q u a t i o n  i s  

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

None o f  t h e  c u r r e n t l y  p r o p o s e d  m i x i n g  r u l e s  we r e  a b l e  

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

f r om b i n a r y  d a t a  a l o n e .  E i t h e r  an a p p r o p r i a t e  m i x i n g  r u l e  

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

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

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

1 . ) The H e i s e  g a u g e  c a l i b r a t i o n s  s h o u l d  be c h e c k e d  b e f o r e  

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

u s e d  e x t e n s i v e l y  f o r  t h e  p a s t  two y e a r s  and  h a v e  t a k e n  much 

a b u s e  .

2 . )  I t  wou l d  be v e r y  b e n e f i c i a l  t o  t h e  e n t h a l p y  a p p a r a t u s  

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

e q u i p m e n t .  T h i s  wou l d  a l l o w  t h e  u s e  o f  n i t r o g e n  g a s  on t h e  

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

e x c e s s i v e  a b u s e .  T h i s  wou l d  a l s o  r e d u c e  t h e  vo l ume  r e q u i r e d  

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

3 . )  Th e  s a m p l e  pump s h o u l d  be  t h o r o u g h l y  i n s p e c t e d  a n d  

c h e c k e d  b e f o r e  a n o t h e r  m a j o r  p r o j e c t  i s  i n i t i a t e d .  The pump 

h a d  p r o b l e m s  a t  t h e  h i g h e r  p r e s s u r e s  ( 1 0 3 4 0  k P a ) ,  a n d  i t  

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

4 . )  T h e r e  s h o u l d  be mor e  i n v e s t i g a t i o n  o f  m i x i n g  r u l e s .  A 

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

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

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

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

t h i s  i n v e s t i g a t i o n  c o u l d  be m o d i f i e d  t o  a c h i e v e  t h i s  g o a l .
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APPENDIX A 

Example  C o mp u te r  P r o g r a m
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THIS PROGRAM USES THE YSRK EQUATION OF 
STATE AND A LUEDECKE MIXING RULE TO 
PREDICT ENTHALPIES.
AUTHORS: TIMOTHY P .  JOYCE, DAVID A. FLANIGAN 
LAST MODIFIED: MAY 14,  1987
COMPOUNDS: ( 1 )  QUINOLINE, ( 2 )  M-CRESOL, ( 3 )  TETRALIN

C BUBDEW DRIVER...............................................................

PARAMETER NC=3 
IMPLICIT REAL*8 ( A - H , 0 - Z )

C NC IS THE NUMBER OF COMPONENTS.
CHARACTER*20 FI LN 1 , F I L N 2 , F I L N 3 , FILN4

C DIMENSION ARRAYS AND VECTORS.
REALMS MINUS

REAL*8 AEN(NC) ,BEN(NC) ,CEN(NC) ,DEN(NC) ,EEN(NC) ,FEN 
2 (NC) , GEN(NC),HEN(NC)

REAL*8 T C R I T ( N C ) , P C R I T ( N C ) , OMEGA(NC),MW(NC),OMEGAN 
2 (NC) , Rp(NC)

REAL*8 K(NC, NC) , BETA(NC, NC) , YBG(NC), YB( NC) ,ZX( NC) ,
2 KD(NC)
2 , B ( N C ) , A P R ( N C ) , P H I V ( N C ) , P H I L ( N C ) , A(NC),XD(NC)
2 , XDG(NC)
2 , CPR( NC) , CAPR( NC) , ATC(NC)

C COMMON BLOCK FOR ENTHALPY PARAMETERS .....................................................
COMMON/IDEAL/AEN, BEN, CEN, DEN, EEN, FEN, GEN, HEN 
COMMON/PAR/TCRIT, PCRI T, OMEGA, MW, OMEGAN, Rp 
COMMON/ENTH/HID,HDEP,HREF 
COMMON/BUB/XD,YB

C SET VALUE FOR REAL - 1  
MINUS=-DFLOAT(1)

C START BY INITIALIZING DATA BASE FOR THE COMPOUNDS OF 
C INTEREST.

E = 0 .45  
R = 8 3 1 4 . 41

C ENTER DATA BASE FILES CONTAINING CRITICAL PARAMETERS FOR 
C COMPOUNDS.
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DO 1=1,NC
TYP E* , '  FOR COMPONENT ' , 1
T Y P E * , ' ENTER MOLE FRACTION COMPONENT ' , 1  
ACCEPT*,ZX(I )
T Y P E * , ’ NAME OF THE DATA BASE FILE FOR CRITICAL 

2 PARAMETERS'
READ( 5 , 15 ) F I LN1  

15 FORMAT(A20)
OPEN(UNIT=10,  F I LE=F I LN1, STATUS=' OLD' )

C
C THE STRUCTURE OF THE DATA FILE IS AS FOLLOWS 
C TCRIT/K,PCRIT/kPa,OMEGA,MOLECULAR WEIGHT 
C OMEGA HOMOMORPH, POLAR PARAMETER
C CONSTANTS FOR IDEAL GAS ENTHALPY e x p r e s s i o n  a , b , c , d  
C E , F , G , H  ; A t o t a l  o f  FOUR l i n e s .

READ(1 0 , 2 5 ) T C R I T ( I ) , P C R I T ( I ) , O M E G A ( I ) , M W ( I )
25 F0RMAT(4D)

R E A D ( 1 0 , 3 5 ) OMEGAN( I ) , R p ( I )
35 FORMAT(2D)

R E A D ( 1 0 , 2 5 ) A E N ( I ) , BEN( I ) , CEN( I ) , DEN( I )
READ(1 0 , 2 5 ) E E N ( I ) , F E N ( I ) , G E N ( I ) , H E N ( I )
CLOSE( 1 0 )

ENDDO

DO 1 = 1 , NC
A T C ( I ) = ( 0 . 4 2 7 4 7 * R * * 2 * T C R I T ( I ) * * 2 ) / P C R I T ( I )

ENDDO

C * * * * * * * * * * * * * * * * * *  SET K ( I , J ) AND B E T A ( I , J )
K ( 1 , 1 ) = 0 . 0  
K ( 1 , 2 ) = 6 . 5 7 E - 2 
K ( 1 , 3 ) = 7 . 0 1 E - 3  
K ( 2 , 1 ) = 6 . 57 E- 2  
K ( 2 , 2 ) = 0  . 0 
K( 2 , 3 ) = 0 . 1 5 5  
K( 3 , 1 )  = 7 . 0 1 E-3 
K ( 3 , 2 ) = 0 . 155 
K ( 3 , 3 ) = 0 . 0  
B E T A ( 1 , 1 ) = 0 . 0
B E T A ( 1 , 2 ) = 5 . 9 4 E - 2 * ( A T C ( 1 ) * * 2 . )  
B E T A ( 1 , 3 ) = 6 . 3 1 E - 3 * ( A T C ( 1 ) * * 2 . )
BETA( 2 , 1 ) = 8 . 6 0 E - 2 * ( A T C ( 2 ) * * 2 . )
BETA(2 , 2 ) = 0 . 0
B E T A ( 2 , 3 ) = 8 . 9 2 E - 2 * ( A T C ( 2 ) * * 2 . )
BETA(3 , 1 )  = 1 . 9 1 E - 2 * ( A T C ( 3 ) * * 2 . )
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B E T A ( 3 , 2 ) = 5 . 5 7 E - 2 * ( A T C ( 3 ) * * 2 . )
BETA( 3 , 3 ) = 0 . 0

T YP E* , '  ENTER OPERATING PRESSURE/kPa '
ACCEPT*, P
T Y P E * , ' 1-LIQUID ONLY,2-TWO PHASE'
ACCEPT*,KIND
TYPE*, 'ENTER OUTPUT FILE NAME'
READ(5 , 1 5 ) FILN3
0l>EN(UNIT=30 , FILE=FILN3 , STATUS = ' NEW ' )
TYPE*, 'ENTER 1-EXP. REF.  IE OUTLET PRESS,  2-1ATM 
2 STD. R E F . '
ACCEPT*,KREFI 
I F  (KREFI . EQ.  1)  THEN 
PREF=0. 95*P 
ELSE
PREF =1 0 1 . 3 2 5  
ENDIF
I F  (KIND. EQ. 1 )  GO TO 499 

C START BUBBLE POINT CALCULATION WITH GUESS OF TEMPERATURE 
T YP E* , '  ENTER GUESS OF BUB. POINT TEMP. /K'
ACCEPT*,TBGUESS
CALL BUBDEW (TBGUESS, P , K , BETA, ZX, TB, TD)
TYPE*, 'BUBBLE POINT/K I S ' , T B
TYPE*, 'VAPOR PHASE MOLE FRACTIONS A R E : '
DO 1 = 1 , NC

TYPE*,  1 Y ’ , I , Y B ( I )
ENDDO

TYPE*, 'DEW POINT/K ' , TD
TYPE* , 'LI QUI D MOLE FRACTIONS ARE'
DO 1 = 1 , NC

T Y P E * , ' X '  ,1 , X D ( I )
ENDDO

C ENTER REFERENCE CONDITIONS OUTPUT FILE 
T = 2 9 1 . 4 8
CALL DELH ( T , ZX, K, BETA, P , PREF, 0 , HCAL)
WRITE( 3 0 , 325)T,HCAL 

325 FORMAT( I X , F 7 . 3 , F 7 . 1 )
I F  (KIND. EQ. 1 )  GO TO 499
CALL DELH ( T B , ZX, K , BETA, P , PREF, 0 , HCALTB)
T Y P E * , ' T / K , ENTHALPY/KJ/KG' ,TB,HCALTB

CALL DELH ( T D , ZX, K , BETA, P , PREF, 1 , HCALTD)
T Y P E * , ' T / K , ENTHALPY/KJ/KG' ,TD,HCALTD 
KTB=INT(TB)

C WRITE LIQUID POINTS TO F I L E ..........................................
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DO KTEMP=292, KTB 
T=DFLOAT(KTEMP)
CALL DELH ( T , ZX, K , BETA, P , PREF, 0 , HCAL)
WRI TE( 30 , 325) T , HCAL
ENDDO
WRITE( 3 0 , 3 2 5 )TB,HCALTB

C BEGIN FLASH CALCULATIONS. @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ 
C DIVIDE THE TWO-PHASE REGION IN TO NTWO PARTS

TYPE*, 'HOW MANY POINTS DO YOU WISH TO DIVIDE THE TWO 
2 PHASE'
ACCEPT*,NTWO
DELT=(TD-TB) /DFLOAT(NTWO)
DO 344 1 1 = 1 , NTWO-1 

T=DFLOAT(II)*DELT+TB 
CALL DELH ( T , ZX, K, BETA, P , PREF, 2 , HCAL)

C TYPE*,  ' T / K , P , V , H / K J / K G ’ ,T ,P , V, HCAL
WRI TE( 30 , 325) T , HCAL 

344 CONTINUE
WRITE( 3 0 , 3 2 5 )TD,HCALTD 

499 I F  (KIND. EQ. 1 )  THEN
C ..............................................................................................LIQUID

KTD=292
KEND=0
ELSE

C ................................................................................................ VAPOR
KEND=1
KTD=INT(TD+0. 5 )
ENDIF
DO KTEMP=KTD, 6 7 5  
T=DFLOAT(KTEMP)
CALL DELH ( T , ZX, K, BETA, P , PREF, KEND, HCAL)
WRITE( 3 0 , 325)T,HCAL
ENDDO
CLOSE( 3 0 )

C  END OF MAIN PROGRAM.
999 CONTINUE

STOP 
END

SUBROUTINE BUBDEW (TBGUESS, P , K , BETA, ZX, TB, TD)
PARAMETER NC=3
IMPLICIT REAL*8 ( A - H , 0 - Z )

C NC IS THE NUMBER OF COMPONENTS.

C DIMENSION ARRAYS AND VECTORS.
REAL*8 MINUS
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REAL*8 AEN(NC) , BEN(NC),CEN(NC),DEN(NC) , EEN( NC) , FEN 
2 (NC) , GEN(NC),HEN(NC)

REAL*8 T C RI T( NC) , P C RI T( N C) , OMEGA(NC),MW(NC), OMEGAN 
2 (NC) , Rp(NC)

REAL*8 K(NC, NC) , BETA(NC, NC) , YBG(NC), YB(NC) , Z X ( N C ) ,
2 KD(NC)
2 , B ( N C ) , APR(NC) , PHI V( NC) , PHIL(NC) , A(NC),XD
2 (NC) , XDG(NC)
2 , CPR( NC) , KI J ,CAP R( NC)

C COMMON BLOCK FOR ENTHALPY PARAMETERS ..................................................
COMMON/IDEAL/AEN, BEN, CEN, DEN, EEN, FEN, GEN, HEN 
COMMON/PAR/TCRIT, PCRIT,OMEGA, MW,OMEGAN,Rp 
COMMON/ENTH/HID,HDEP,HREF 
COMMON/BUB/XD,YB 

C SET VALUE FOR REAL - 1  
MINUS=-DFLOAT( 1 )

C I n i t i a l i z e  v a r i a b l e s  h e r e .
C DEW AND BUBBLE POINT RANGE IN KELVIN.

TLEFT=375 , 0
TRIGHT=675. 0
TBLEFT=TLEFT
TBRIGHT=TRIGHT
TDRIGHT=TRIGHT
ITMAX1=30
ITMAX2=30

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c
E = 0 .45  
R = 8 3 1 4 . 41 
TDGUESS=TBGUESS 

C USE RAOULTS LAW TO GET FIRST ESTIMATES OF THE Y'S 
C I N T I ALIZE COUNTER FOR MAXIMUM NUMBER OF ITERATIONS 

IC0UNT=0 
SUMY=0. 0  
DO 1 = 1 , NC

K D ( I ) = P C R I T ( I ) * D E X P ( - 7 . 0 * ( 1 . 0 + 0 M E G A ( I ) ) * ( T C R I T ( I )
1 /TBGUESS
1 - 1 . 0 ) * D L O G ( D F L O A T ( 1 0 ) ) / 3 . 0  ) / P
Y B G ( I ) = K D ( I ) * Z X ( I )
SUMY=SUMY+YBG( I )
ENDDO

C NORMALIZE VAPOR PHASE FRACTION GUESSES 
DO 1 = 1 , NC
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YBG(I)=YBG(I) /SUMY 
ENDDO

C SOLVE FOR VAPOR EOS MOLE FRACTIONS AT THIS TEMPERATURE 
C AND PRESSURE 
C BY SUCESSIVE SUBSTITUTION.
C CALCULATE LIQUID PHASE FUGACITY COEF. ' S

CALL BFUG ( T C R I T , P C R IT , R , ZX, B, BEOS, NC)
CALL AFUG (TBGUESS,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,

2 BETA,
2 ZX, AEOS, CEOS, APR, CPR,NC, CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TBGUESS, P , COEF1,
1 C 0E F 2 , C 0E F 3 ,
1 C 0EF4 , ANORM, BNORM, CNORM)

CALL QUAD ( COEF1 , COEF2 , C0EF3 , C0EF4 , Z , 0 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TBGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS,CEOS,
2 A P R ( I ) , C P R ( I ) , P H I L ( I ) , C A P R ( I ) )

ENDDO
C THE LIQUID VALUES STAY THE SAME UNTIL THE TEMPERATURE 
C IS  CHANGED.

C NOW CALCULATE NEW ESTIMATES OF VAPOR PHASE MOLE FRACTIONS. 
C THE VAPOR PHASE FUG. C OE F. ’ S ARE EVALUATED USING THE 
C CURRENT
C ESTIMATES OF YB. YB IS THE MOLE FRACTION AT THE BUBBLE 
C POINT.

50 CALL BFUG ( T C R I T , PC RI T , R , YBG, B , BEOS, NC)
CALL AFUG ( TBGUESS, TCRIT, PC RI T , OMEGAN, R , R p , e , K ,

2 Beta ,YBG,AEOS,CEOS,APR,CPR,NC,CAPR)
CALL QYSRK ( R , AEOS, BEOS, CEOS, TBGUESS, P , C0 EF1 , C0EF2 

1 , C0 EF3 ,
1 COEF4 , ANORM, BNORM, CNORM)

CALL QUAD ( COEF1 , C0 EF2 , C0EF3 , C0EF4 , Z , 1 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TBGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS, CEOS,
2 A P R ( I ) , C P R ( I ) , P H I V ( I ) , C A P R ( I ) )

Y B G ( I ) = Z X ( I ) * P H I L ( I ) / P H I V ( I )
ENDDO

DO 1 1 = 1 , ITMAX1 
SYPERR=0. 0  
SUMY=0. 0
CALL BFUG ( T C R I T , P C R I T , R , YBG,B,BEOS,NC)
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CALL AFUG ( TBGUESS, TCRIT, P CRI T , OMEGAN, R , R p , e , K,
2 BETA,
2 YBG, AEOS, CEOS, APR, CPR, NC, CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TBGUESS, P , COEF1 , COEF2 
1 , COEF3,
1 COEF4, ANORM,BNORM,CNORM)

CALL QUAD ( COEF1, COEF2 , COEF3, COEF4 , Z , 1 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TBGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS,CEOS,
2 A P R ( I ) , C P R ( I ) , P H I V ( I ) , C A P R ( I ) )

Y B ( I ) = Z X ( I ) * P H I L ( I ) / P H I V ( I )
SYPERR=DABS( 1 0 0 . 0 * ( YB( I ) -YBG( I ) ) / YB( I ) )+SYPERR 
SUMY=SUMY+YB(I)

ENDDO

SYPERR=SYPERR/DFLOAT(NC)
I F  ( SYPERR. I E . 0 . 0 1  ) THEN

C I F  THE VALUES ARE CHANGING BY LESS THAN .01 PER CENT THEN 
C WE HAVE CONVERGED TO THE MOLE FRACTIONS AT THESE 
c CONDITIONS.

GO TO 10 
ELSE

C I F  NOT THEN RESET MOLE FRACTIONS AND RECALCULATE Y'S 
DO 1 = 1 , NC

YBG( I ) =YB( I )
ENDDO

ENDIF
ENDDO

C WE MUST FIND WHERE WE ARE IN RELATION TO THE BUBBLE POINT. 

10 I F  ( SUMY .LE.  1 . 0  ) THEN
C TBGUESS IS NOT HIGH ENOUGH. WE ARE TO THE LEFT OF THE 
c BUBBLE POINT.

TBLEFT=TBGUESS
C NEED TO INCREASE THE GUESS............................................................................

I F  ( TBLEFT . LT. TLEFT ) THEN 
C OUT OF BOUNDS. ERROR

TYPE*, 'BUBBLE POINT OUT OF RANGE, QUIT’
GO TO 999 

ENDIF
C UPDATE TGUESS............................................................................................................ ..

TBGUESS=( TBRIGHT+TBLEFT)/2. 0  
ELSE

C TBGEUSS TO HIGH. TO THE RIGHT OF BUBBLE POINT.  2222222222
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TBRIGHT=TBGUESS

IF  ( TBRIGHT. GE. TRIGHT ) THEN 
C OUT OF BOUNDS. ERROR

TYPE*, 'BUBBLE POINT OUT OF RANGE, QUIT’
GO TO 999 

ENDIF
C UPDATE TBGUESS 2 2232222222222222222222222222222222222222  

TBGUESS=(TBRIGHT+TBLEFT)/2.0 
ENDIF

C CHECK FOR DEW P OI NT . ++++++

I F  ( ( TBRIGHT-TBLEFT) . LE. 0 . 1  ) THEN

TB=TBGUESS 
GO TO 20

ELSE
IC0UNT=IC0UNT+1 
I F  ( ICOUNT. GT. ITMAX2) THEN 

TYPE*, ' ITMAX2 EXCEEDED END’
GO TO 999 

ENDIF
C ITERATE AGAIN

CALL BFUG ( T C R I T , PCRI T , R , ZX, B , BEOS,NC)
CALL AFUG ( TBGUESS, TCRIT, PCRI T, OMEGAN, R , R p , e , K ,

2 BETA,
2 ZX, AEOS,CEOS, APR,CPR,NC,CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TBGUESS, P , COEF1 , C0EF2 
1 , C0EF3 ,
1 COEF 4 , ANORM,BNORM,CNORM)

CALL QUAD ( C0EF1 , COEF2 , C0EF3 , COEF4 , Z , 0 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY (R, TBGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS,CEOS,
2 A P R ( I ) , C P R ( I ) , P H I L ( I ) , C A P R ( I ) )

ENDDO
C

GO TO 50 
ENDIF 

20 CONTINUE

C &&&&&&&&&&&&&&&&&&&&&& BUBBLE POINT FINISHES HERE &&&&&&&

C NOW WE MUST SET UP FOR DEW POINT DETERMINATION 
C OUR MINIMUM VALUE THE BUBBLE POINT HAS ALREADY BEEN 
c ESTABLISHED.

IC0UNT=0
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SUMX=0. 0  
TDLEFT=TB

C ESTIMATE MOLE FRACTIONS IN THE LIQUID PHASE USING 
c RAOULTS LAW.

DO 1 = 1 , NC
X D G ( I ) = Z X ( I ) / K D ( I )
SUMX=SUMX+XDG(I)

ENDDO
C NORMALIZE THE VALUES.

DO 1 = 1 , NC
XDG(I)=XDG(I) /SUMX 

ENDDO
C SOLVE FOR LIQUID EOS MOLE FRACTIONS AT THIS TEMPERATURE 
c AND PRESSURE 
C BY SUCESSIVE SUBSTITUTION.
C CALCULATE VAPOR PHASE FUGACITY COEF. ’ S

CALL BFUG ( T CRI T , PC RI T , R , ZX ,B ,B EO S, NC )
CALL AFUG ( TDGUESS, TCRIT, P CRI T , OMEGAN, R , R p , e , K,

2 BETA,
2 ZX,AEOS,CEOS,APR,CPR,NC,CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TDGUESS, P , COEF1 , COEF2 
1 , COEF3,
1 C 0E F 4 , ANORM, BNORM,CNORM)

CALL QUAD ( COEF1 , COEF2, COEF3, C0EF4 , Z , 1 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TDGUESS, P , Z , B ( I ) , BEOS, BNORM,
2 AEOS,CEOS,
2 A P R ( I ) , CPR( I ) , PHIV( I ) , C A P R ( I ) )

ENDDO
C THE VAPOR VALUES STAY THE SAME UNTIL THE TEMPERATURE IS 
C CHANGED.
C NOW CALCULATE NEW ESTIMATES OF LIQUID PHASE MOLE 
C FRACTIONS.
C THE LIQUID PHASE FUG. C OE F. ’ S ARE EVALUATED USING THE 
C CURRENT
C ESTIMATES OF XD. XD IS THE MOLE FRACTION AT THE DEW POINT.

100 CALL BFUG ( T C R I T , P C R I T , R , XDG,B,BEOS,NC)
CALI AFUG (TDGUESS,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,  

2 BETA,
2 XDG,AEOS,CEOS,APR,CPR,NC,CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TDGUESS, P , COEF1,
2 C 0 E F 2 , C 0 E F 3 ,
1 C0EF4,ANORM,BNORM,CNORM)

CALL QUAD ( COEF1 , COEF2 , COEF3 , C 0 E F 4 , Z , 0 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TDGUESS,P ,Z ,B( I ) ,BEOS,BNORM,
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2 AEOS,CEOS,
2 A P R ( I ) , C P R ( I ) , P H I L ( I ) , C A P R ( I ) )

X D G ( I ) = Z X ( I ) * P H I V ( I ) / P H I L ( I )
ENDDO

DO 1 1 = 1 , ITMAX1 
SXPERR=0. 0  
SUMX=0. 0
CALL BFUG ( T C R I T , P C R I T , R , XDG,B,BEOS,NC)
CALL AFUG (TDGUESS,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,

2 BETA,
2 XDG,AEOS, CEOS,APR,CPR,NC,CAPR)

CALL QYSRK ( R , AEOS, BEOS, CEOS, TDGUESS, P , COEF1 , COEF2 
2 , COEF3,
1 COEF4, ANORM,BNORM,CNORM)

CALL QUAD ( COEF1 , COEF2, COEF3, COEF4, Z , 0 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TDGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS, CEOS,
2 A P R ( I ) , C P R ( I ) , P H I L ( I ) , CAPR( I ) )

X D ( I ) = Z X ( I ) * P H I V ( I ) / P H I L ( I )
SXPERR=DABS( 1 0 0 . 0 * ( X D ( I ) -XDG( I ) ) / X D ( I ) )+SXPERR 
SUMX=SUMX+XD(I)

ENDDO

SXPERR=SXPERR/DFLOAT(NC)
I F  ( SXPERR.LE.  0 . 0 0 1  ) THEN

C I F  THE VALUES ARE CHANGING BY LESS THAN .01 PER CENT THEN 
C WE HAVE CONVERGED TO THE MOLE FRACTIONS AT THESE 
C CONDITIONS.

GO TO 60 
ELSE

C I F  NOT THEN RESET MOLE FRACTIONS AND RECALCULATE X'S 
DO 1 = 1 , NC

XDG( I ) = X D ( I )
ENDDO

ENDIF
ENDDO

C WE MUST FIND WHERE WE ARE IN RELATION TO THE DEW POINT.

60 I F  ( SUMX .GT.  1 . 0  ) THEN
C TDGUESS IS NOT HIGH ENOUGH. WE ARE TO THE LEFT OF THE 
C DEW POINT.

TDLEFT=TDGUESS
C NEED TO INCREASE THE GUESS...............................................................................

I F  ( TDLEFT . LT. TLEFT ) THEN
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C OUT OF BOUNDS. ERROR
T Y P E * , ’ DEW POINT OUT OF RANGE, QUIT’
GO TO 999 

ENDIF
C UPDATE TGUESS...............................................................................................................

TDGUESS=(TDRIGHT+TDLEFT)/2. 0  
ELSE

C TDGEUSS TO HIGH. TO THE RIGHT OF DEW POINT. 232222232222  
TDRIGHT=TDGUESS

I F ( TDRIGHT. GE. TRIGHT ) THEN 
C OUT OF BOUNDS. ERROR

TYPE*,  'DEW POINT OUT OF RANGE, QUIT'
GO TO 999 

ENDIF
C UPDATE TBGUESS 2233222222222222222222222222222222222222  

TDGUESS=(TDRIGHT+TDLEFT)/2.0 
ENDIF

C CHECK FOR DEW POI NT . ++++++

I F  ( (TDRIGHT-TDLEFT). LE. O.Ol  ) THEN

TD=TDGUESS 
GO TO 40

ELSE
IC0UNT=IC0UNT+1
IF  ( ICOUNT.GT. ITMAX2) THEN

TYPE*, ' ITMAX2 EXCEEDED END, DEW POINT'
GO TO 999 

ENDIF
C ITERATE AGAIN

CALL BFUG ( T C R I T , P CRI T , R, ZX, B , BEOS,NC)
CALL AFUG ( TDGUESS, TCRIT, P C R IT , OMEGAN, R , R p , e , K,

2 BETA,
2 ZX,AEOS,CEOS, APR,CPR,NC,CAPR)
• CALL QYSRK ( R , AEOS, BEOS, CEOS, TDGUESS, P , COEF1 , C0EF2 
1 , COEF 3,
1 C0 E F 4 , ANORM,BNORM,CNORM)

CALL QUAD ( C0 EF1 , COEF2 , COEF3 , COEF4 , Z , 1 , BNORM)
DO 1 = 1 , NC

CALL FUGACITY ( R , TDGUESS, P , Z , B( I ) , BEOS, BNORM,
2 AEOS,CEOS,
2 A P R ( I ) , CPR( I ) , P H I V ( I ) , C A P R ( I ) )

ENDDO

GO TO 100
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ENDIF 
40 CONTINUE

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  END OF BUBDEW***

999 CONTINUE
RETURN 
END

C HELP
SUBROUTINE DELH(T, ZX, K , BETA, P , PREF, KPHASE, HCAL)
PARAMETER NC=3
IMPLICIT REAL* 8 ( A - H . O- Z )

C
C THE PURPOSE OF THIS PROGRAM IS CALCULATE SINGLE-PHASE 
C TERNARY DELTA H VALUES CORRESPONDING TO THOSE 
C OBTAINED IN THE ENTHALPY LAB CALORIMETRY EXPERIMENTS.
C THE EQUATION OF STATE USED IS THE YESAVAGE MODIFICATION 
C OF THE SRK EOS. THIS PROGRAM IS WRITTEN IN A WAY TO 
C ALLOW IT TO BE USED AS A FUNCTION IN DETERMING MIXING 
C RULE PARAMETERS.

REAL*8 K IJ , MW( NC) , CATC( 2 ) , CP R( NC) , K( NC, NC) ,
2 BETA(NC, NC)
REAL*8 YBG(NC) ,YB(NC) ,ZX(NC) ,KD(NC) ,CAPR(NC)
2 , B ( N C ) , A P R ( N C ) , P H I V ( N C ) , P H I L ( N C ) , A ( N C ) ,
2 XD(NC) , XDG(NC)

C FLASH CALCULATION VARIABLES.
REAL*8 XOLD(NC),Y(NC),X(NC),XNEW(NC)

COMMON/IDEAL/AEN(NC),BEN(NC),CEN(NC) ,DEN(NC) ,
2 EEN(NC),
2 FEN(NC),
2 GEN(NC) , HEN(NC)
COMMON/PAR/TCRIT(NC) , P C R I T ( N C ) , OMEGA(NC), MW,
2 OMEGAN(NC),Rp(NC)
COMMON/ENTH/DELID,HDEP,HDREF
ITMAX3=40
ITMAX 2 = 40
ITMAX= 30

C CALCULATE REFERENCE CONDITION VALUES FIRST.
C DEFINE REFERENCE CONDITONS.

T R E F = ( 6 5 . 0 + 4 5 9 . 6 7 ) / !  . 8 
C REFERENCE PRESSURE IS NOT USED TO FIT THE DATA 
C INSTEAD THE ACTUAL OUTLET PRESSURE IS USED FOR THIS 
C PURPOSE.

X ( 1 ) = Z X ( 1 )
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X ( 2 ) =ZX(2  )
X ( 3 ) = 1 . 0 - Z X ( 1 ) - Z X ( 2 )

C DEFINE PARAMETERS e f o r  t h e  EOS and t h e  GAS c o n s t a n t .
R=8 31 4 . 4 1  

C R = 8 3 1 4 . 4 1 ( c m * * 3 ) * k P a / ( g m o l * K )  
e = 0 . 4 5

C CALCULATE AVERAGE MOLECULAR WEIGHT 
AMW=0. 0  
DO 1 = 1 , 3
AMW=X(I)*MW(I)+AMW
ENDDO

C SELECT EOS ROUTINE.............................................................
CALL AYSRK(TREE,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,  

2 X, AEOS, APRIME, CEOS, DBETA, BETA)
C ....................................................................................................................

CALL BYSRK(TCRIT,PCRIT,R,X,BEOS)
C ............................................................................................................................................

CALL QYSRK(R, AEOS, BEOS, CEOS, TREE, PREF, COEF1 , COEF2,
1 COEF3
1 , COEF4, ANORM, BNORM,CNORM)
CALL QUAD ( COEF1, COEF2, COEF3, COEF4 , Z , 0 , BNORM)
CALL IDGAS(TREE, HIDREF, AEN, BEN, CEN, DEN, EEN, FEN, GEN,

C HEN, X)
C CALCULATE REFERENCE DEPARTURE.......................................................

CALL HD (R,TREF,Z,APRIME,AEOS,BEOS,BNORM,CEOS,DBETA,  
C HDREF, PREF)
C
C CHANGE UNITS ON REF DEPARTURE 

HDREF=HDREF/1000/AMW 
C SELECT NUMBER OF PHASES.

I F  (KPHASE.EQ. 2 )  THEN 
TBGUESS=T
CALL BUBDEW (TBGUESS, P , K, BETA, ZX, TB, TD)
I F  ( T . L E . T B )  THEN 

C EOS PREDICTS LIQUID 
GO TO 379 
ENDIF
I F  ( T . GE . TD )  THEN 

C EOS PREDICTS VAPOR 
GO TO 389 
ENDIF

C 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  22 22 22 2222 22 22 22 22 2 2 2 2 2 22 2 2 2  
C TWO PHASE.
C FIND DISTRIBUTION BY ISOTHERMAL FLASH.

C FLASH POINT START.
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V=0 . 5 
V0LD=0. 5

C ESTIMATE DISTRIBUTION COEF. ' S  USING RAUOLTS LAW 

DO 1 = 1 ,NC
K D ( I ) = P C R I T ( I ) * D E X P ( - 7 . 0 * ( 1 . O+OMEGA(I) ) * (

1 T C R I T ( I ) / T
1 - 1 . 0 ) * D L 0 G ( D F L 0 A T ( 1 0 ) ) / 3 . 0  ) / P  

Z X ( I ) = X ( I )
ENDDO

C ESTIMATE MOLE FRACTIONS.
SUMX=0. 0  
DO 1 = 1 , NC

X 0 L D ( I ) = Z X ( I ) / ( V * ( K D ( I ) - 1 . 0 )  + 1 . 0 ) 
Y ( I ) = K D ( I ) * X O L D ( I )

ENDDO

DO 322 I V = 1 , ITMAX3 
C USE THE EQUATION OF STATE TO CALCULATE KD'S
C LIQUID PHASE F I R S T ............................................................................................

CALL BFUG ( TCRIT, PC RI T , R , XOLD, B , BEOS, NC)
CALL AFUG ( T , TCRIT, PC RI T , OMEGAN, R , R p , e , K , BETA,

2 XOLD, AEOS, CEOS, APR, CPR, NC, CAPR)
CALL QYSRK ( R , AEOS, BEOS, CEOS , T , P , COEF1 , COEF2,

1 C0EF3,
1 C 0E F 4 , ANORM,BNORM,CNORM)

CALL QUAD ( COEF1 , C 0E F 2 , C0EF3 , C0EF4 , Z , 0 , BNORM) 
DO 1 = 1 , NC

CALL FUGACITY ( R ,T , P , Z , B ( I ) , B E O S , B N O R M , A E O S ,
2 CEOS,
2 A P R ( I ) , C P R ( I ) , P H I L ( I ) , C A P R ( I ) )

ENDDO

C VAPOR PHASE NEXT.................................................................................... .............

CALL BFUG ( T CR IT , P C RI T , R , Y , B , BE OS , NC )
CALL AFUG ( T , TCRI T, PCRI T, OMEGAN, R , R p , e , K, BETA, 

2 Y,AEOS, CEOS, APR, CPR, NC, CAPR)
CALL QYSRK ( R , AEOS, BEOS , CEOS , T , P , COEF1 , COEF2,

2 C0EF3 ,
1 COEF 4 , ANORM, BNORM, CNORM)

CALL QUAD ( COEF1 , C 0E F 2 , C0EF3 , C0EF4 , Z , 1 , BNORM) 
DO 1 = 1 , NC

CALL FUGACITY ( R , T , P , Z , B ( I ) , BEOS, BNORM,AEOS,
2 CEOS,
2 A P R ( I ) , C P R ( I ) , P H I V ( I ) , C A P R ( I ) )

K D ( I ) = P H I L ( I ) / P H I V ( I )
ENDDO
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C BEGIN ITERATION ON FRACTION VAPORIZED V.
DO JJ=1, ITMAX2 

GV=0. 0  
GVPRIM=0. 0  
DO 1 = 1 , NC

G V = G V + ( K D ( I ) - 1 . 0 ) * Z X ( I ) / (  V * ( K D ( I ) - 1 . 0 )  + 1 . 0  ) 
G V P R I M = G V P R I M + Z X ( I ) * ( K D ( I ) - 1 . 0 ) * * 2 / ( V * ( K D ( I ) -  

2 1 . 0 ) + 1 . 0 )* * 2  
ENDDO

C ESTIMATE NEW FRACTION V.
VNEW=V+GV/GVPRIM
I F  ( DABS( VNEW-V) . LT. 0 . 0 0 0 1  ) GO TO 319 
V=VNEW

C .......................................................................................................... COMPLETE J J  LOOP.
ENDDO
T Y P E * , ’ NO CONV. IN V, ITMAX2 EXCEEDED’
GO TO 344 

319 V =VNEW
SUMX=0. 0  
DO 1 = 1 , NC
XNEW(I) =ZX( I ) / ( V * ( K D ( I ) - 1 . 0 )  + 1 . 0 )
Y( I ) =KD( I  )*XNEW(I)
SUMX=SUMX+DABS( XNEW( I ) -XOLD( I ) )
ENDDO

C TEST FOR OVER ALL CONVERGENCE HERE +++++++++++++++++++ 
XERR=SUMX/DFLOAT(NC)
I F  ( (DABS(V-VOID)+XERR). LT. 0 . 0 0 0 2 )  THEN 
I F  ( V . L T . 0 . 0 0 0 0 0 1 )  THEN

C ASSUME LIQUID ................................. LLLLLLLLLLLLLLLLLLLLLLLLL
379 KPH=0

CALL AYSRK( T, TCRIT, PCRI T, OMEGAN, R , R p , e , K, 
2 X, AEOS, APRIME, CEOS, DBETA, BETA)

C ..........................................................................................................
CALL BYSRK(TCRIT,PCRIT,R,X,BEOS)

CALL QYSRK(R, AEOS, BEOS, CEOS, T , P , COEF1 , COEF2 , COEF3
1 , C 0 E F 4 , ANORM,BNORM,CNORM)
CALL QUAD ( C0EF1 , COEF2 , COEF3 , COEF4 ,Z,KPH,BNORM)
CALL IDGAS( T,HID,AEN,BEN,CEN,DEN,EEN,FEN,GEN,HEN,X)

CALL HD ( R , T , Z , AP RI ME , AE O S, BEOS, BNORM,CEOS, DBETA,
2 HDEP, P)

GO TO 344 
ENDIF
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CLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL 
I F  ( V . G T . 0 . 9 9 9 9 9 9 )  THEN

C ASSUME ALL VAPOR ...................................... VVVVVVVVVVVVVVVVVVVVV
389 KPH=1

CALL AYSRK(T, TCRIT, PCRI T , OMEGAN, R , R p , e , K,
2 X,AEOS,APRIME,CEOS,DBETA,BETA)

C .........................................................................................................
CALL BYSRK(TCRIT,PCRIT,R,X,BEOS)

C ............................................................................................................................................
CALL QYSRK(R, AEOS, BEOS, CEOS, T , P , C0EF1 , C0EF2 , C0EF3
1 ,C0EF4,ANORM,BNORM,CNORM)
CALL QUAD ( C0EF1 , C0EF2 , C0EF3 , C0EF4 , Z , KPH, BNORM)
CALL IDGAS( T , HI D, AEN, BEN, CEN, DEN, EEN, FEN, GEN, HEN, X)

CALL HD (R,T,Z,APRIME,AEOS,BEOS,BNORM,CEOS,DBETA,
2 HDEP, P)
GO TO 344 
ENDIF

CVVVVVVVVVVVVV VVVVVVVVV VVVVVVVVV VVVVVVVV W W W  W W W  W W W

C TOTAL CONVERGENCE CALCULATE ENTALPIES AND PROCEED TO THE 
C NEXT POINT.
C LIQUID FIRST

CALL BFUG ( T C R I T , P CR IT , R , XNEW, B , BEOS,NC)
CALL AYSRK(T,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,

2 XNEW,AEOS, APRIME,CEOS, DBETA,BETA)
C ..........................................................................................................

CALL QYSRK(R,AEOS , BEOS, CEOS, T , P , C O E F 1 ,C0EF2 ,C0EF3
1 , C0 EF4 , ANORM,BNORM,CNORM)
CALL QUAD ( COEF1 , C 0E F 2 , C0 EF3 , C 0E F4 , Z , 0 , BNORM)

C ONLY NEED IDGAS PIECE ONCE...............................................................................
CALL IDGAS( T,H I D , AEN,BEN,CEN,DEN,EEN,FEN,GEN,HEN,X)

C ....................................................................................................................................................
CALL HD (R,T,Z,APRIME,AEOS,BEOS,BNORM,CEOS,DBETA,
2 HL , P)

C VAPOR NEXT...............................................................................................................
CALL BFUG ( T CR IT , P C RI T , R , Y , B , BE OS , NC )

CALL AYSRK(T,TCRIT,PCRIT,OMEGAN,R,Rp,e ,K,
2 Y, AEOS, APRIME, CEOS, DBETA, BETA)

C ..........................................................................................................
CALL QYSRK(R,AEOS, BEOS, CEOS, T , P , COEF1 , C0EF2,C0EF3
1 , C 0E F4 , ANORM, BNORM,CNORM)
CALL QUAD ( COEF1 , C0EF2 , C0EF3 , C0EF4 , Z , 1 , BNORM)
CALL HD (R,T,Z,APRIME,AEOS,BEOS,BNORM,CEOS,DBETA,
2 HV, P)
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HDEP=( 1 . 0-V)*HL+V*HV 

GO TO 344
C 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  22 22 22 22 2 2 2 2 2 2 22  

ELSE
C RESET V AND X'S FOR ANOTHER ITERATION.

VOLD=V 
DO 1 = 1 , NC 
XOLD(I)=XNEW(I)
ENDDO 

ENDIF 
322 CONTINUE

TYPE*,* NO CONVERGENCE, ITMAX3 EXCEEDED'
C IF  WE ARE HERE THEN WE HAVE A MAJOR PROBLEM WITH 
C CONVERGENCE

T Y P E * , ’ MID VALUE FRACT VAPOR, NO CONVERGENCE'

C .........................................................FLASH POINT ENDS HERE..............................

ELSE
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

ONE PHASE 111

CALL AYSRK(T, TCRIT, P CRI T , OMEGAN, R , R p , e , K,
2 X, AEOS, APRIME, CEOS, DBETA, BETA)

C .........................................................................................................
CALL QYSRK(R,AEOS,BEOS, CEOS, T, P , COEF1 ,COEF2,COEF3
1 , COEF4, ANORM, BNORM,CNORM)
CALL QUAD ( COEF1, COEF2, COEF3, COEF4, Z , KPHASE, BNORM) 
CALL IDGAS(T,HID,AEN,BEN,CEN,DEN,EEN,FEN,GEN,HEN,X)  
CALL HD (R,T,Z,APRIME,AEOS,BEOS,BNORM,CEOS,DBETA,
2 HDEP, P )

C 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
ENDIF

C CALCULATE POINT DEPARTURE AND IDEAL GAS PIECE
C FIRST SELECT EOS ..........................................................
C NOW A DELTA-H (HCAL) CAN BE CALCULATED................
C NOTE THE UNITS ON HCAL ARE J/GMOL 
344 HDEP=HDEP/1000. / AMW

HCAL= (HID -  HIDREF)/AMW +HDEP-HDREF 
DELID=(HID -  HIDREF) / AMW

RETURN
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END

SUBROUTINE HD (R,T,Z,APRIME,AEOS,BEOS,BNORM,BETA,
2 DBETA,HDEP,P)
REALMS R , T , Z , APRIME, AEOS , BEOS, BNORM, HDEP, BETA,
2 DBETA,P
TERM1=R*T*(Z-1)
TERM2=( ( T*APRIME-AEOS) /BEOS)*DLOG(Z/(Z+BNORM)) 
TERM3*(DBETA-2.*BETA/T)*(BNORM/Z+DLOG( Z / ( Z+BNORM) ) )  
2 / ( R * B E O S * * 2 . )

HDEP=TERM1-TERM2+TERM3 
RETURN 
END

SUBROUTINE FUGACITY ( R , T , P , Z , B I , BEOS, BNORM,AEOS, 
2 CEOS, APR, CPR, FUG, CAPR)
IMPLICIT REAL*8 ( A - H , 0 - Z )
V=Z*R*T/P
TERM1=R*T*BI/ ( V-BEOS)
TERM2=R*T*DLOG(V/(V-BEOS))
TERM3=BI*AEOS*(1 . / B E O S * * 2 . * D L O G ( ( B E O S + V ) / V ) - l .
9 / (BEOS*( BEOS+V) ) )
TERM4=-APR/BEOS*DLOG( ( BEOS+V) / V ) 
T E RM 5 = ( BI * C EOS / R/ T) * ( ( BE O S+ 2 . * V) / (V *B EO S* * 2 . *

$ ( BE OS +V) )+ 2 . / B EOS ** 3 .
$ *DLOG(V/(V+BEOS)) )

TERM6 = - C A P R / R / T * ( 1 . / ( V*BEOS) + l . / B E O S * * 2 . *
$ DLOG(V/(V+BEOS)) )

TERM7=-R*T*DLOG(Z)
RTLNFU=TERM1+TERM2+TERM3+TERM4+TERM5+TERM6+TERM7
ALNFU=RTLNFU/(R*T)
FUG=DEXP(ALNFU)
RETURN
END

C THIS SUBROUTINE CALCULATES A IDEAL GAS ENTHALPY,
C REFERENCE STATE IS H=0 AT T=OK, FROM EXPRESSIONS
C GIVEN BY REHMAN, Z . U.  AND LEE, L . L .  FLUID PHASE 
C EQUILIBRIA,  22 ,  ( 1 9 8 5 )  2 1 - 3 1 .
C THE EQUATION IS OF THE FORM:
C H*=A+ BT+ C T( D/ T) COTH( D/ T) -  E T ( F / T )T AN H( F /T ) +
C I T ( J / T ) C O T H ( J / T )
C THE UNITS OF H* ARE CAL/gmol .

SUBROUTINE IDGAS( T , HIDMIX, A, B , C , D, E , F , I , J , X) 
REAL*8 A ( 3 ) , B ( 3 ) , C ( 3 ) , D ( 3 ) , E ( 3 ) , F ( 3 ) , I ( 3 ) , J ( 3 ) ,
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2 T , H I D M I X , H I D ( 3 ) , X ( 3 )
HIDMIX=0. 0  
DO 10 N=1 , 3

HID( N)= A(N)+ B(N)*T+ ( C ( N ) * T * ( D ( N ) / T ) /
2 DTANH(D(N)/T)  )
2 - (  E ( N ) * T * ( F ( N ) / T ) * D T A N H ( F ( N ) / T )  )
3 +( I ( N ) * T * ( J ( N ) - / T ) / D T A N H ( J ( N ) / T )  )
HIDMIX=HIDMIX+4.1844*X(N)*HID(N)

10 CONTINUE

CALCULATE MIXTURE PROPERTY AND CONVERT TO UNITS OF J / g m o l

RETURN 
END

THIS SUBROUTINE CONTAINS THE EQUATION OF STATE. * * * * * * * * *

SUBROUTINE QYSRK( R , AEOS, BEOS, CEOS, T , P , COEF1,
2 COEF 2 , C0EF3
2 , C0EF4 ,AA,BB,CC)
REAL*8 A E O S , B E O S , CEOS , CC, BB, AA, COEF1 , C 0E F2 , C 0E F 3 ,
2 C0EF4
2 , P , T , R

THE FORM OF THE EOS IS
Z**4 -Z**3 + ( - B * * 2 - B + A ) Z * * 2  +(C-AB)Z -BC =0 
THE DIMENSIONLESS GROUPS ARE DEFINED BELOW 

CC = C E 0 S * P * * 2 / (  (R*T)**4 )
BB=BEOS*P/(R*T)
AA=AEOS*P/( (R*T)**2 )

COEF1=- 1 . 0
C0EF2=(-BB**2-BB+AA)
C0EF3=( CC -AA*BB )
C0EF4=-BB*CC
RETURN
END

THIS SUBROUNTINE CALCULATES THE ’ A' AND APRIME FOR YSRK*

SUBROUTINE AYSRK( T , TCRI T, PCRIT, OMEGAN, R , R p , e , K,
2 X, AMIX, APRIME, BETA, DBETA, BB)
REAL*8 T C RI T( 3 ) , P C R I T ( 3 ) , O M E G A N ( 3 ) , R , R p ( 3 ) , e ,
2 ATC(3 ) , M(3 ) ,
2 T R ( 3 ) , T , A ( 3 ) , APRIME,ALPHAN(3) ,POLAR(3) ,
2 APR(3 ) , AMIX
3 , K ( 3 , 3 ) , X ( 3 ) , BETA , DBETA, EBETA, BB( 3 , 3 )
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C ' C  IS THE CONSTANT B i j  IN THE DENSITY DEPENDENT 
C MIXING RULE

DO 10 1 = 1 , 3

C CALCULATE THE PART OF A THAT IS A FUNCTION OF TCRIT ONLY.
A T C ( I ) = 0 . 4 2 7 4 7 * ( R * * 2 . ) * ( T C R I T ( I ) * * 2 . ) / P C R I T ( I )

C THE ACENTRIC FACTOR OF THE HOMOMORPH IS USED HERE.
M ( I ) = 0 . 4 8 0  + 1 .574*0MEGAN(I )  -  0 . 1 7 6 * 0 ME G A N (I ) * * 2 .

C CALCULATE THE REDUCED TEMPERATURE TR 
T R ( I ) = T / T C R I T ( I )

C ALPHA IS CALCULATE WITH TR OF COMPOUND AND OMEGA OF 
C THE HOMOM.

ALPHAN(I) = ( 1 . 0  + M ( I ) * ( 1 . 0  -  T R ( I ) * * . 5 ) ) * * 2 .
C CALCULATE THE EFFECTIVE POLAR GROUP

P0LAR( I )  = 1 . 0  + R p ( I ) * (  DEXP ( -Rp ( I  ) **e).
1 -  D E X P ( - ( R p ( I ) / T R ( I ) ) * * e )  )

C PUT THE PIECES TOGETHER TO FORM AEOS.
A ( I ) =A TC (I ) *AL PH AN (I ) *P O LA R( I )

C NOW CALCULATE THE DERIVATIVE WHILE WE ARE HERE********** 
A P R ( I ) — A T C ( I ) * (  ( ( ( R p ( I ) / T R ( I ) )**  e )*
2 A L P H A N ( I ) * e * R p ( I ) / T  )
2 * D E X P ( - ( R p ( I ) / T R ( I ) ) * * e )
2 + M ( I ) * P O L A R ( I ) * ( 1 . 0  +M( I ) * ( 1 . 0  -
2 TR( I ) * * . 5 )  ) /
3 ( ( T * T C R I T ( I ) ) * * . 5  ) )

10 CONTINUE
C REMEMBER AT THIS POINT WE ARE CONCERNED ONLY WITH TERNARY 
C CALCULATIONS.

DBETA=0. 0  
BETA=0. 0  
AMIX=0. 0  
APRIME=0. 0  
DO 3 1 = 1 , 3  
DO 4 J= 1,  3

A M I X = A M I X + X ( I ) * X ( J ) * ( A ( I ) * A ( J ) ) * * . 5 * ( 1 . 0 - K ( I , J ) )  
B E T A = B E T A + X ( I ) * * 2 . * X ( J ) * B B ( I , J ) + X ( I ) * X ( J ) * * 2 .

$ *BB( J  , I  )
A PR I M E = A P R I M E + 0 . 5 * X ( I ) * X ( J ) * ( 1 . / ( A( I ) *A( J ) ) * * 0 . 5 )  

$ * ( A ( I ) * A P R ( J )
$ + A ( J ) * A P R ( I ) ) * ( 1 . 0 - K ( I , J ) )

4 CONTINUE
3 CONTINUE

RETURN 
END

SUBROUTINE CUB ( P , Q, R , ROOT, KROOT)
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C THIS PROGRAM SOLVES A CUBIC EQUATION OF THE FORM*:
C Y**3+P*Y**2+Q*Y+R
C NOW RIGGED FOR EOS 1-VAPOR, O-LIQUID;  KROOT.

REAL*8 A , B , A A , B B , D E T , X I , X 2 , X 3 , R , THETA,P , Q , RA D, P I E  
2 , ROOT
A=(DFLOAT(3)*Q-P*P) /DFLOAT(3)
P I E = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3
B=( DFLOAT( 2 ) * P * * 3 -  DFLOAT( 9 )*P*Q + DFLOAT( 2 7 ) * R )
2 /DFLOAT(27)
DET=( B**2) /DFLOAT( 4 )+A**3/DFLOAT( 2 7 )
I F (  DET ) 1 0 0 , 1 0 0 , 2 0 0  

100 I F  (DABS( B) . LT.  . 0 0 0 0 0 0 0 1 )  GO TO 50
THETA=DATAN(DSQRT(-DET) * DFLOAT( 2 ) / ( - B ) )
I F  ( B .GT.  0 . 0  ) THETA=THETA+PIE 
GO TO 55 

50 THETA=PIE/DFLOAT(2)
55 RAD=( B * * 2 . / DFLOAT( 4 ) -DET) * * . 5

X1=DFLOAT( 2 )*RAD**( 1 . / 3 . ) *DCOS(THETA/DFLOAT( 3 ) ) -  
2 P/DFLOAT(3)
X2=DFLOAT(2)*RAD**(1 . / 3 . ) *DCOS(( THETA+DFLOAT( 2 ) *
2 P I E ) / DFLOAT(3 )
2 ) -P/DFLOAT( 3 )
X 3 = D F L 0 A T ( 2 ) * R A D * * ( 1 . / 3 . ) * D C O S ( ( THETA+DFLOAT( 4 ) *
2 PIE) /DFLOAT( 3 )
2 ) -P/DFLOAT( 3 )
KFLAG=3
I F  (KROOT .EQ.  0 )  GO TO 99 
ROOT= DMAX1 (X1 , X2 , X3)
GO TO 2

99 ROOT= DMIN1 ( X1 , X2 , X3)
GO TO 2

200 AA=-B/DFLOAT(2 )+DSQRT(DET)
BB=-B/DFLOAT(2 ) -DSQRT(DET)
I F  ( AA ) 2 1 0 , 2 2 0 , 2 2 0  

210 AA = - ( ( - A A ) * * ( 1 . / 3 .  ) )
GO TO 225 

220 A A = A A * * ( l . / 3 . )
225 I F  (BB) 2 3 0 , 2 4 0 , 2 4 0
230 B B = - ( ( - B B ) * * ( l . / 3 .  ) )

GO TO 245 
240 B B = B B * * ( 1 . / 3 . )
245 X1=AA+BB-P/DFLOAT( 3 )

KFLAG=1
X2=0.
X 3= 0 .
ROOT=X1 

2 CONTINUE
RETURN
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END

C THIS ROUTINE CACULATES BEOS FOR THE SRK TYPE B 1S*******  
SUBROUTINE BYSRK( TCRIT, PCRI T, R , X, BEOS)
REAL*8 T C R IT ( 3 ) , P C R I T ( 3 ) , R , BEOS, X ( 3)
BE0S=0. 0  
DO 10 1 = 1 , 3

BEOS= B E 0 S + X ( I ) * 0 . 0 8 6 6 4 * R * T C R I T ( I ) / P C R I T ( I )
10 CONTINUE

RETURN 
END

C THIS ROUTINE CACULATES BEOS FOR THE SRK TYPE B ' S * * * * * * * * * *  
SUBROUTINE BFUG ( T CR IT , P C RI T , R , X , B , BE OS , NC )
REAL*8 T C R I T ( N C ) , P C R I T ( N C ) , R , BEOS,X(NC) ,B(NC)
BE0S=0. 0  
DO 10 1 = 1 , NC

B ( I ) = 0 . 0 8 6 6 4 * R * T C R I T ( I ) / P C R I T ( I )
B E O S = B E O S + X ( I ) * B ( I )

10 CONTINUE
RETURN 
END

C FUGACITY VERSION.
SUBROUTINE AFUG ( T , TCRIT, PCRI T, OMEGAN, R , R p , e ,
2 ALPHA,BETA,
2 X,AMIX,CMIX,APR,CPR,NC,CAPR)
REAL*8 T C R I T ( 3 ) , P C R I T ( 3 ) , O M E G A N ( 3 ) , R , R p ( 3 ) , e ,
2 ATC( 3 ) , M(3 ) ,
2 T R ( 3 ) , T , A ( 3 ) , A P R I M E , ALPHAN(3) ,POLAR(3) ,
2 APR(3 ) , AMIX
3 , X( 3 ) , BETA( 3 , 3 ) , ALPHA( 3 , 3 ) , CPR( 3 ) ,
3 CMIX, CAPR(3)
DO 10 1 = 1 , NC

C CALCULATE THE PART OF A THAT IS A FUNCTION OF TCRIT ONLY.
A T C ( I ) = 0 . 4 2 7 4 7 * ( R * * 2 . ) * ( T C R I T ( I ) * * 2 . ) / P C R I T ( I )

C THE ACENTRIC FACTOR OF THE HOMOMORPH IS USED HERE.
M ( I ) = 0 . 4 8 0  + 1 .574*0MEGAN(I )  -  0 . 1 7 6 * 0 M EG A N( I ) * * 2 .

C CALCULATE THE REDUCED TEMPERATURE TR 
T R ( I ) = T / T C R I T ( I )

C ALPHA IS CALCULATE WITH TR OF COMPOUND AND OMEGA 
C OF THE HOMOM.

ALPHAN(I) = ( 1 . 0  + M ( I ) * ( 1 . 0  -  T R ( I ) * * . 5 ) ) * * 2 .
C CALCULATE THE EFFECTIVE POLAR GROUP

POLAR(I ) = 1 . 0  + R p ( I ) * (  D E X P ( - R p ( I ) * * e )
1 -  D E X P ( - ( R p ( I ) / T R ( I ) ) * * e )  )

C PUT THE PIECES TOGETHER TO FORM AEOS.
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A( I ) =AT C (I ) *AL PH AN (I ) *P O LA R( I )
10 CONTINUE
C REMEMBER AT THIS POINT WE ARE CONCERNED ONLY WITH BINARY 
C CALCULATIONS.

AMIX=0. 0  
CMIX=0. 0  
DO 1 = 1 , NC 

DO J = 1 , NC
AMIX=AMIX+ X ( I ) * X ( J ) * (  A ( I ) * A ( J )  ) * * 0 . 5 *

2 ( 1 . O-ALPHA( I , J ) )
C M I X = C M I X + X ( I ) * * 2 . * X ( J ) * B E T A ( I , J ) + X ( I ) * X ( J ) * * 2  

2 * B E T A ( J , I )
ENDDO

ENDDO
C THE DERIVATIVE WITH RESPECT TO Ni 

DO 1 = 1 , NC 
APR( I )=0  . 0 
CAPR( I ) = 0 . 0  
DO J = 1 , NC

A P R ( I ) = A P R ( I ) + X ( J ) * (  A ( I ) * A ( J )  ) * * 0 . 5  
2 * ( 1 . O-ALPHA( I , J ) )

C A P R ( I ) = C A P R ( I ) + 2 . * X ( I ) * X ( J ) * B E T A ( I , J ) +
2 X ( J ) * * 2 . * B E T A ( J , I )

ENDDO
A P R ( I ) = A P R ( I ) * 2 . 0
C A P R ( I ) = C A P R ( I ) * 2 . 0
ENDDO
RETURN
END

SUBROUTINE QUAD( A, B , C , D, ROOT, KROOT, ZB)
C THE PURPOSE OF THIS ROUTINE IS CHECK THE METHOD 
C OUTLINE IN THE CRC MATH HAND BOOK FOR SOLUTIONS OF 
C QUARTIC OR BIQUADRATIC EQUATIONS.
C THE QUARTIC IS OF THE FORM:
C X**4 +AX**3 +BX**2 +CX +D =0

IMPLICIT REAL*8 ( A - H , 0 - Z )
REAL*8 A , B , C , D , Y P , Y Q , Y R , Y , A 1 , B 1 , C 1 , D 1 ,
2 E E , DD, DET, R , ROOT, X ( 4 ) , ZB, DET2, XX, XDET
KFLAG=0
KEFLAG=0
KDFLAG=0

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C FIRST FIND ROOT OF THE RESOLVENT CUBIC.
C Y**3 -BY**2 + ( AC-4D) Y +( - A**2D +4BD - C * * 2 )

YP = -B
YQ=A*C-DFL0AT(4)*D
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Y R = - ( A * * 2 ) * D  +DFL0AT(4)*B*D -C**2 
C NEED ANY ROOT OF THE RESOLVENT EQUATION.
C THE ROOT TAKEN WILL MAX REAL.

CALL CUB ( YP, YQ, YR, Y, 1 )

C FORM FIRST DETERMINANT.
DET=( A * * 2 / D F L O A T ( 4 )  ) -B +Y 
DET2=DET/DSQRT(A**4/DFLOAT(16)+B**2+Y**2)

C CALCULATE THE PART WHICH IS THE SAME IN BOTH 
C SOLUTION FORMS.

A l = D F L O A T ( 3 ) * A * * 2 / D F L O A T ( 4 )  - D F L O A T ( 2 ) * B
C DETECT WHICH FORM TO USE ...............................................

I F  ( DABS( DET2) . LT.  1 . 0 E - 6 )  THEN 
KFLAG=1 
R = 0 . 0
Bl=DFLOAT(2)*DSQRT(Y**2-DFLOAT(4)*D)
DD=A1+B1 
EE=A1- B 1 

ELSE
R=DSQRT(DET)
B l = ( D F L O A T ( 4 ) * A * B - D F L O A T ( 8 ) * C - A * * 3 ) / ( D F L O A T ( 4 ) * R )
DD=A1+B1-R**2
EE=A1-B1-R**2

ENDIF
C CALCULATE ROOTS X 1 , X 2 , X 3 , X 4  
99 C1=-A/DFL0AT(4)  +R/DFLOAT(2)

D1=-A/DFL0AT(4)  -R/DFLOAT( 2 )
I F ( DD . LT. 0 . 0  ) THEN

C ROOTS ARE COMPLEX........................................................
X ( l ) = - 1 . 0  
X ( 2 ) = - 1 .  0 
KDFLAG=-1 

ELSE
C ROOTS ARE REAL .............................................................

X(1)=C1+DSQRT(DD)/DFL0AT(2)
X(2)=C1-DSQRT(DD) /DFL0AT(2)
I F ( (KFLAG.EQ.O) .AND. (DABS(DET) . L T . 1 . 0 E - 4 )  ) THEN 

KFLAG=1 
XX=X(1)
X DET = X X * * 4  +A * X X * * 3  +B*XX**2 +C*XX +D
I F ( DABS(XDET) . GT. 1 . E - 2 ) THEN 

R = 0 .0
B1=DFL0AT(2)*DSQRT(Y**2-DFL0AT(4)*D)
DD=A1+B1 
EE=A1- B 1 
GO TO 99 

ENDIF 
ENDIF
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ENDIF
C DEAL WITH OTHER ROOTS

I F (  EE .LT.  0 . 0  ) THEN
C ROOTS ARE COMPLEX.......................................................

X ( 3 ) = - l . 0  
X( 4 ) = - 1 .  0 
KEFLAG=-1 

ELSE
C ROOTS ARE REAL .............................................................

X(3)=D1+DSQRT(EE) /DFL0AT(2)
X(4)=D1- DSQRT(EE) / DFL0AT(2)
I F ( (KFLAG.EQ.O) .AND. (DABS(DET) . L T . 1 . OE - 4 )  ) THEN 

KFLAG=1 
XX=X(3)
XDET=XX**4 +A*XX**3 +B*XX**2 +C*XX +D
I F ( DABS( XDET) . G T . l . E - 2 )  THEN 

R = 0 . 0
B1=DFL0AT(2)*DSQRT(Y**2-DFL0AT(4)*D)
DD=A1+B1 
EE=A1- B 1 
GO TO 99 

ENDIF 
ENDIF 

ENDIF
I F ( (KEFLAG. EQ. - 1 ) . AND. ( KDFLAG. EQ. - 1 )  ) THEN 

R = 0 . 0
B1=DFL0AT(2)*DSQRT(Y**2-DFL0AT(4)*D)
DD=A1+B1 
EE = A1- B 1 
KDFLAG=1 
KEFLAG=1 
GO TO 99

ENDIF

DO 100 1 = 1 , 4
I F ( ( X ( I ) . LT. ZB ) . AND.(KROOT.EQ.O) ) X ( I ) = 9 9 9 9 9 9 9 9 9  

100 CONTINUE
I F  ( KROOT .EQ.  0 )  THEN

ROOT=DMIN1 ( X ( 1 ) , X ( 2 ) , X ( 3 ) , X ( 4 ) )
ELSE

ROOT=DMAX1 ( X( 1 ) , X ( 2 ) , X ( 3 ) , X ( 4)  )
ENDIF
RETURN
END


