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ABSTRACT

A new e q u a t i o n  o f  s t a t e  a p p l i c a b l e  t o  b o t h  n o n p o l a r  a n d  
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C h a p t e r  I  

INTRODUCTION

I n  1 8 7 3 ,  v a n  d e r  W a a l s  p r o p o s e d  a n  e q u a t i o n  o f  s t a t e  w h i c h  

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

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

b e h a v i o r  o f  f l u i d s .  T h e  p r e s s u r e  e q u a t i o n  o f  v a n  d e r  W aa ls  

c a n  b e  w r i t t e n  a s :

P = P r  + Pa  = RT -  a  ; i )

V-Nb

w h e r e  P i s  t h e  p r e s s u r e ,  V t h e  m o l a r  v o l u m e ,  R t h e  u n i v e r s a l  

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

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

E q u a t i o n  ( 1 ) ,  P r  = R T / { V - N b ) , r e p r e s e n t s  t h e  p r e s s u r e  d u e  t o  

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

v o lu m e  b .  T h e  s e c o n d  t e r m .  Pa = - a / V ^  ,  i s  d u e  t o  a

u n i f o r m  i n t e r m o l e c u l a r  a t t r a c t i o n  w h e r e  ' a *  i s  a  p a r a m e t e r  

c h a r a c t e r i z i n g  t h e  s t r e n g t h  o f  t h e  a t t r a c t i o n .  S i n c e  t h e  

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

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

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

e m p i r i c a l  m o d i f i c a t i o n s  o f  t h e  v a n  d e r  W a a l s  e q u a t i o n
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2

a t e  w h i c h  

i c a J .  and  

m o d y n a a i c  

d o r  WaaJs

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

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

i m p r o v e m e n t  o v e r  t h e  o r i g i n a l  e q u a t i o n .  E x a m p le s  a r e  t h e  

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

a n d  t h e  f a m i l i a r  P e n g - H o b i n s o n  (PS) e q u a t i o n  w h e re

RT
V-b

a rT\
V (V+b) + b { v -b )

( 2)

: i )

u n i v e r s a l  

a b s o l u t e  

s i d e  o f  

r e  d u e  t o  

p h e r e s •o f  

d u e  t o  a 

p a r a m e t e  r  

S i n c e  t i  e 

s e n t a t i o n  

s ,  mai. y

o r  s e m i -  

e q u a t i o n

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

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

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

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

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

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

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

becom e  m ore  a n d  m ore  i m p o r t a n t  t o  e n g i n e e r i n g  d e s i g n  

c a l c u l a t i o n s .  T h i s  r e s e a r c h ,  t h e r e f o r e ,  f o c u s e s  on t h e  

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

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

c o m p o u n d s .

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

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

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

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

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

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

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

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

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

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

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

b e t w e e n  t h e  tw o  s e t s  o f  d a t a  i s  s u p p o s e d  t o  i n d i c a t e  t h e

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

( M a i t l a n d ,  1 9 8 1 ) .

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

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

f o l l o w i n g  a s s u m p t i o n s  a r e  u s u a l l y  made (E eed  & G u b b i n s ,  

1 9 7 3 ,  O m e s i ,  1 9 8 3 ) :

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

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

v a l i d  o n l y  a t  low  d e n s i t i e s .

2 .  T o t a l  e n e r g y  i s  a  sum o f  a l l  p o s s i b l e  i s o l a t e d - p a i r  

e n e r g i e s  { p a i r w i s e  a d d i t i v i t y ) .

3 .  P a i r - p o t e n t i a l  e n e r g y  d e p e n d s  o n l y  on t h e  d i s t a n c e  

b e t w e e n  c e n t e r s  o f  m ass  ( v a l i d  o n l y  f o r  m o n a t o n i c  

m o l e c u l e s ) .

4 .  Some a p p r o x i m a t e  a n a l y t i c  e q u a t i o n s ,  c o n t a i n i n g  o n e  

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

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

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

m o l e c u l a r  c e n t e r s .
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The work  o f  van  d e r  R a a l s  s u g g e s t s  t h a t  t h e  g e n e r a l  

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

4>{r) = ♦ 4>^(r) (3)

w h e r e  t h e  i n t e r m o l e c u l a r  p a i r - p o t e n t i a l ,  ^ ( r )  i s  a  sum o f  

a  p o s i t i v e  c o n t r i b u t i o n  -  t h e  r e p u l s i v e  f o r c e ,  O ^ / r ) , a n d  

a  l o n g - r a n g e  n e g a t i v e  c o n t r i b u t i o n  -  t h e  a t t r a c t i v e  f o r c e ,  

<j> ^  ( r ) .  The  g e n e r a l  s h a p e  o f  t h e  p a i r - p o t e n t i a l  i s  shown 

i n  F i g u r e  1- a i s  t h e  s e p a r a t i o n  a t  w h ic h  t h e  p o t e n t i a l  

e n e r g y  i s  z e r o .  r  g i s  t h e  s e p a r a t i o n  a t  w h ic h  t h e  e n e r g y  

a t t a i n s  i t s  minimum v a l u e  e w h ic h  i s  t h e  u s u a l  m e a s u r e  o f  

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

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

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

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

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

m ade .  N o r m a l l y ,  t h e s e  f u n c t i o n s  a r e  w r i t t e n  w i t h  a  n u m b er  

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

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

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

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

p r o p o s e d :  t h e  s i m p l e  m o d e l s  -  t h e  h a r d  s p h e r e s  a n d  t h e

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

S t o c k m a y e r  p o t e n t i a l  ( s e e  M a i t l a n d  e t  a l - ,  1 9 3 1 ) .  H o w ev e r ,  

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

v a r i e t y  o f  f l u i d s .  F i g u r e  2 sh o w s  some p a i r - p o t e n t i a l  

m o d e l s  f o r  s p h e r i c a l  m o l e c u l e s  J H i r s c h t e l d e r  e t  a l . ,  i g î> 4 ) .  

T h e  o b j e c t i v e  o f  t h i s  w ork  i s  t o  u t i l i z e  t h e  m o d e rn  

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

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

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

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

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

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

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

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

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

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

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

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

n o r m a l  p a r a f f i n s  f r o m  m e t h a n e  t o  n - e i c o s a n e  i n  C h a p t e r  I I I ,  

The v a l u e s  o f  t h e  a d j u s t a b l e  p a r a m e t e r s  f o r  e a c h  com pound  

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

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

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

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

o f  t h e  p a r a m e t e r s ,  a r e  r e p o r t e d  i n  C h a p t e r  I I I ,  The

e x t e n s i o n  o f  t h e  new e q u a t i o n  t o  t h e  p u r e  p o l a r  and  

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

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

d i s c u s s e d  i n  C h a p t e r  I I ,  The  r e s u l t s  a r e  r e p o r t e d  i n  

C h a p t e r  I I I ,  C o m p a r i s o n s  o f  t h e  p r e d i c t i o n s  w i t h  some o t h e r  

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

by  t h e  c o n c l u s i o n s  a n d  r e c o m m e n d a t i o n s  i n  C h a p t e r  IV ,
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Chapter II 
DE7ELOPHENT OF THE EQOATION OF STATE

From s t a t i s t i c a l  m e c h a n i c s ,  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  

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

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

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

O ( r ^ ) ,  i n  a  v o lu m e  V, a t  t e m p e r a t u r e  I ,  i s  g i v e n  by an 

e x p r e s s i o n

k T I SQ I (4)

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

e x p  { - n ( r N  ) /K T  } d r N  .

The  s y m b o l  r ^  r e p r e s e n t s  t h e  N v e c t o r  c o o r d i n a t e s  

T j  ,  r ^  , . . , , r ^  o f  t h e  N p a r t i c l e s .  I t  t h e  p o t e n t i a l  

U f r ^  ) i s  w r i t t e n  a s  a  sum o f  p a i r - p o t e n t i a l s ,  # ' r ) ;  

E q u a t i o n  (h) b e c o m e s

-  8  -



/oo
d é  fr )  g ( r )  47t d r  (6)
d r

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

d i s t a n c e ,  p i s  t h e  p a r t i c l e  d e n s i t y ,  N/V, and  g J r )  i s  t h e  

r a d i a l  d i s t r i b u t i o n  f u n c t i o n  'w h i c h  m e a s u r e s  t h e  p r o b a b i l i t y  

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

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

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

c o m p o s i t i o n  f o r  m i x t u r e s ) ,

9 ( r ; p , T )  = N(N-1) y . . .  y * e x p { - 0 ü ^  d r , . . .  d r ^  (7)

p2 z

The  c o n f i g u r a t i o n  i n t e g r a l  Z i s  d e f i n e d  a s

e x p  C- ^  } d r , . . .  d ^ ^  .  (8)

The  f u n c t i o n  g ( r )  h a s  tw o  i m p o r t a n t  u s e s :  o n e  i s  u s e d  t o

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

t h e  t h e r m o d y n a m i c  p r o p e r t i e s  o f  t h e  s y s t e m .  E q u a t i o n  (6) i s

known a s  t h e  v i r i a l  e q u a t i o n  o f  s t a t e .

l e  c a n  s e e  t h a t  E q u a t i o n  (6) i n c l u d e s  t h e  i d e a l  g a s

t e r m ,  1 ,  a n d  a  c o n t r i b u t i o n  f r o m  t h e  t w o - b o d y  i n t e r a c t i o n s
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o f  t h e  s y s t e m .  When t h e  t h r e e - b o d y  a n d  h i g h e r  o r d e r  

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

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

a d d e d  t o  t h e  r i g h t - h a n d  s i d e  o f  E q u a t i o n  ( 6 ) .

The a c t u a l  c a l c u l a t i o n  o f  e i t h e r  t h e  c o n f i g u r a t i o n a l  

i n t e g r a l  Q, o r  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  g (w h ic h  

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

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

h a r d  s p h e r e s  o r  s q u a r e - w e l l s .  T h e r e f o r e ,  v a r i o u s

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

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

b e t w e e n  them  h a v e  b e e n  i n t r o d u c e d .  The  a p p r o x i m a t i o n s  a r e  

s u c h  a s  t h e  h y p e r n e t t e d  c h a i n  e q u a t i o n ,  t h e  P e r ç u s - Y e v i c x  

e q u a t i o n ,  a n d  t h e  Mean S p h e r i c a l  A p p r o x i m a t i o n  ( R e i g h a r t ,  

1976) .

The  s q u a r e - w e l l  p o t e n t i a l  m o d e l  i s  one  o f  t h e  

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

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

e t  a l .  ( 1 9 7 2 ) ,  R e i j n h a r t  ( 1 9 7 6 ) ,  Chen  a n d  K r e g l e w s k i  (197  7) , 

a n d  S immick  e t  a l .  ( 1 9 7 9 ) .  I t  r e p r e s e n t s  t h e  p a i r - p o t e n t i a l  

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

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

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

G u b b i n s ,  1 9 7 3 ) .  B e s i d e s  t h e i r  s i m p l i c i t y ,  t h e  e q u a t i o n s  o f  

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

t o  be  a  q u a l i t a t i v e l y  r e a s o n a b l e  a p p r o x i m a t i o n  t o  r e a l
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s i m p l e  f l u i d s  c o m p a r e d  w i t h  t h e  M onte  C a r l o  and. m o l e c u l a r  

d y n a m i c  c o m p u t e r  s i m u l a t i o n  r e s u l t s  ( S m i t h  e t  a l - ,  1 9 7 7 ) ,
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F i g u r e  3 :  SQOftfiE-BELL PAIE-POTENTIàL

From F i g u r e  3 ,  d i s  t h e  c o l l i s i o n  d i a m e t e r  b e t w e e n  tw o  

m o l e c u l e s .  d ( R - 1 )  i s  t h e  w e l l - w i d t h  w h e r e  R i s  t h e  r a t i o  o f  

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

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

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

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

d i a m e t e r  o f  h a r d  s p h e r e s -



E q u a t i o n  (6) c a n  b e  i n t e g r a t e d  a n a l y t i c a l l y  f o r  t h e  

s p h e r i c a l  s q u a r e - w e l l  p o t e n t i a l .

P V  = 1 + 2 -TT o a fd + l

2 IT p d ’ { g (Rd+) + g (Rd") } (9)
3  sw sw

l e t  y l r )  = g t r )  e x p  î p  <> ' r ) )  p o )

w h e r e  g  = 1  /X T  .  E q u a t i o n  (9) b e co m e s

P V = 1 + 2 IT p d ^ e x p  { p e  ) Y P )
NJcT 3

2 IT p d® B ’ [ e x p  [ f i e )  -  1} y (Bd) (11)
3

I n  t h e  e q u a t i o n  o f  s t a t e  p r o p o s e d  by  R e i j n h a r t  ( I 9 7 b ) , 

a n  e q u a t i o n  o f  h a r d  s p h e r e s  was u s e d  t o  r e p r e s e n t  t h e
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r e p u l s i v e  p a r t  o f  t h e  s q u a r e - w e l l  p o t e n t i a l .  The  e x p r e s s i o n  

o f  t h e  a t t r a c t i v e  p a r t  w as  o b t a i n e d  by  m ak ing  an 

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

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

o b t a i n e d  a n a l y t i c a l l y ,  f o r  e x a m p l e ,  f r o m  t h e  P e r ç u s - T e v i c k • s  

t h e o r y  ( P e t e r  e t  a i . ,  1 9 7 9 ) .  The  e q u a t i o n  w as  t e s t e d  t o r  

i t s  a b i l i t y  t o  d e s c r i b e  t h e  P -V-T  d a t a  o t  m e t h a n e .  

S a t i s f a c t o r y  r e s u l t s  w e r e  o b t a i n e d ,  e x c e p t  i n  t h e  low 

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

p o i n t .

The  f i r s t  tw o  t e r m s  on t h e  r i g h t - h a n d  s i d e  o f  E q u a t i o n  

(11) a r e  t h e  r e p u l s i v e  c o n t r i b u t i o n .  T h e s e  tw o t e r m s  c a n  be  

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

i s o t r o p i c  s y s t e m  ( S m i t h  e t  a l . ,  1 9 / 7 ,  K e i j n h a r t ,  1 9 / 6 ,  and  

H e n d e r s o n ,  1 9 7 9 ) .

P V = Zhs  -  U9T p d^ R’ y  ( R d ) ( e x p O e )  -  1} (12)
NkT 6

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

The v a l u e s  o f  Z h s  c a n  b e  e v a l u a t e d  a n a l y t i c a l l y  by u s i n g ,  

f o r  e x a m p l e ,  t h e  C a r n a f a a n - S t a r l i n g  e q u a t i o n  o f  s t a t e  

( C a r n a h a n  a n d  S t a r l i n g ,  1 9 6 9 ) .

I n  o r d e r  t o  a p p l y  E q u a t i o n  (12)  t o  a  r e a l  f l u i d  s y s t e m ,  

t h e  b e h a v i o r  o f  y ( r )  ( o r  g ( r ) )  m u s t  b e  known.  T h i s
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k n o w l e d g e  i s  p r o v i d e d  i n  t h e  d i s t r i b u t i o n  t u n c t i o n  t h e o r i e s  

'H a n s e n  and  M cD o n a ld ,  1 9 7 6 ,  L e e  and  C h u n g ,  198.1):

1 ,  The  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  c a n  be  w r i t t e n  a s  a 

M a c l a u r i n ’ s  e x n a n s i o n  a b o u t  p = 0 :

g : r ;  p ,  T) = 2 u P
n = 0  “

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

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

E a c h  g i s  a  f u n c t i o n  o f  r  a n d  T o n l y  (Reed  S G u b b i n s ,  

1 9 7 3 ) .  F o r  low  d e n s i t i e s ,  t h e  r a d i a l  d i s t r i b u t i o n  

f u n c t i o n  may b e  a p p r o x i m a t e d  b y  ( R e i j n h a r t ,  1976)

g ( r )  = g  ̂ = e x p  { -  g* ( r ) } : i 4 )

w h i c h  l e a d s  t o

Lim y ( r )  = 1 (1b)
p^o



1b

y ( r )  i s  r e l a t e d  t o  o t h e r  c o r r e l a t i o n  i n a c t i o n s  

t h r o u g h  t h e  h o l l o w i n g  e q u a t i o n :

V : r )  = Azp ( h ( r ) - C : r ) + B : r )  } p b )

w h e re  h ' r l  i s  t h e  t o t a l  c o r r e l a t i o n  f u n c t i o n ,  C ' r )  

t h e  d i r e c t  c o r r e l a t i o n  f u n c t i o n ,  a n d  3 ( r )  t h e  b r i d g e  

f u n c t i o n .  T h e i r  c l u s t e r  s e r i e s ,  up t o  t h e  s e c o n d  

o r d e r  i n  d e n s i t y ,  a r e :

h ( r )  - C  ( r )  +B ( r )  =
1 2 1 2 1 2 1 2  1 2  1 2

w h e r e  t h e  b o n d  r e p r e s e n t s  t h e  Mayer  f a c t o r

f '■?) = e x p  {- 3(|) ^r) - i } «  The  c l u s t e r  i n t e g r a l s  a r e

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

t e r n s  o f  d e n s i t y .

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

t h e o r y  f o r  t h e  a t t r a c t i v e  t e r m  c a n  b e  o b t a i n e d .  H o w e v e r ,  i n  

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

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

t h e  a b o v e  s e r i e s  ' w h e r e  o n e  o r  m o re  d i a g r a m s  on  t h e  r i g n t -  

h a n d  s i d e  o f  E q u a t i o n  (171 a r c  m i s s i n g )  a r e ,  t o r  e x a m p l e ,  

t h e  P e r c u s - y e v i c k  c l o s u r e  a n d  t h e  h y p e r n e t t e d  c h a i n  c l o s u r e .  

I n  t h i s  w o r k ,  an a p p r o x i m a t i o n  o t  y ' r )  i s  i n t r o d u c e d  b a s e d  

on E q u a t i o n  (16) a n d  ( 1 7 ) .  I t  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  

s e c t  i o n .
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I n  t h e  c a s e  o t  a n i s o t r o p i c  s y s t e m s ,  t h e  i n t e r a c t i o n  

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

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

B u t  i n  a d d i t i o n  t o  t h e  c e n t e r  t o  c e n t e r  d i s t a n c e  ( 2 , 2  ) » t h e  

s q u a r e - w e l l  p a r a m e t e r s  ( d , E ,  £ ) a l s o  d e p e n d  on t h e

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

a n g l e s  w , a n d  o>2 .  T he  p a i r - p o t e n t i a l  b e t w e e n  tw o  n o n -  

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

C l) .  -  
1

( o r  ^  f o r  l i n e a r  m o l e c u l e s )w h e re

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

Z2

r i  2

F i g u r e  4 :  GEOMETRY OF A PAIR OF CONVEX BODIES
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The  e f f e c t  o f  o r i e n t a t i o n  d e p e n d e n t  i n t e r a c t i o n s  o f  

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

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

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

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

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

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

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

i n c l u d e d  i n  t h e  i n t e r m o l e c u l a r  p o t e n t i a l .  F i g u r e  b and  fa 

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

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

c o r r e s p o n d i n g  t o  v a r i o u s  o r i e n t a t i o n s  i n  F i g u r e  b a s  a 

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

( K i h a r a  a n d  I c h i m a r u ,  I9 7 fa ) .
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F i g u r e  5 :  NINE TYPICAL ORIENTATIONS OF MOLECULES
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2 . 1  EODATIOH OP STATE PGR MOHPOLAR COHPQOHDS

E q u a t i o n  ( 1 2 ) ,  p r e v i o u s l y  i n t r o d u c e d  f o r  s p h e r i c a l l y  

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

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

o f  E q u a t i o n  (12) -  Z h s  b y  t h e  c o m p r e s s i b i l i t y  f a c t o r  o t  h a r d  

c o n v e x  b o d i e s  -  Z h c .  S e c o n d ,  t h e  a n g l e - d e p e n d e n t  p a r a m e t e r s  

i n  t h e  a t t r a c t i v e  p a r t  o f  E q u a t i o n  (12) a r e  r e p l a c e d  by  t h e  

a n g u l a r - a v e r a g e  v a l u e s ;

dü3„
2

(UTT) =

'19 )

=  1 f  d 6 i S i n 8 i  f  d ^ ^  f d e ^ s i n e g  f  d ^ g V  ( S i g ' W i f W g )
0 •' 0*̂  0*̂  0

(hir) 2

:2U)

w here  < > i n d i c a t e s  t h e  a v e r a g e  v a l u e  o v e r  t h e

o r i e n t a t i o n s  o f  a n y  p a r a m e t e r  V. E q u a t i o n  (18) b e c o m e s ;
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P V = Zhc
NKT

4 ir < H d>*p[  e x p  ( p < € >  ) -  1 } y(<Rd>)
6

( 2 1 )

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

a n g u l a r  a v e r a g e  c a n  b e  e v a l u a t e d  a t  t h e  mean v a l u e s  o r  t h e  

E u l e r  a n g l e s ,  a n d  Wg. E q u a t i o n  (21) b e co m e s

P V = Zhc
NkT

4 V  Fd^  p [ e x p  ( B e  ) -  1 } y ( Rd )
6

( 2 2 )

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

I n  t h i s  w o rk ,  Zhc i n  E q u a t i o n  %22) i s  r e p l a c e d  by  t h e  

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

N e z b e d a  J1976) a n d  w i l l  b e  r e f e r r e d  t o  a s  S n e z .  The 

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

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

m o l e c u l e s -
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Znez  = 1 ♦ ( 3 C - 2 ) y  + ( C ? + C - 1 ) y ^ -  C ( i> C -4 )y 3

Î 1 -  y )"

(23)

w h e r e  C i s  t h e  h a r d  c o n v e x  b o d y  s h a p e  f a c t o r ,  y = p b  i s  t h e  

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

c o n v e x  m o l e c u l a r  v o l u m e .  F o r  h a r d  s p h e r e s ,  C i s  e q u a l  t o  1 

and  E q u a t i o n  [23) i s  r e d u c e d  t o  t h e  C a r n a a a n - S t a r i i n q  

e q u a t i o n  o f  h a r d  s p h e r e s .  C i s  g r e a t e r  t h a n  1 f o r

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

S u b s t i t u t i n g  Z h c  i n  E q u a t i o n  (22)  by Zn ez  f rom  E q u a t i o n

(23)  :

Z = 1 + ( 3 C - 2 ) y  + (ç2 + C - 1 ) y 2  -  C ( b C - 4 ) y 3

{ 1 -  y  ) 3

-  4 Va* p*  { e x p  ( 1 /T * )  -  1 } y (Ed) (24)

w he re



po

2i

3

T* = k T /  E

7 a*  = Va /  = Rd^ it /  b

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

v o l u m e .

F o r  f u r t h e r  e v a l u a t i o n  o f  E q u a t i o n  ( 2 4 ) ,  t h e  f o l l o w i n g  

a p p r o x i m a t i o n  o f  y 'R d )  i s  i n t r o d u c e d :

y î S d )  = e x p  £ - a ' p * / T * } .  (2t>)

The a p p r o x i m a t i o n  ^ E q u a t i o n  ( 2 b ) )  i s  b a s e d  on E q u a t i o n  ( i b ) .  

E q u a t i o n  ( 1 7 ) ,  a n d  t h e  k n o w l e d g e  t h a t  t h e  r a d i a l  

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

d e p e n d s  s t r o n g l y  on  d e n s i t y  ( B e r e t  a n d  P r a u s n i t z ,  i 9 / b .  

W a t t s  a n d  a c G e e ,  1 9 7 6 ) .  a* i s  a c o n s t a n t  s p e c i f y i n g  t h e  

t e m p e r a t u r e  a n d  d e n s i t y  d e p e n d e n c e .  S u b s t i t u t i n g  E q u a t i o n  

(25) i n t o  E q u a t i o n  (24)  l e a d s  t o  t h e  f o l l o w i n g  e q u a t i o n ;
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1 + ( 3 C - 2 ) y  + ( C ^ + C - 1 ) y ^  -  C ( bC- U) y3  

t 1 -  y )3

4 Ta* P* { e x p  (1 /T * )  -  1 }

e x p  £ -  a* P* /  T * } .  (2b)

E q u a t i o n  (26) i s  f i r s t  a p p l i e d  t o  n - P u t a n e .  C o m p a r i s o n  

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

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

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

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

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

a  d e n s i t y  d e p e n d e n c e  t e r m  o f  h i g h e r  o r d e r  t o  E q u a t i o n  ( 2 b ) :

y (Rd) = e x p  { - a * p * / T *  }

+ p *  e x p  £ - a "  p * Z / T *  } (27)

w h e r e  a "  i s  t h e  s e c o n d  c o n s t a n t .  The c o m b i n a t i o n  o f  

E q u a t i o n  (27) a n d  (26) y i e l d s
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1 + ( 3 C - 2 ) y  + ( C ^ + C - 1 ) y 2 -  C ( b C - U ) y 3

{ 1 -  y ) 3

-  U 7 a *  P * { e x p  ( 1 /T * )  -  1 }

{exp t~a* p*/T*) + p* e x p  f - a ” p * 2 /T * )  } .  {28)

The p r e d i c t i o n  r e s u l t  o t  E q u a t i o n  {28) s h o w s  a s i g n i f i c a n t  

i m p r o v e m e n t  o v e r  E q u a t i o n  ( 2 6 ) ,  e s p e c i a l l y  i n  t h e  e n t h a l p y  

c a l c u l a t i o n .

I n  o r d e r  t o  t e s t  t h e  a b i l i t y  o t  E q u a t i o n  {28) f o r  t h e

low d e n s i t y  p r e d i c t i o n ,  t h e  new e q u a t i o n  i s  u s e d  t o

c a l c u l a t e  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t s  ( 8% ) o t  n - b u t a n e ,  

w h e r e

B = (1+3C) b -  4 Va I e x p (  î  / k T  ) -  1 } .  (29)

T h e  p a r a m e t e r s  u s e d  i n  E q u a t i o n  (29) a r e  d e t e r m i n e d  f r o m  t h e  

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

e a r l i e r .  C o m p a r i s o n  o f  ^  o b t a i n e d  f ro m  E q u a t i o n  (29) and

t h e  e x p e r i m e n t a l  v a l u e s  o f  Dymond a n d  S m i t h  (1980)  i s  shown 

i n  F i g u r e  6 .  i t  i s  o b v i o u s  t h a t  E q u a t i o n  (29) d o e s  n o t

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

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

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

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

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

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

T h i s  l e a d s  t o

Znez  -  ( 1+3C ) y + B r * P

-  4 Va* p* £ e x p  (1 /T * )  -  1 j

£exp ( - a *  P*/T*) + p *  e x p ( - a "  P * V t *)} ( 3 ü)

w h e r e

Br*  = Br /

and

B ,  = Br -  4 Va £ e x p  ( e / k T  ) -  1 } -  (31)
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R e s u l t s  f r o m  E q u a t i o n  (30)  show s i g n i f i c a n t  i m p r o v e m e n t  

o v e r  E q u a t i o n  (28 )  e s p e c i a l l y  i n  v a p o r  p r e s s u r e  

c a l c u l a t i o n s .  The  d e v i a t i o n  o f  d e n s i t y  r e d u c e s  f r o m  1.73% 

t o  0 .7 0 % ;  v a p o r  p r e s s u r e  d e v i a t i o n  r e d u c e s  f r o m  3 .21% t o  

1 .09% ;  a n d  t h e  e n t h a l p y  d e p a r t u r e  d e v i a t i o n  r e d u c e s  f r o m  

0 . 3 9  t o  0 . 3 4  b t u / l b .  A b e t t e r  p r e d i c t i o n  o r  i s  a l s o

o b t a i n e d  a s  show n  i n  F i g u r e  6 .  F i g u r e  / s h o w s  t h e

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

( t h e  f i r s t  t h r e e  t e r m s  on t h e  r i g h t - h a n d  s i d e  o r

E q u a t i o n ( 3 0 )  ) a n d  t h e  a t t r a c t i v e  c o m p r e s s i b i l i t y  f a c t o r  -  Za

( t h e  l a s t  t e r m  on t h e  r i g h t  h a n d - s i d e  r t  E q u a t i o n ( 3 0 ) ) t o  t h e  

t o t a l  c o m p r e s s i b i l i t y  f a c t o r  Z a t  tw o  t e m p e r a t u r e s  ( T ) .  Zr 

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

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

i n c r e a s e s .  T h e r e f o r e ,  t h e  b e h a v i o r  o f  g a s  a t  v e r y  h i g h  

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

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

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

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

E q u a t i o n  ( 3 0 ) ;  P = pZRT w h ic h  r e q u i r e s  i t e r a t i o n s  u n t i l  

t h e  c o n v e r g e n c e  c r i t e r i a  i s  s a t i s f i e d .  The  d e n s i t y  s e a r c h  

t e c h n i q u e  u s e d  i n  t h i s  work  w as  d e v e l o p e d  by  Goin  ( 1 9 7 8 ) .  

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

d e r i v e d  f r o m  t h e  c l a s s i c a l  t h e r m o d y n a m i c s  ( B a l z i ' i s e r  e t  a l . ,  

1972) :
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H -  H ° = \ ) -  r  r * r_az I cl p* Î32)
R T [ 3 T * J p *  p*

w here

/ "  [ # * ] ,
T* /  d 0 * = -  «i Va* î *

° I aT* Ip* p*

r 1/T * r -a *  p*/T* -a"  p* V t * -,
i  _e_ e  - _____ 1 + je______ j _______ 1
l  T* L a* a" J

1/T *
-  ( e  -  1)

-a *  * /T *  -a"P *^ /T *
(p  * r e  + P * e

2

- a  * p*/T* - a ” p* 2/T*
+ T * ( e  -  1 +  e  -  1 ) 1  ^ (33)

a» 2a" 1
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T h e  v a p o r  p r e s s u r e  P o t  a s u b s t a n c e  a t  a  g i v e n  

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

c r i t e r i a ;

a n d

= f v

w h e r e  1 a n d  v a r e  r e f e r r e d  t o  l i q u i d  a n d  v a p o r  r e s p e c t i v e l y -  

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

r e l a t i o n :

- P *
RT e x p  [ I  ; z - i )  d p *  + 12-13 } t J b )

0*' p *

w here

r P*J  (Z -1 )  dp* = ( 5C 2 -  UC -  1 ) I n  ( 1 - y  )
p *

+ ( 9C^ -  9C + 2 ) ♦ ( -2C^ + 4C -  1 )

( 1 - y  ) : 1 - y

( 7C^ -  5C + 1 ) -  ( 1 + 3C ) y

+ B r *  p *

1 /T *
U Va* T* < e  -  1 )

- a * P * / T *  - a ” P * ^ / T *
{ e  -  1 + e  -  1 }

a* a "
{37)
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2.2 EOOATIOH OP STATE POE POLAR AMD ASSOCIATIVE COflPOONDS

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

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

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

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

p o l a r  f l u i d s .  E x t e n s i o n  o f  a n  e q u a t i o n  o t  s t a t e  t o r  

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

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

p a r a m e t e r s  ( e . g .  N akam ura  e t  a l . ,  1 9 7 6 ,  S o a v e ,  19 7 9 ,  a s  

c i t e d  by H h i t i n g  a n d  P r a u s n i t z ,  1982) o r  t h r o u g h  t h e  

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

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

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

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

1 9 8 2 ,  O m e s i ,  1 9 8 3 ,  a n d  C h u n g ,  Khan, L ee  and  S t a r l i n g ,  1 9 8 4 ) .

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

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

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

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

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

e n e r g i e s .

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

p o s i t i v e  c h a r g e s  a r e  n o t  c o i n c i d e n t .  T h e r e f o r e ,  t n e r e  a r e  

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

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

e l e c t r o s t a t i c  e n e r g i e s  ( a s s o c i a t e d  w i t h  d i p o l e ,  q u a d r u p o l e
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an d  h i g h e r  e l e c t r i c  moments  c h a r a c t e r i z i n g  t h e  c h a r g e  

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

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

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

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

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

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

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

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

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

-O H ,  >NH o r  -SH s t r u c t u r e  s u c h  a s  H^O, NH^ , a l c o h o l s ,  

a m i n e s  a n d  c a r b o x y l i c  a c i d s  (Reed S G u b b i n s ,  1 9 7 j ) .

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

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

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

( n o n p o l a r  c o n t r i b u t i o n )  t o g e t h e r  w i t h  t h e  c o n t r i b u t i o n s  o t  

d i p o l e ,  q u a d r u p o l e  a n d  d i p o l e - q u a d r u p o l e  i n t e r a c t i o n s  ( S t e l l  

e t  a l . ,  1 9 7 4 ,  Alem a n d  M a n s o o r i ,  1 9 8 4 ) :

- [ t j }
♦ 4)^^ ( f i z ' W i ' W , )

+ (|>QQ ( r i 2 ,W i ,w % )  (33)

w h e r e ,  f o r  i n t e r a c t i n g  m o l e c u l e s  o f  t h e  sam e  k i n d
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( C i g ,  w i,  W2) = -  c 2  c o s 01  c o s  0 2

-  s i n  0 ,  s i n  0

3c o s (4>1 -<j>2 ) }  /  r ; ,  (39)

UQ<j> = -  3 y Q [ c o s  0 1 c o s  0 2

-  s i n  0 1 s i n  02

c o s  (<Pi -<j>2 )} /  (40)

<j)QQ ( r i 2 ' W i , w ^ )  = -  3 £ 1 -  b c o s ^ e ^  -  b c o s ^ e ^

-  15 c o s  ^0iCOS ^0 2

♦ 2 £ s i n 0 i  s i n 0 2  c o s  {(j>i - $ 2  )

-  4 C O S  01 C O S  0 2} } /  16

( 41)

y i s  t h e  d i p o l e  m o m en t ,  Q i s  t h e  q u a d r u p o l e  m om ent ,  i s

t h e  p o l a r  a n g l e  o f  m o l e c u l e  i  ( s e e  F i g u r e  4 ) ,

A f t e r  i n t r o d u c i n g  t h e  c o n f i g u r a t i o n a l  a n g l e - a v e r a g e  

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

e q u a t i o n s .  E q u a t i o n s  (39)  t h r o u g h  (41)  b eco m e :

< ( r ,  J  > = -  y* /  3 k T r ^2  142)
Ü)

< <f>̂  ̂ = -  y2 Q2 /  k T r® ^ (43)
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< ( r i 2 ) > = -  70 4 /  3 k T r  1° (44)w

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

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

4 E

3 k T r j

7 Q*» (4b)

3 k T r
1 2

As d e s c r i b e d  b y  W h i t i n g  a n d  P r a u s n i t z  ( 1 9 8 2 ) ,  t h e  m o s t  

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

d i p o l e  t e r m .  D r o p p i n g  o f f  t h e  l a s t  tw o  t e r m s  i n  E q u a t i o n  

(4b) ,  t h e  o r i e n t a t i o n - a v e r a g e  p a i r - p o t e n t i a l  b e co m e s

(  W  -  k J )
y "

3 k T r  ® (46)
1 2

6
C o m b in in g  t h e  r  t e r m s  i n  E q u a t i o n  (46) r e s u l t e d  i n
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where

s '  = e { 1 + } (48)

6kT ea®

a' ® = a* / {  1 + y** + —  j (49)

12k'T e a 6

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

t e m p e r a t u r e ,  E q u a t i o n  (48) c a n  b e  a p p r o x i m a t e d  a s

e '  = e + y  ̂ (bO)
6 XT d

w h e re  t h e  p o t e n t i a l  w e l l - d e p t h  p a r a m e t e r ,  e '  , i s  a sum o± 

t h e  n o n p o l a r  v a l u e  ( e ) a n d  t h e  p o l a r  c o n t r i b u t i o n  

( y"* /  6kTO® ) w h i c h  i s  s i m i l a r  t o  t h e  r e l a t i o n s h i p  o f  t h e  

p a i r - p o t e n t i a l  i n  E q u a t i o n  ( 4 6 ) ,  T h e r e f o r e ,  f o r  p o l a r  

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

a s s i g n e d  a s



3 7

= _G__ ♦ K {51)
k k T fa ^

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

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

c l o s e d - p a c k e d  m o l a r  vo lum e  a n d  K i s  a  m e a s u r e  o t  p o l a r i t y .  

F o r  n o n p o l a r  f l u i d s ,  K=0. A s i m i l a r  a p p r o a c h  was 

s u c c e s s f u l l y  e m p l o y e d  fay W h i t i n g  a n d  P r a u s n i t z  {1982) a n d  

Khan (1983)  f o r  e x t e n d i n g  a n  e q u a t i o n  o t  s t a t e  t o  p o l a r  

f l u i d s .



Chapter III 
RESULTS AND DISCUSSION

The new e q u a t i o n  o t  s t a t e  i s  a p p l i e d  t o  a  w id e  v a r i e t y  o t  

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

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

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

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

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

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

a l c o h o l s ,  e t h e r s ,  k e t o n e s ,  a m i n e s ,  many n i t r o g e n - ,  o x y g e n - ,  

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

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

p o l a r  m o l e c u l e s  p l a y  a  much m ore  i m p o r t a n t  r o l e  t h a n  i n  t h e  

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

w i t h  r e s p e c t  t o  m o l e c u l a r  o r i e n t a t i o n s  ( K i h a r a  & I c h i m a r u ,  

197b) .

C r i t i c a l  p r o p e r t i e s  o f  e a c h  compound a r e  t a k e n  e i t h e r  

f r o m  R e i d  e t  a l .  {1977) o r  f r o m  t h e  s o u r c e s  w h e re  t h e  

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

c o m p o u n d s  t e s t e d  a r e  s u m m a r i z e d  i n  T a b l e  1,  a n d  t h e  p h y s i c a l  

p r o p e r t i e s  a r e  i n  T a b l e  2 .  The v a l u e s  o t  t h e  a d j u s t a b l e  

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

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

-  38  -



i ' i

v a p o r  p r e s s u r e ,  a n d  e n t h a l p y ,  w h e re  a v a i l a b l e )  u s i n g  t h e  

r e g r e s s i o n  p r o g r a m  d e v e l o p e d  by C o in  ' 1 9 7 8 ) .
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TABLE 1

DATA REFERENCES OF NORMAL PARAFFINS, OTHER NONPOLAR, POLAR,
AND ASSOCIATIVE COMPOUNDS

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

d a t a  r e f e r e n c e t s )

M ethane EHOL 21 Van I t t e r b e e K  e t  a l -  [1963)  ,
RHOV 18 V e n n i x  (1966) , 

l e s a v a g o  [1968) ,
VP 32 M a t t h e w s  [1946) ,

ENTH 33 D o u s l i n  e t  a i .  (1964)

E t b a n a EHOL 39 S a g e  an d  L a c ey  [1950)  ,
RHOV 7 A P I - 4 4  (1978) ,

VP
ENTH

46
85

C a n j a r  a n d  M anning  (1967)

P r o p a n e EHOL 130 S a g e  and  L a c e y  ( 1 9 5 0 ) ,
RHOV 4 C a n j a r  a n d  M anning  [196 7) , 

Huang (1967)  ,
VP 55 A P I - 4 4  [1978) ,

ENTH 26 T e s a v a g e  (1968)

n - B u t a n e EHOL 31 A P I-4 4  (1978)  ,
RHOV 9 S a g e  an d  L a c e y  [1950)  ,

VP
ENTH

52
39

C a n j a r  a n d  M anning  ( i 9 6 7 )

n - P e n t a n e EHOL 24 A P I - 4 4  (1978) ,
RHOV 15 S a g e  and  L a c ey  ( 1 9 5 0 ) ,

VP
ENTH

45
38

C a n j a r  a n d  M anning  [1967)

n - H e x a n e RHOL 41 A P I - 4 4  [1978) ,
C a n j a r  a n d  M an n in g  [ 1 9 6 7 ) ,

VP 53 S t e w a r t  e t  a i .  (1954)

n - H e p t a n e EHOL 41 A P I - 4 4  [ 1 9 7 8 ) ,
S t u a r t  e t  a i .  ( i95Ü)  ,

VP 40 Kay ( 1 9 3 8 ) ,
ENTH 17 G i l l i l a n d  and  P a r e k h  [1942)



TABLE 1 (CONTINUED)

4  1

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

d a t a  r e f e r e n c e ( s )

n - O c t a n e RHOL 47 R e i d  e t  a i .  ( 1 9 7 7 ) ,
RHOV 1 A P I - 4 4  (1978)

VP 56
ENTH 54

n - N o n a n e RHOL 43 V a r g a f t i k  ( 1 9 7 5 ) ,
R i e l  e t  a i ,  ( 1 9 7 7 ) ,

VP 18 A P I - 4 4  (1978)

n - D e c a n e RHOL 32 S a g e  a n d  L a c e v  (1950)  ,
V a r g a f t i k  ( 1 9 7 5 ) ,

VP 18 A P I - 4 4  (1978)

n - D n d e c a n e VP 19 V a r g a f t i k  (1975)

n - D o d e c a n e RHOL 17 V a r g a f t i k  ( 1 9 7 5 ) ,
VP 21 A P I - 4 4  (1978)

n - T r i d e c a n e RHOL 17 V a r g a f t i k  (1975) ,
VP 18 Z w o i i n s k i  and  W i l h o i t ( 1 9 / 1 )

n - T e t r a RHOL 14 V a r g a f t i k  ( 1 9 7 5 ) ,
d e c a n e VP 15 Z w o i i n s k i  and  W i l f a o i t (19 / I )

n - P e n t a RHOL 14 V a r g a f t i k  (1975) ,
d e c a n e VP 14 Z w o i i n s k i  and  W i i h o i t (1971)

n - H e x a EHOL 9 V a r g a f t i k  (19 7 5 ) ,
d e c a n e VP 10 Z w o i i n s k i  and  H i l h o i t ( 1 9 / 1 )

n - H e p t a RHOL 13 V a r g a f t i k  (1975)
d e c a n e VP 15

n - O c t a RHOL 13 V a r g a f t i k  (1975)  ,
d e c a n  e VP 15 Z w o i i n s k i  a n d  B i l h o i t ( 1 9 /1 )



TABLE 1 (CONTINUED)

42

c o m p o n e n t  p r o p e r t y  num ber
o f  p o i n t s

d a t a  r e f e r e n c e ( s )

n - N o n a
d e c a n e

RHOL
VP

12
15

V a r g a f t i k  ( i 9 / b ) ,
Z w o i i n s k i  a n d  H i i h o r t  ( 1 9 /1 )

n - E i c o s a n e EHOL
VP

25
15

V a r g a f t i k  ( i 9 / 5 ) ,
Z w o i i n s k i  and  W i i h o i t  ( 1 9 / i )

E t h y i e n e EHOL
RHOV

VP
ENTH

11
29
35
34

A P I - 4 4  (197W)

T i c k n e r  a n d  L o s s i n g  ( 1 9 5 1 ) ,  
C a n j a r  a n d  M anning  (1967)

P r o p y l e n e EHOL
EHOV

VP

22
35
28

F a r r i n g t o n  a n d  S a g e  ( 1 9 4 9 ) ,  
M i c h e i s  e t  a i .  (1953)  , 
C a n j a r  a n d  M anning  ( i 9 t V ) )

i - B u t a n e EHOL
RHOV

VP

ENTH

87
29

82

73

C a n j a r  a n d  M anning  (i9fc7) , 
M o r r i s  e t  a i .  (194ü)  ,
E e t t i e  e t  a i .  (1950)  ,
A s t o n  e t  a i .  (1940)  ,
S a g e  and  L a c e y  ( 1 9 5 0 ) ,  
C o n n o i i y  ( 1 9 6 2 ) ,
Z w o i i n s k y  and  S i i h o i t  (19 /1) , 
K a c k n i c k  e t  a i  ( 1 9 / 8 )

i - P e n t a n e EHOL
RHOV

VP

13
25

22

A P I - 4 4  (1978)  ,
D o u s i i n  e t  a i .  (1964)  , 
A s t o n  e t  a i .  ( 1 9 4 0 ) ,  
S i l ü e r h e r g  e t  a i .  (1959)

T o i u e n e RHOL
VP

13
33

V a r g a f t i k  ( i 9 / 5 ) ,  
A P I - 4 4  (1978)

o - X v i e n e RHOL
VP

59
43

V a r g a f t i k  (1975)

B i c y c i o
h e x y i

VP 23 H e i c z o r e k  and  K o b a y a s h i  (1980)
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d a t a  r a t e r e n c e ( s )

K u d c h a l k a r  e t  a i .  ( 1 9 6 8 ) ,
R e i d  e t  a l .  M 9 77) ,
A P I - 4 4  (197W) ,
N i c o l a s  e t  a l .  ' 1 9 7 9 ) ,
Yaws (1978)

B o u b l i k  e t  a l .  (1973)

W e i c z o r e k  and K o b a v a s b i  * i 9 c i U ) ,  
W i l s o n  et. a l -  ( 1 9 8 Î )

ASHRAE (1969)

D in  ( 1 9 6 1 ) ,
C a n j a r  a n d  M ann ing  (1967)

C a n j a r  a n d  M anning  ( 1 9 6 7 ) ,  
S t r e e t t  a n d  S t a v c l y  ( 1 9 6 » ) ,  
Mage e t  a l .  (1963)  ,
F r i e d m a n  and  W h i te  f i 9 b ü )

L e w i s  and  F r e d e r i c k  ( 1 9 6 8 ) , 
Ream er  e t  a l .  ( 1 9 b O ) ,
Kay a n d  R a a h o s e k  ( I 9 b 3 ) , 
West (1948)

TABLE 1 (CONTINUED)

c o m p o n e n t  p r o p e r t y  num ber
o t  p o i n t s

B e n z e n e RHOL
EHOV

61
41

F l u o r e n e

D i p h e n y l
m e t h a n e

7P

VP

VP

67

29

33

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

EHOL
RHOV

VP
ENTH

39 
143

40 
40

C a r b o n
d i o x i d e

EHOL
RHOV

VP
ENTH

24
15
33
39

N i t r o g e n EHOL
EHOV

VP
ENTH

11
27
19
77

H y d r o g e n
s u l f i d e

RHOL
EHOV

18
22

VP 24



TABLE 1 ÇCONTINaED)

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

d a t a  r e f e r e n c e ( s )

Ammonia RHOL 120 G a r n j c s t  ( 1 9 7 4 ) ,
EHOV

VP
180
172

f l a a r  and  G a l l a g h e r  (1 9 /7 )

M e t h y l RHOV 131 ASHRAE (1969)
f l u o r i d e VP 28

B u t a n o l EHOL 32 Kemme an d  K r e p s  ( 1 9 6 9 ) ,  
A m brose  a n d  Tow nsend  (1963)  , 
A m brose  a n d  S p a r k e  ( i 9 / 0 )  ,

VP 92 K a l e s  and  E l l e n d e r  ( 1 9 / 6 )

P h e n o l RHOL
VP

14
1b

K u d c h a d k e r  e t  a l .  (19 7 / )

p - C r e s o l EHOL
VP

23
20

K u d c h a d k e r  e t  a l .  ( I 9 7 8 a )

o - C r e s o l EHOL
VP

24
21

K u d c h a d k e r  e t  a l .  ( I 9 7 8 a )

m - C r e s o l EHOL
VP

26
22

K u d c h a d k e r  e t  a l .  ( I 9 7 8 a )

2 , 3
X y l e n o l

VP 18 K u d c h a d k e r  e t  a l .  ( 1 9 78b)

A c e t o n e EHOL
VP

28
20

I n t .  C r i t -  T a b l e s  (1926)

2 ~ B u t a n o n e VP 16 C o l l e r s o n  e t  a l .  (196b)

2 - EHOL 18 C o l l e r s o n  e t  a l .  ( 1 9 6 b ) ,
P e n t a n o n e VP 18 Meyer a n d  Wagner (1966)



TABLE 1 (CONTINUED)

4b

c o m p o n e n t  p r o p e r t y  nu m b er
o f  p o i n t s

d a t a  r e f e r e n c e J s )

D i m e t h y l
e t h e r

EHOL
EHOV

VP

17
17
19

I n t .  C r i t .  T a b l e s  (192b)

M e t h y l
e t h y l
e t h e r

EHOL
EHOV

VP

17 
11
18

I n t .  C r i t .  T a b l e s  (192b)

D i e t h y l
e t h e r

RHOL
RHOV

VP

22
21
23

I n t .  C r i t .  T a b l e s  (19 2b)

E t h y l
p r o p y l
e t h e r

EHOL
VP

17
18

I n t .  c r i t .  T a b l e s  (192b)

D i p h e n y l
e t h e r

EHOL
VP

12
13

V a r g a f t i k  ( 1 9 /b )

A c e t i c
a c i d

EHOL
VP

21
23

I n t .  c r i t .  T a b l e s  (192b)

H e t h y l a m i n e  VP

D i m e t h y l  VP
a m i n e

17

18

I n t .  C r i t .  T a b l e s  (192b)  

I n t .  C r i t .  T a b l e s  ( I 9 2 b )

E t h y l a m i n e  VP

D i e t h y l  EHOL
a m i n e  VP

19

17
18

I n t .  C r i t .  T a b l e s  ( I 9 2 b )  

I n t .  C r i t .  T a b l e s  (192b)

A n i l i n e EHOL
VP

29
34

K u d c h a d k e r  (1982)

P y r i d i n e EHOL
VP

26
25

K u d c h a d k e r  (19 79)
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Ub

c o m p o n e n t p r o p e r t y n u m b er  
o f  p o i n t s

d a t a  r e f e r e n c e ' s )

4 - M e t h y l
p y r i d i n e

VP 16 B o u b l i k  e t  a l .  ' 1 9 / 3 )  , 
E e i d  e t  a l .  ( 1 9 7 / )

i — RHOL 18 V i s w a n a t h  and  W i i h o i t  ' 1 9 / 9 )
q u i n o l i n e VP 63

C a r b a z o l VP 26 B o u b l i k  ( 1 9 / 3 ) ,
K u d c h a d k e r  e t  a l .  f i 9 8 i a )

A c r i d i n e RHOL 12 K u d c h a d k e r  e t  a l -  (1981a )  ,
VP 23 M cN e i l  ( I 9 b b )

Fo rm am id e RHOL 67 I n t .  C r i t -  T a n l e s  (1926)

E t h y l EHOL 19 I n t .  C r i t .  T a n l e s  (1926)
m e r c a p t a n VP 20

D i m e t h y l RHOL 20 I n t .  C r i t .  T a b l e s  (1926)
s u l f i d e VP 21

T e t r a h y d r o EHOL 9 K u d c h a d k e r  e t  a l .  ( I 9 8 i t )
t h i o p h e n e VP 26

T h i a VP 27 K i e c z o r e k  and  K o b a y a s n i  (198Ü)
n a p t h e n e

D i b e n z o VP 19 S i v a r a m a n  and  K o b a y a s i i  (1982)
t h i o p h e n e

D i b e n z o EHOL 42 N a s i r  e t  a l -  (1981)
f u r a n VP 19 S i v a r a m a n  and K o b a y a s h i  (1982)

T e t r a h y d r o EHOL 10 K u d c h a d k e r  e t  a l -  (1978c)
f u r a n VP 2b

RHOL = l i q u i d  d e n s i t y  
RHOV = v a p o r  d e n s i t y  
VP = v a p o r  p r e s s u r e  
ENTH = e n t h a l p y  d e p a r t u r e



4 7

TABLE 2

PHYSICAL PROPERTIES OF NORMAL PARAFFINS.

C o m p o n en t M o l e c u l a r
w e i g h t

C r i t i c a l  
T e m p e r a t u r e ,  ®E

C r i t i c a l
P r e s s u r e ,

D S ia

C r i t i c a l
D e n s i t y ,

I b a o i e / c u . t t .

M e th a n e 1 6 . 0 4 2 3 4 3 . 5 7 0 6 7 3 -  100 0 . 6 2 7 4

E t h a n e 3 0 . 0 6 8 5 5 0 . 0 0 0 7 0 9 . 8 2 0 0 . 4 2 1 8

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

n - B u t a n e 6 8 . 1 2 0 7 6 5 . 3 4 0 5 5 0 . 7 0 0 0 . 2 4 4 3

n - P e n t a n e 7 2 . 1 4 6 8 4 5 . 0 9 0 4 8 9 . 5 0 0 0 . 2 0 0  /

n - H e x a n e 8 6 . 1 7 2 9 1 3 . 1 2 0 4 3 9 . 7 0  0 0 . 1 6 9 b

n - H e p t a n e 1 0 0 . 2 0 0 9 7 2 . 5 2 0 3 9 7 - 0 0 0 0 . 1 4 6 5

n - O c t a n e 1 1 4 . 2 2 0 1 0 2 3 . 4 6 0 3 6 0 . 6 0 0 0 . 1 2 8 4

n - N o n a n e 1 2 8 . 2 5 0 1 0 7 0 . 1 7 0 3 3 2 . 0 0 0 0 . 1 1 5 0

n - D e c a n e 1 4 2 . 2 7 0 1 1 1 1 . 5 7 0 3 0 6 . 6 0 0 0 . 1 0 3 /

n - O n d e c a n e 1 5 6 . 3 1 0 1 1 4 9 . 8 4 0 2 8 5 . 1 0 2 0 . 0 9 4 6

n - D o d e c a n e 1 7 0 . 3 4 0 1 1 8 4 . 9 4 0 26 4 .  52 8 0 . 0 8 9 5 6

n - T r i d e c a n e 1 8 3 . 3 7 0 1 2 1 6 . 4 4 0 2 4 9 . 9 3 2 0 . 0 8 0 0 4

n - T e t r a d e c a n e 1 9 8 . 3 9 0 1 2 4 9 . 2 0 0 2 3 5 .  136 0 . 0  7522

n - P e n t a d e c a n e 2 1 2 - 4 5 0 1 2 7 2 . 6 0 0 2 2 0 . 4 4  0 0 . 0 7 0 9 4

n - H e x a d e c a n e 2 2 6 . 4 5 0 1 2 9 0 . 6 0 0 2 0 5 - 7 4 4 0 . 0 6 6 1 6

n - H e p t a d e c a n e 2 4 0 . 4 7 0 1 3 1 9 . 4 0 0 1 9 1 . 0 4 8 0 . 0 6 2 4 3

n - O c t a d e c a n e 2 5 4 . 5 0 0 1 3 4 1 . 0 0 0 1 7 4 . 8 8 2 0 . 0 5 3 8 /

n - N o n a d e c a n e 2 6 8 , 5 3 0 1 3 6 0 . 8 0 0 1 6 1 . 6 5 6 0 . 0 5 5 / 9

n - E i c o s a n e 28 2.  550 1 3 8 0 . 6 0 0 1 6 1 . 6 5 6 0 . 0 5 3 0 2
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TABLE 2 (CONTINOED) PHYSICAL PROPERTIES OF NONPOLAR COMPOUNDS.

C o m p o n e n t M o l e c u l a r
w e i g h t

C r i t i c a l  
T e m p e r a t u r e ,  ®R

C r i t i c a l
P r e s s u r e ,

p s i a

C r i t i c a l
D e n s i t y ,

I b m o l e / c u .

E t h y l e n e 2 8 . 0 5 0 5 0 9 . 4 9 0 7 2 8 . 8 0 0 0 . 5 0 3 5 0

P r o p y l e n e 4 2 . 0 8 0 6 5 7 . 0 7 0 6 6 9 . 0 0 0 Ü.34U9U

i - B u t a n e 5 8 . 1 2 0 7 3 4 . 1 3 0 5 2 6 . 5  70 0 , 2 4 3 8 4

i - P e n t a n e 7 2 .  146 8 2 8 . 7 0 0 4 9 0 . 4 1 0 0 . 2 0 4 0 0

B e n z e n e 7 8 . 1 1 3 1 0 1 1 . 8 8 8 7 1 0 . 5 9 8 0 . 2 1 2 5 0

T o l u e n e 9 2 .  142 1 0 6 5 . 1 0 0 5 9 6 . 8 2 0 0 . 1 9 8 0 0

o - X y l e n e 1 0 6 . 1 7 0 1 1 3 4 . 3 6 0 5 4 0 . 9 6 0 0 . 1 o920

B i c y c l o h e x y l 1 6 6 . 3 1 0 1 3 1 6 . 5 2 0 3 / 1 . 9 1 0 0 . 1 0 8 2 0

F l u o r e n e 1 6 6 . 2 2 0 1 4 7 9 . 9 9 6 5 2 3 . 3 2 0 0 . 1 0 5 0 0

D i p h e n y l
m e t h a n e

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

D i c h l o r o 1 2 0 . 9 1 0 6 9 3 . 0 0 0 5 9 8 . 2 9 0 0 . 2 8 / 6 9
d i f l a o r o m e t b a n e



TABLE 2 (CONTINUED)
PHYSICAL PROPERTIES OF POLAR AND ASSOCIATIVE COMPOUNDS

C om ponen t M o l e c u l a r
w e i g h t

C r i t i c a l  
T e m p e r a t u r e ,  ®a

C r i t i c a l
P r e s s u r e ,

p s i a

C r i t i c a l  
D e n s i t y ,  

I b f f i o l e / c u . ± t .

C a r b o n  d i o x i d e

N i t r o g e n

H y d r o g e n
s u l f i d e

Ammonia

M e th y l
f l u o r i d e

B u t a n o l

P h e n o l

p - C r e s o l

o - C r e s o l

B - C r e s o l

2 , 3  X y l e n o l

A c e t o n e

2 - B u t a n o n e

2 - P e n t a n o n e

4 9 . 0 1 0

2 8 . 0 1 6

3 4 . 0 7 6

1 7 . 0 3 0

3 4 , 0 4 2

7 4 . 1 2 3  

9 4 . 1 1 3

1 0 8 . 1 4 0

1 0 8 . 1 4 0

1 0 8 . 1 4 0  

1 2 2 . 1 7 0

5 8 . 0 8 0  

7 2 .  107 

8 6 . 1 3 4

5 4 7 . 4 7 0

2 2 7 . 0 7 0

6 7 2 . 3 7 0

7 2 9 . 9 0 0

5 7 2 . 0 4 0

1 0 1 3 . 2 2 0

1 2 4 9 . 7 0 0

1 2 6 8 . 3 7 0

1 2 5 5 . 7 7 0

1 2 7 0 . 5 3 0

1 3 0 1 . 3 0 0

9 1 4 . 6 7 0

9 6 4 . 0 8 0

1 0 1 5 . 2 0 0

1 0 6 9 . 9 0 0

1 2 9 6 . 2 0 0

1 2 9 6 . 2 0 0

16 3 5 .  ZOO 

8 5 2 . 6 0 0

6 4 0 . 9 2 0  

8 3 9 , 1 7 0  

7 4 6 . 7 6  0 

7 2 6 .1 8 0  

66 1 . 5 0 0  

7 1 0 . 8 7 7  

6 3 2 - 0 8 0

6 0 2 . 7 0 0  

5 6 4 . 4 8 0

0 . 6 6 4 1 0

0 . 6 9 2 9 0

0 . 6 5 / 1 0

0 . 8 6  143 

0 . 5 0 3 4 /

0 . 2 2 / 8 0  

0 . 2 7 3 0 0  

0 . 2 2 5 3 8  

0 . 2 2 1 3  / 

0 . 2 0 0 1 0  

0 .1 7 4 0 0  

0 . 2 9 8 / 1  

0 . 2 3 3 3 2  

0 . 2 0 / 4 1



TABLE 2 (CONTINUED)

bO

C om ponen t M o l e c u l a r
w e i g h t

C r i t i c a l  
T e m p e r a t u r e , ® R

C r i t i c a l
P r e s s u r e ,

p s i a

C r i t i c a l  
D e n s i t y ,  

I b m o l e / c u .  i t .

D i m e t h y l  e t h e r 4 6 . 0 6 9 7 2 0 . 0 0 0 7 7 9 . 1 0 0 0 . 3 5 0 7 3

M e th y l  
e t h y l  e t h e r

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

D i e t h y l  e t h e r 7 4 . 1 2 3 8 4 0 . 0 6 0 52 7.  730 0 . 2 2 2 9 0

E t h y l  
p r o p y l  e t h e r

8 8 - ibO 9 0 1 , 0 8 0 4 / 1 . 8  70 0 . 1 8 2 / 2

D i p h e n y l  e t h e r 1 7 0 - 2 1 0 1 3 / 8 . 8 0 0 4 5 5 . ZOO 0 . 1 2 1 3 9

A c e t i c  a c i d 6 0 . 0 5 2 1 0 6 9 . 9 2 0 8 3 9 . 3 / 0 0 . 3 6 5 0 9

M e th y l a m in e 3 1 - 0 5 8 7 7 4 . 0 0 0 1 0 8 1 - 9 2 0 0 . 4 4 5 9 2

D i m e t h y l a m i n e 4 5 . 0 8 5 7 8 7 . 6 8 0 7 7 0 . 2 8 0 0 . 3 3 3 8 4

E t h y l a m i n e 4 5 . 0 8 2 8 2 0 - 8 0 0 8 1 5 . 8 5 0 Ü . 35072

D i e t h y l a m i n e 7 3 . 1 3 9 8 9 3 . 8 8 0 5 3 8 . 0 2 0 0 . 2 0  /4Ü

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

P y r i d i n e 7 9 . 1 0 2 1 1 1 5 . 9 1 0 8 2 7 . 6 1 0 0 . 2 4 5 / 9

4 - M e t b y l
p y r i d i n e

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



TABLE 6 (CONTINOED)

5 1

C o m ponen t M o l e c u l a r
w e i g h t

C r i t i c a l  
T e m p e r a t u r e , * R

C r i t i c a l
P r e s s u r e ,

D s i a

C r i t i c a l  
D e n s i t y ,  

I b m o l e / c u .  ± t .

i - Q u i n o l e n e

C a r b a z o l

A c r i d i n e

F o rm am id e

1 2 9 . 1 6 0  

1 6 7 . 2 0 0  

1 7 9 - 2 2 0  

4 5 . 0 3 1

E t h y l  m e r c a p t a n  6 2 . 1 3 4

6 2 . 1 3 0D i m e t h y l
s u l f i d e

T e t r a h y d r o
t h i o p h e n e

T h i a n a p t h e n e

T e t r a h y d r o
f u r a n

D i b e n z o
t h i o p h e n e

8 8 . 1 6 8

1 3 4 - 2 0 0  

7 2 .  106

1 8 4 .  270

1 4 4 5 . 6 7 0  

1 6 2 0 . 0 9 0  

1 6 2 9 . 3 6 0  

9 8 5 . 1 4 0  

8 9 8 , 2 0 0  

9 0 5 . 4 0 0

1 1 3 7 . 5 7 0

1 3 5 3 . 6 0 0

9 7 2 . 2 7 0

1 6 1 8 . 7 4 0

7 2 2 . 4 8 6  

4 7 6 , 2 8 0  

4 4 1 . UUÜ 

319 8 ,  72 0 

796 .  740 

80 2 ,  620

7 6 4 . 4 0 0

5 5 5 . 6 4 5

7 5 2 ,9 5 0

5 7 9 ,1 8 0

0 , 1 5 4 9 0  

0 .  10U0U  

0 - 1 1 5 0 0  

0 . 4 1 5 1 2  

0 , 3 0  159 

0 . 3 1 0 6 0

0 . 2 3 8 2 /

0 . 1 6 2 1 0  

0 . 2 / 8 7 0

0 . 1 1 8 2 0

D i b e n z o f u r a n 1 6 8 . 1 9 0 1 5 0 8 . 0 4 0 5 8 8 , 0 0 0 0 ,  1239 /
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3.1 APPLICATIOB OF THE EOOATIOH OF STATE TO lOBHAL PARAFFINS

E q u a t i o n  (30) i s  a p p l i e d  t o  t w e n t y  p u r e  n o r m a l  p a r a f f i n s  

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

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

e i c o s a n e .  I n i t i a l l y ,  E q u a t i o n  (30) h a s  a  t o t a l  o t  e i g h t  

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

(C) , t h e  h a r d  c o n v e x  body  v o lu m e  (b) , t h e  e f f e c t i v e  

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

(Br) ,  t h e  a t t r a c t i v e  v o lu m e  %7a) , t h e  e n e r g y  p a r a m e t e r  

( G / k ) ,  t h e  d e n s i t y - r e d u c i n g  p a r a m e t e r  ( ) ,  a n d  two

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

(a* a n d  a "  ) .  T h e s e  p a r a m e t e r s  a r e  d e t e r m i n e d  f r o m  f i t t i n g  

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

From t h e  p l o t  o f  e /Jc v e r s u s  c r i t i c a l  t e m p e r a t u r e  T c ,  

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

( a s  show n  i n  F i g u r e  9 a n d  1 0 ) ,  b o t h  r e l a t i o n s  a r e  a l m o s t  

l i n e a r .  T h e r e f o r e ,  f o l l o w i n g  t h e  law  o f  c o r r e s p o n d i n g  

s t a t e s ,  e / k a n d  c a n  be  c o r r e l a t e d  t o  Tc and

r e s p e c t i v e l y ,  w h i c h  r e s u l t s  i n

e  /  K = Tc /  2 . 1 8 6 0 1  (52)

=  0 - 5 7 2 7 3 5  /  P g  ( 5 3 )



b j

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

a r e  l i s t e d  i n  T a b l e  2.

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

a b s o l u t e  d e v i a t i o n  Jaad )  i n  T a b l e  6 w i t h  t h e  v a l u e s  o f  t h e  

c o r r e s p o n d i n g  p a r a m e t e r s  t a b u l a t e d  i n  T a b l e  3 .  G e n e r a l l y ,  

E q u a t i o n  (30)  g i v e s  f a i r l y  goo d  a g r e e m e n t  w i t h  t h e  

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

c o m p o u n d s  (637  d a t a  p o i n t s )  i s  0 .68% w i t h  a maximum o f  1.18% 

f o r  n - p e n t a n e .  The  o v e r a l l  a a d  o f  v a p o r  p r e s s u r e  f o r  a l l  

t w e n t y  c o m p o u n d s  (5 7 2  d a t a  p o i n t s )  i s  0 .54%  w i t h  a maximum 

o f  0 .99% f o r  m e t h a n e .  F o r  t h e  e n t h a l p y  d e p a r t u r e  

c a l c u l a t i o n ,  t h e  o v e r a l l  a a d  i s  1 .2 1  B t u / l b  f o r  s e v e n  f l u i d s  

w i t h  292  d a t a  p o i n t s .
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FIGURE 9; PLOT OF THE ENERGY PARAMETERS 
VERSUS CRITICAL TEMPERATURE OF N-PARAFFINS
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FIGURE 10: PLOT OF THE DENSITY-REDUCING PARAMETERS 
VERSUS CRITICAL DENSITY (RHOC) OF N-PARAFFINS
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3.2 APPLICATION OF THE EQOATIOM OF STATE TO OTHER NONPOLAR CORPOHNDS

E q u a t i o n  (30) a l o n g  w i t h  E q u a t i o n  (52) and  (53) i s  a p p l i e d  

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

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

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

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

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

com pound  a r e  s u m m a r i z e d  i n  T a b l e  4 .  T h e  c a l c u l a t i o n  r e s u l t s  

a r e  g i v e n  i n  T a b l e  7 .  The  o v e r a l l  a a d  o f  607  d a t a  p o i n t s  o t  

d e n s i t y ,  435 p o i n t s  o t  v a p o r  p r e s s u r e ,  a n d  i n /  p o i n t s  o f  

e n t h a l p y  a r e  0 . 7 % ,  0 -59%  a n d  1 -2 0  B t u / l b ,  r e s p e c t i v e l y .
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3,3 APPLICATION OF THE EOOATION OF S T ^ S  TO POLAR AND ASSOCIATIVE CÔMPOONDS

As d e s c r i b e d  e a r l i e r  i n  C h a p t e r  I I ,  E q u a t i o n  (30) i s

e x t e n d e d  t o  p o l a r  a n d  a s s o c i a t i v e  co m p o u n d s  by  m a k in g  t h e

e f f e c t i v e  e n e r g y  p a r a m e t e r  « e* / k "  t e m p e r a t u r e  d e p e n d e n t :

e* = e + K (54)

k k T b 2

w h e re  e / k  i s  t h e  n o n p o l a r  p a r t  o f  t h e  e n e r g y  p a r a m e t e r .  

"K” i s  t h e  p a r a m e t e r  a s s i g n e d  t o  t a k e  i n t o  a c c o u n t  t h e  

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

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

The v a l u e s  o f  t h e  p a r a m e t e r s  a r e  g i v e n  i n  T a b l e  5 a l o n g  w i t h  

t h e  p r e d i c t i o n  r e s u l t s  i n  T a b l e  8 .  T h e r e  a r e  a t o t a l  o t  

1157  d a t a  p o i n t s  o t  d e n s i t y  w i t h  t h e  o v e r a l l  a a d  o t  1 .23%; 

1115 d a t a  p o i n t s  o f  v a p o r  p r e s s u r e  w i t h  t h e  o v e r a l l  a a d  o t

0 .4 0 % ;  a n d  114 p o i n t s  o f  e n t h a l p y  w i t h  t h e  o v e r a l l  a a d  o t

1 . 4 7  B t u / l b .
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TABLE 3

EQUATION OF STATE PARAMETERS FOR NORMAL PARAFFINS-

c o m p o n e n t c 1 b
I
I c u .  
1

? a  Br 

f t . / i b m o l e

1 a* 
1 
1 
1

a"

M ethane 1 - 0 2 0 0 8 0 - 2 6 1 5 1 1 .3 0 9 9 0 1 - 1 5 5 5 0 3 - 3 3 8 0 2 U .3 3 3 3 /U

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

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

n - B u t a n e 1 . 3 3 1 1 7 0 - 6 3 8 0 4 4 . 1 4 6 4 2 4 . 1 3 4 7 5 3 - 5 3 1 5 3 0 . 3 2 5 2 / d

n - P e n t a n e 1 . 3 7 9 2 4 0 - 7 9 0 2 0 5 . 4 2 0 4 2 5 .4  051b 3 . 7 0 4 2 8 0 . 32ÜOÜ4

n - H e x a n e 1 . 4 6 9 6 8 0 . 9 1 8 2 3 6 . 4 6 9 0 5 6 . 8 3 1 4 6 3 . 4 2 5 2 5 0 . 3 0 3 1 5 0

n - H e p t a n e 1 .5 6 4 1 1 1 - 0 6 3 3 4 7 - 8 5 5 0 5 7 , 8 3 2 9 3 3 . 7 4 4 7 4 0 - 2 9 4 6 5 7

n - O c t a n e 1 . 6 2 8 1 4 1 - 2 0 0 6 9 9 - 6 6 0 4 7 1 0 . 0 4 2 4 3 . 9 1 5 6 8 0 . 3 1 2 8 4 4

n - N o n a n e 1 . 7 3 4 1 3 1 .3 5 1 0 3 1 1 -2 8 2 7 1 1 . 2 5 0 9 4 . 1 5 1 3 0 0 . 3 0 3 7 2 3

n - D e c a n e 1 - 7 9 6 9 3 1 . 5 0 7 8 9 1 3 -0 4 0 2 1 3 . 0 0 3 / 4 . 2 2 3 8 7 0 .  3003 /9
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TABLE 3 (CONTINUED)

c o m p o n e n t c 1 b

1 c n .  
1 ______

? a Br 1 a* 
.1 
1
\ .

a"

f t . / l b m o l e

n - U n d e c a n e 1 . 8 8 2 8 9 1 . 6 2 9 4 9 1 4 . 3 5 2 7 1 4 - 3 1 2 2 4 . 1 8 2 2 3 0 . 2 8 8 1  / /

n - D o d e c a n e 1 . 9 6 8 8 b 1 - 8 1 7 0 2 1 6 . 8 5 1 9 1 6 . 8 0 4 4 4 . 2 8 1 / 0 0 . 2 9 6 9 9 4

n - T r i d e c a n e 2 .  0 5 4 5 8 1 . 9 7 6 3 7 1 8 - 5 0 9 7 1 8 . 4 5 / 6 4 . 1 7 7 0 6 0 . 2 8 4 6 7 /

n - T e t r a
d e c a n e

2- 14076 2. 11482 2 1 . 3 0 1 9 2 1 . 2 4 1 9 4 . 4 9 6 5 0 0 . 3 0 8 3 9  8

n - P e n t a
d e c a n e

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

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

2 - 2 9 9 7 2 2- 41321 2 7 - 2 7 3 2 2 7 . 1 9 6 4 4 . 8 / 2 0 8 0 . 3 3 4 2 2 4

n - H e p t a
d e c a n e

2 . 3 8 6 2 6 2 .  57808 2 8 - 9 5 8 7 2 8 - 8 7 7 2 4 . 6 6 2 1 0 0 . 3 2 0 1 2 0

n - O c t a
d e c a n e

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

n -N o n a
d e c a n e

2 . 5 7 0 5 4 2 . 8 8 3 7 0 3 4 - 6 5 2 5 3 4 . 5 5 4 9 4 . 7 6 4 3 8 0 .  330 /40

n - E i c o s a n e 2 . 6 5 6 5 1 3 .  10348 3 8 - 7 6 7 7 3 8 - 6 5 8 6 4 . 8 2 8 8 3 0 . 3 4 1 5 9 3
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TABLE 4

EQUATION Or STATE PABASETEES FOE NONPOLAR COMPOUNDS.

c o m p o n e n t c 1 b

1 c u .  
I

? a Br 1 a* 
1 
1 
I

a "

f t . / I b m o l e

E t h y l e n e 1 . 0 6 1 2 0 0 - 3 3 9 1 2 1 . 9 2 6 4 1 1 . 8 2 2 6 0 3 . 6 5 6 6 2 0 . 3 6 0 7 / 1

P r o p y l e n e 1 - 4 0 0 8 3 0 . 4 4 6 4 4 2 . 9 1 9 7 6 2 . 6 7 8 1 1 3 . 7 8 2 3 0 0 . 3 6 2 4 9 2

i - B u t a n e 1 . 3 3 9 8 6 0 . 6 4 4 6 5 4 . 3 8 0 6 0 3 . 9 6 1 6 2 4 . 2 1 2 8 4 0 . 3 6 1 9 8 1

i - P e n t a n e 1 - 3 3 4 8 4 0 . 7 7 9 9 4 5 . 3 0 0 0 7 6 . 4 2 5 3 9 3. 66174 0 . 3 3 2 1 8 3

B e n z e n e 2 . 0 6 8 5 2 0 . 6 7 8 6 6 2 3 . 8 6 6 9 6 3 . 6 8 6 1 3 3 . 0 0 3 2 9 U . 263120

T o l u e n e 1 . 9 5 4 6 8 0 . 7 1 2 7 3 5 . 7 5 6 3 2 6 . 7 1 3 3 0 3. 76269 0 . 3 6 0 9 / 0

o - X y l e n e 1 . 3 8 4 0 / 0 . 9 2 2 8 9 6 .  56432 7 . 2 2 0 1  / 3 . 4 3 3 9 0 0 . 3 1 2  6 7 /

B i c y c i o
h e x y l

1 . 8 9 2 6 4 1 . 6 6 0 0 7 1 3 . 1 4 5 4 1 3 . 6 7 3 8 3- 66361 0 , 3 3 7 3 2 6

F l u o r e n e 1 . 6 6 4 1 6 1 . 3 3 0 9 5 1 3 . 0 6 4 5 1 6 . 5 6 3 2 4 . 1 4 1 1 4 0 . 3 6 8 6 0 6

D i p h e n y l
m e t h a n e

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

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

1 . 6 9 8 0 1 0 . 4 9 6 9 3 3 . 6 2 2 3 0 3 . 6 1 2 3 3 3- 44608 0 . 3 4 8 9 9 2



TABLE 5

EQUATION OF STATE PARAMETERS FOR POLAR AND ASSOCIATIVE
COMPOUNDS.

c o m p o n e n t  C | b Va Br | a '  a "  k *

I c u . t t . / l b m o i e  |
_______________ _1_______________________ I_________________________

c a r b o n  2 . 2 0 2 1 b  0 . 1 7 6 2 4  0 . 9 1 7 4 5  0 .8 5 6 3 b  2 . 8 9 2 2 2  0 . 3 9 8 2 1 0  1 0 8 b .2 6
d i o x i d e

N i t r o g e n  1 . 1 0 8 7 0  0 . 2 3 6 4 7  1 .2 5 1 7 3  1 .2 4 8 2 0  3 . 7 2 3 7 2  0 . 3 0 8 3 9 7  0 . 0

H y d ro g en  1 . 3 6 4 1 3  0 . 2 3 5 8 3  1 . 4 7 6 8 8  1 .3 9 9 3 0  3 . 4 9 5 6 2  0 .3 5 9 5 5 0  0 . 0
s u l f i d e

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

M eth y l  1 . 9 3 0 1 7  0 . 2 8 8 0 5  2 .2 5 4 7 1  2 . 2 7 1 5 6  3 . 8 2 7 0 2  0 .3 8 9 1 5 5  - 1 3 . 0 1 5
f l u o r i d e

B u t a n o l  1 ,1 3 6 8 5  0 . 7 6 8 2 4  3 .0 0 6 7 0  4 . 6 4 6 4 5  0 . 3 3 3 4 9  0 . 2 2 8 7 0 5  2 7 3 3 .4

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

* i n  u n i t s  o f  ( ®R f t ’ /  I b m o le ) cri
H



TABLE 5 (CONTINUED)

c o m p o n en t b Va Dr I

e u .  f  t . / i b m o l e  |
_______________________________ I

p - C r e s o l  1 .1 9 4 3 4

o - C r e s o i  1 .0 1 9 3 2

m - C r e s o l  1 .4 5 3 4 2

2 , 3  1 .5 1 5 2 3
X y i e n o i

A c e to n e  2 .4 1 1 4 8

2 -  1 .3 0 4 0 4
B u ta n o n e

2 -  1 .3 4 4 7 8
P e n t a n o n e

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

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

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

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

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

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

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

D i m e t h y l  1 .8 7 6 6 2  0 . 3 8 5 3 1
e t h e r

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

M eth y l  
e t  hy 1 
e t h e r

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

a\
to



TABLE 5 (CONTINUED)

co m p o n en t C 1 b

1
I

Va Br 1 a*
1
1

.1__________

a " k

c u . f t . / I b m o l e

D i e t h y l
e t h e r

1, 86761 0 . 6 5 6 3 1 5 . 0 4 5 9 2 4 . 3 3 0 2 5 4 . 2 6 8 4 6 0 . 3 3 9 4 9 9 1589 .1

E t h y l  
p r o p y l  
e t  h e r

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

D i p h e n y l
e t h e r

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

A c e t i c
a c i d

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

M ethy l
am ine

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

D i m e t h y l
am ine

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

E t h y l
am ine

1 .4 4901 0 . 4 5 0 9 2 3. 14337 3 . 1 3 8 5 9 3 . 7 0 9 6 4 0 . 2 9 6 3 2 5 1 16 .91

D i e t h y l
am ine

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



TABLE 5 (CONTINUED)

c o m p o n en t I b Va Be I

I c u .  f t . / I b m o l e  |
.1_____________________________ I,

A n i l i n e  1. 

P y r i d i n e  2,

4 - M e t h y l  1. 
p y r i d i n e

i -  1.
q u i n o l i n e

c a r b a z o l  2.

A c r i d i n e  1.

F o rm a-  1. 
mide

E t h y l  2.
m e r c a p t a n

D i m e t h y l  1. 
s u l f i d e

00785  0 . 7 8 8 4 6  5 . 21.)90 6 . 8 0 8 0 5  2 . 8 8 / 8 4  0 . 2 / 5 6 1 9  - 4 5 8 2 . 0

21624 0 . 5 6 6 0 6  4 . 5 0 3 7 2  4 . 0 3 8 4 3  3 . 6 0 4 7 4  0 .2 8 1 9 3 7  - 5 2 6 1 . 0

35605  0 . 9 2 0 4 6  6 . 9 8 8 0 0  8 . 2 9 3 5 9  3 . 4 8 6 2 0  0 .3 9 1 8 1 6  1 / 3 9 . 2 5

65480  0 . 9 1 0 0 2  6 . 3 5 6 4 5  7 . 5 2 5 0 7  2 . 8 1 3 9 4  0 . 2 / 1 1 9 6  - 8 4 3 9 . 5 6

03042 1 .5 8 9 9 1  1 4 .2 4 0 1  1 4 . 2 0 4 9  4 . 0 7 2 3 3  0 . 3 2 1 1 / 7  1 1 7 8 .3 0

85980  1 . 2 4 0 9 4  1 0 .9 6 5 6  1 5 .1 9 2 0  2 . 5 2 0 8 3  0 . 2 8 8 0 3 8  - / 6 8 0 7 . Ü

08191 0 - 3 2 8 0 4  1 .8 2 7 6 0  0 . 2 8 4 9 5  3 .8 0 9 9 1  0 . 1 8 4 1 4 5  - 4 6 1 8 . 0

16017 0 . 4 1 9 9 5  3 . 2 2 9 3 7  3 . 4 4 3 1 3  2 . 9 6 9 0 9  0 . 3 / 2 3 4 8  2 3 4 .8 2

85038 0 . 4 4 0 6 2  3 . 2 3 3 0 7  2 . 8 9 6 4 5  3 . 8 4 5 0 5  0 . 3 9 3 2 6 9  1 5 5 3 .4

CT\



TABLE 5 (CONTINUED)

c o m p o n e n t  C J b Va Br ( a* a"  *

I c u . f t . / i b m o l e  |

T e t r a  1 .2 8 5 7 1  ü . 69624 4 . 7 6 3 8 7  4 .1 3 7 6 3  4 . 3 5 5 5 2  ü . 291614 - 6 9 9 3 . 6 4
h y d r o  
t h l o p h e n e

T h i a  1 . 3 8 0 8 8  0 . 8 7 8 0 4  6 . 2 1 5 3 0  6 . 8 4 9 2 8  3 . 4 7 0 4 2  0 . 3 0 6 4 7 5  3 5 7 2 . 6 9
n a p t h e n e

D ib e n zo  1 .0 4 2 9 4  1 .  10511 1 3 .7 3 9 1  2 2 .  1489 4 . 4 2 / 6 7  0 . 4 4 9 2 2 3  - 2 8 5 1 2 . 0
t h i o p h e n e

T e t r a  1 .5 6 9 7 7  0 . 5 5 0 8 8  3 .7 1 3 7 7  4 . 0 4 4 1 9  2 . 8 9 8 1 9  0 .3 2 5 9 3 5  - 3 4 . 5 1 9
h y d r o f u r a n

D ib e n z o  2 . 4 0 0 0 6  1 . 0 5 9 8 9  8 . 5 7 7 0 5  9 .8 7 4 4 6  2 .1 4 3 7 5  0 .2 8 0 9 9 6  - 6 4 9 8 2 .
f  u r a n

mU1



66

TABLE 6

PREDICTIONS OF THE THERBODYNAMIC PROPERTIES OF NORMAL
PARAFFINS.

c o m p o n e n t p r o p e r t y n um ber  
o± p o i n t s

t e m p e r a t u r e  
r a n g e ,  *R

p r e s s u r e  
r a n g e , p s i a

a a a

H e t h a n e RHO 39 2 0 6 . 2 - 1 1 2 1 , 7 1 2 9 . 7 - 2 0 7 1 , 6 0 . 9 3
VP 32 2 0 0 . 9 - 3 4 3 . 2 14.  7 - 6 6 8 . 7 2 0 . 9 9

ENTH 33 2 0 9 .  7 - 5 0 9 . 7 4 5 0 . 0 - 2 0 0 0 . U 1 .5 0

E t h a n e RHO 46 2 3 9 .  7 - 7 6 9 . 7 14. 7 - 1 0 0 0 0 .  0 0 . 9 5
VP 46 2 4 9 . 7 - 5 4 9 . 7 0 . 4 9 - 7 0 9 . 8 0 0 . 6 2

ENTH 85 2 9 9 . 7 - 7 6 9 . 7 2 0 0 . 0 - 3 0 0 0 . 0 1 . 4 2

P r o p a n e BHO 134 1 6 2 . 0 - 7 1 6 . 7 1 4 . 7 - 1 0 5 9 3 . 0 0 .  82
VP 55 2 5 9 . 8 - 6 6 5 . 9 0 . 0 1 9 - 6 1 7 . 7 0 .  79

ENTH 26 3 0 9 . 7 - 7 0 9 . 7 5 0 0 . 0 - 2 0 0 0 . 0 1. 9 6

n - B u t a n e RHO 40 2 5 9 .  7 - 8 8 9 . 7 1 4 .  7 - 7 0 0 0 . 0 0 .  56
VP 52 3 4 9 . 7 - 7 3 9 .  7 0 . 1 7 - 4 3 7 . 3 0 0 . 8 0

ENTH 39 5 5 9 . 7 - 8 8 9 . 7 2 0 0 . 0 - 5 0 0 0 . 0 0 .  72

n - P e n t a n e RHO 39 2 9 9 . 7 - 9 1 9 . 7 1 4 . 7 - 1 0 0 0 0 . 0 1 . 1 8
VP 45 4 0 1 . 5 - 8 4 5 . 6 0 . 1 9 3 - 4 8 9 . 5 0 . 6 7

ENTH 38 5 5 9 . 7 - 9 1 9 .  7 2 0 0 . 0 - 1 0 0 0 0 . 0 1 . 0 6

n - H e x a n e RHO 41 3 1 9 . 7 - 7 7 9 . 7 1 4 . 7 - 3 9 7 7 . 0 0 .  5 7
VP 53 3 9 5 - 7 - 9 1 4 . 2 0 . 0 2 - 4 3 9 . 7 0 Ü. 39

n - H e p t a n e RHO 41 3 6 9 . 7 - 9 1 9 . 7 14. 7 - 3 0 8 1 . 5 0 .  7 /
VP 40 4 1 5 .  8 - 9 5 6 . 9 0 . 0 0 8 - 3 5 0 . 0 0 .  7 7

ENTH 17 9 7 1 . 9 - 1 1 6 6 . 4 7 8 . 7 - 2 3 6 3 . 1 0 .9 0

n - O c t a n e RHO 48 3 8 9 . 7 - 9 6 9 . 7 14.  7 - 2 3 9 . 0 0 .  72
VP 56 4 1 4 .  7 - 1 0 1 9 . 7 0 . 0 0 1 - 3 5 0 . 0 0 . 8 0

ENTH 54 5 3 4 . 7 - 1 0 5 9 . 7 2 0 0 . 0 - 1 4  0 0 . 0 0 .  70

n - N o n a n e RHO 43 4 5 5 . 7 - 1 0 3 1 . 7 0 . 0 0 2 - 7 2 5 1 . 8 0 . 6  7
VP 18 4 4 2 . 2 - 8 1 4 . 7 0 . 0 0 1 - 2 9 . 6 5 0 . 0 5

n - D e c a n e RHO 32 5 5 9 . 7 - 9 1 9 . 7 2 0 0 . 0 - 6 0 0 0 . 0 0 . 4 /
VP 18 6 2 9 . 7 - 6 4 6 . 6 0 . 5 0 5 - 3 0 . 0 0 0 . 0 4



TABLE 6 (CONTINUED)

t /

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

t e m p e r a t u r e  
r a n g e ,  "R

p r e s s u r e  
r a n g e , p s i a

a a d

n - O n d e c a n e VP 19 6 2 4 . 7 - 8 9 9 . 7 0 . 1 8 2 - 2 9 . 6 0 0 . 0 6

n - D o d e c a n e RHO 17 5 8 1 . 7 - 8 6 9 . 7 0 . 0  1 6 - 1 2 . 6 3 0 .  30
VP 21 5 5 9 . 7 - 1 1 8 6 . 5 0 . 0 3 2 - 2 6 2 . 5 0 . 2 2

n - T r i d e c a n e RHO 17 6 1 7 -  7 - 9 0 5 . 8 0 , 0 2 4 - 1 2 . 9 3 0 . 2 8
VP 18 6 1 7 . 7 - 1 2 1 8 . 9 0 . 0 2 4 - 1 6 . 2 9 0 .  2 /

n - T e t r a RHO 14 7 0 7 .  7 - 9 4 1 .  7 0 .  1 8 - 1 3 . 5 4 0 . 2 1
d e c a n e VP 15 7 0 7 . 7 - 9 5 9 , 7 0 . 1 8 - 1 6 . 9 3 0 . 1 4

n - P e n t a RHO 14 7 4 3 . 7 - 9 7 7 ,  7 0 . 2 4 - 1 4 . 4 4 0 . 2 9
d e c a n e VP 14 7 4 3 . 7 - 9 9 5 ,  7 0 . 2 4 - 1 / . 9 0 0 . 2 1

n -H e x a RHO 9 8 3 3 . 7 - 9 7 7 . 7 1 . 0 0 - 1 0 . 0 9 Ü. 17
d e c a n e VP 10 8 3 3 . 7 - 9 9 5 . 7 1 . 0 0 - 1 2 . 6 6 0 . 1 7

n - K e p t a 5 HO 13 7 7 9 . 7 - 9 9 5 . 7 0 . 1 8 - 8 . 8 9 Ü. 34
d e c a n e VP 15 7 7 9 . 7 - 1 0 4 9 . 7 0 . 1 8 - 1 7 . 1 0 . 2 1

n - O c t a RHO 13 8 1 5 .  7 - 1 0 3 1 .  7 0 . 2 5 - 1 0 .  1 0 .  2 7
d e c a n e VP 15 8 1 5 .  7 - 1 0 6 7 . 7 0 . 2 5 - 1 5 . 4 0 .  45

n -N o n a RHO 12 8 3 3 . 7 - 1 0 3 1 . 7 0 . 2 3 - 7 . 3 6 0 . 3 6
d e c a n e VP 15 8 3 3 . 7 - 1 0 8 5 . 7 0 . 2 3 - 1 4 .  2 0 . 2 3

n - E i c o s a n e RHO 25 6 7 1 . 7 - 1 0 3 1 . 7 7 2 5 . 0 - 7 2 5 1 . B 0 . 9 8
VP 15 8 5 1 .  7 - 1 1 2 1 . 7 0 . 2 2 -  16.  100 0 . 4 2

RHO = d e n s i t y  
VP = v a p o r  p r e s s u r e  
ENTH = e n t h a l p y  d e p a r t u r e
a a d  = a v e r a g e  a b s o l u t e  d e v i a t i o n ;  i n  % f o r  d e n s i t y  a n d  v a p o r  

p r e s s u r e  c a l c u l a t i o n ,  i n  b t u / l b  f o r  e n t h a l p y  d e p a r t u r e  
c a l c u l a t i o n
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TABLE 7

PBBDICTIONS o r  THE THEBMODïNAHIC PROPERTIES OF NONPOLAR
COMPOUNDS.

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

t e r n p e r a t u r e  
r a n g e ,  *B

p r e s s u r e  
r a n g e , p s i a

a a a

E t h y l e n e BHO
VP

ENTH

40
35
34

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

1 4 . 7 - 2 0 0 0 . 0  
0 . 8 8 5 - / 4 2 . 1  
1 0 0 . 0 - 2 0 0 . 0

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

P r o p y l e n e RHO
VP

57
28

4 0 9 . 7 - 9 0 9 . 7
2 6 4 . 5 - 6 5 6 . 9

16. 2 - 2 9 3 9 . 2  
0 . 0 3 9 - 6  7 0 . 3

1 . 2 8
0 .  80

i - B u t a n e BHO
VP

ENTH

116
82
73

3 4 9 . 7 - 9 8 6 . 6  
3 3 4 .  7 - 7 3 3 . 9
5 5 9 . 7 - 9 3 9 . 7

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

0 .  76 
0 ,  75 
1 . 2 6

i - P e n t a n e RHO
VP

38
22

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

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

0 . 8 4
0 - 2 9

B en z e n e BHO
VP

102
67

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

0 , 7 6 8 - 5 7 4 . 5
0 . 7 6 8 - 7 1 3 . 9

0 .  74 
0 . 3 5

T o l u e n e RHO
VP

13
33

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

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

0 .  31
0 .  89

o - X y l e n e RHO
VP

59
43

5 3 6 . 7 - 9 8 6 . 7
4 5 5 . 7 - 1 1 3 6 . 8

14 .  5 - 5 8 0 0 . 0  
0 . 0 0 4 - 5 5 2 . 1

0 . 3 7
0 . 2 5

B i c y c l o
h e x y l

VP 23 7 6 3 . 6 - 1 0 3 9 . 0 1 . 3 9 1 - 5 0 . 3 0 0 .  36

F l u o r e n e VP 29 9 2 6 . 2 - 1 1 0 3 . 7 4 . 0 3 1 - 3 3 . 3 5 0 . 5 1

D i p h e n y l
m e t h a n e

VP 33 7 6 4 . 3 - 1 1 0 9 . 7 0 . 5 6 6 - 6 1 . 0 0 0 . 8 5

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

BHO
VP

ENTH

182
40
40

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

0 , 1 4 - 4 4 0 . 0 0  
0 -1  4 - 5 / 7 . 0 3  
0 . 1 4 - 5 / 7 . 0 3

0 . 4 7  
0 ,  53 
0 . 2 6
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TABLE 8

PREDICTIONS OF THE THERSODINAillC PROPERTIES OF POLAR AND
riATIl

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

t e m p e r a t u r e  
r a n g e ,  ®E

p r e s s u r e  
r a n g e , p s i a

a a a

C a r b o n EHO 39 4 3 7 . 7 - 7 4 3 .  7 2 2 0 . 5 - 5 5 8 0 . 0 0 .  3 9
d i o x i d e VP 33 3 8 9 . 7 - 5 4 4 . 7 7 5 .  1 5 - 1 0 3 2 . 0 0 . 8 1

ENTH 39 4 3 7 . 7 - 7 4 3 . 7 4 4 1 . 0 - 7 3 5 0 . 0 1 . 7 b

N i t r o g e n EHO 38 1 3 9 . 2 - 6 9 9 . 7 14. 7 - 8 9 3 6 . 3 6 0-  79
VP 19 1 5 0 . 6 - 2 2 6  . 7 2 9 . 0 6 - 4 9 2 . 2 0 0 . 6 9

ENTH 77 1 5 9 . 7 - 5 0 9 . 7 2 0 0 . 0 - 2 5 0 0 .  0 1 . 3 3

H y d ro g e n EHO 40 4 9 9 .  7 - 7 9 9 .  7 1 0 0 . 0 - 2 0 0 0 . 0 0 .  53
s u l f i d e VP 24 3 8 3 . 3 - 6 7 2 . 4 1 4 . 7 - 1 3 0 6 . 0 0 0 . 3 9

Ammonia RHO 300 4 2 8 . 0 - 1 0 7 7 . 0 1 2 . 7 1 - 1 1 8 1 6 . 2 . 3 7
VP 172 3 9 8 . 6 - 7 2 6 .  50 5 . 3 5 - 1 5 9 2 . 0 0 0 . 0 8

M e th y l RHO 131 2 6 9 . 7 - 8 9 9 . 7 0 0 . 6 2 - 6 2 3 . 4 0 0 . 8 2
f l u o r i d e VP 28 2 6 9 .  7 - 5 3 8 .  33 0 . 6 2 - 7 0 1 . 4 0 0 - 4 9

B u t a n o l RHO 32 4 5 5 -  7 - 8 6 4 .  27 0 . 1 4 5 - 1 5 6 . 7 9 0 . 5 6
VP 92 5 3 2 . 3 - 1 0 0 2 . 4 0 .  1 0 6 - 5 8 8 . 0 9 0 . 3 5

P h e n o l EHO 14 5 8 1 . 7 - 1 2 1 1 . 7 0 . 0 4 7 - 7 3 9 . 5 0 0 . 7  8
VP 15 5 8 1 . 7 - 1 2 4 9 . 7 0 . 0 4 7 - 8 8 8 . 8 5 1 . 3 3

p - C r e s o l EHO 23 5 6 3 .  7 - 1 2 1 1 . 4 0 . 0 0  7 3 - 4 7 8 . 5 0 - 2 5
VP 20 5 9 9 . 7 - 1 1 7 5 . 7 0 . 0 3 3 5 - 3 7 1 . 2 0 . 5 5

o - C r e s o l RHO 24 5 6 3 . 7 - 1 2 4 7 . 7 0 . 0 1  / 9 - 6 9  7. 6 0 . 2 5
VP 21 5 6 3 . 7 - 1 1 3 9 . 7 0 . 0 1 7 9 - 3 3 2 . 2 0 . 5 4

m - C r e s o l RHO 26 5 2 7 . 7 - 1 2 4  7 .  7 0 . 0 0  1 3 - 5 5 5 . 3 0 . 4 3
VP 22 5 8 1 . 7 - 1 2 4 7 . 7 0 . 0 1 7 4 - 5 5 5 , 3 0 . 5 4

2 , 3 VP 18 6 3 5 . 7 - 1 2 8 3 . 7 0 . 0 7 7 - 6 3 8 . 0 0 1 . 2 6
X y l e n o l



TABLE 8 (CONTINUED)

7U

c o m p o n e n t p r o p e r t y n um ber  
o f  p o i n t s

t e m p e r a t u r e  
r a n g e ,  ®F

p r e s s u r e  
r a n g e , p s i a

a a d

A c e t o n e EHO 28 4 9 1 . 7 - 9 0 5 . 7 0 14.  7 0 - 6 4 8 . 2  / 0 . 6 2
VP 20 5 9 2 . 6 - 9 1 4 . 7 0 1 4 . 7 0 - 6 9 0 . 9 0 0 . 2 4

2 - B u t a n o n e VP 16 5 7 8 . 3 3 - 6 5 0 . 9 4 . 7 9 0 - 1 9 . 3 4 0 O.OCo

2— RHO 18 5 9 3 . 6 - 6 9 2 . 6 5 2 . 9 6 5 - 1 9 . 3 3 8 0 . 0 1  /
P e n t a n o n e V? 18 5 9 3 . 6 - 6 9 2 . 6 5 2 . 9 6 5 - 1 9 . 3 3 8 0 . 0 0 8

D i m e t h y 1 RHO 4 4 9 . 0 1 - 7 0 7 . 6 1 4 . 7 0 - 6  8 0 . 6 1 2 .  70
e t h e r VP 19 4 4 9 . 0 1 - 7 2 0 . 1 1 4 . 7 0 - 7 6 4 . 4 0 0 . 4 6

M e t h y l RHO 28 5 0 5 . 1 7 - 7 7 9 . 7 1 4 . 7 0 - 5 9 5 . 3 5 3 . 2 5
e t h y l VP 18 5 0 5 . 1 7 - 7 8 8 . 7 1 4.  7 0 - 6 3 7 . 9 8 0 . 2 3
e t h e r

D i e t h y l EHO 43 4 9 1 . 7 - 8 3 9 . 0 7 3 . 5 7 6 - 5 1 7 . 9 1 . 8 5
e t h e r VP 23 4 9 1 . 7 - 8 4 0 . 5 1 3.  5 7 6 - 5 2 2 . 9 0 . 3 5

E t h y l RHO 17 6 0 2 . 2 - 8 8 7 . 6 7 1 4 . 7 - 4 2 3 . 3 6 0 . 5 5
p r o p y l VP 18 6 0 2 . 2 - 9 0 0 . 9 9 1 4 . 7 - 4  7 1 . 8 / 0 . 2 8
e t h e r

D i p h e n y l RHO 12 9 4 1 . 7 - 1 1 3 9 . 7 1 2 . 0 6 - 8 6 . 1 3 0 . 1 7
e t h e r VP 13 9 4 1 . 7 - 1 1 5 7 . 7 1 2 . 0 6 - 9 9 . 1 8 0 . 2 7

A c e t i c RHO 21 7 0 4 . 9 - 1 0 4 9 . 7 1 4 . 7 - 7 1 9 . 2 7 0- 52
a c i d VP 23 7 0 4 , 9 - 1 0 7 0 . 5 1 4 . 7 - 8 4 0 . 9 9 0 .  36

B e t h y l a m i n e VP 17 4 8 7 . 8 - 7 7 4 . 0 9 14.  7 - 1 0 8  1- 9 0 . 2  7

D i m e t h y l VP 18 5 0 4 . 6 - 7 8 7 . 9 5 1 4 . 7 - / 5 9 . 9 9 0 .2 1
a m i n e

E t h y l a m i n e VP 19 5 2 1 . 5 - 8 2 1 - 4 3 1 4 . 7 - 8 1 6 . 3 4 0. 1 9



TABLE 8 (CONTINUED)

71

c o m p o n e n t p r o p e r t y number  
o f  p o i n t s

t e m p e r a t u r e  
r a n g e ,  ®R

p r e s s u r e  
r a n g e , p s i a

aad

D i e t h y l F HO 17 5 9 1 . 4 - 8 6 9 . 6 7 1 4 . 7 - 4 4 1 . 0 0 0 . 5 0
a m in e 7P 18 5 9 1 . 4 - 8 8 / . 6 7 1 4 . 7 - 5 0 5 . 6 8 0 .  80

A n i l i n e EHO 29 4 9 1 . 7 - 1 2 1 1 . 7 0 . 0 0 1 4 - 5 8 5 . 8 0 . 4 4
VP 34 4 9 1 . 7 - 1 1 6 7 . 5 Ü . 0 0 1 4 - 4 4 0 . 6 0 . 7 6

P y r i d i n e SHO 26 4 5 5 . 7 - 1 1 0 3 . 7 0 . 0 2 0 - 7  / 5 .  45 0 .  I t
VP 25 4 5 5 . 7 - 1 1 0  3 . 7 0 . 0 2 0 - 7 5 5 . 4 5 0 . 8 8

4 - M e t h y l
p y r i d i n e

VP 1b 6 6 8 . 6 - / 5 3 . 5 3 . 4 1 - 1 4 . 7 4 0 . 2 0

i — EHO 18 5 9 9 . 7 - 9 5 9 . 7 0 . 0 1 5 - 2 1 . 1 5 0 . 3 0
q u i n o l i n e VP 63 5 9 9 . 7 - 1 4 2  7 .  / 0 .  0 1 5 - 6 6 / .  0 0 . 4 4

C a r b a z o l VP 26 9 3 2 . 3 - 1 2 1 1 .  7 1 , 0 7 - 3 1 . 9 0 0 . 7 1

a c r i d i n e EHO 12 7 0 7 . 7 - 1 1 0 3 . 7 0 . 0 1 2 - 1 3 . 0 8 0 . 2 5
VP 23 7 2 4 . 6 - 1 1 3 9 . 7 0 . 0 1 9 - 1 9 . 1 4 0 . 4 3

F o r m a a i d e EHO 67 5 1 8 . 7 - 5 8 1 . 7 3 2 4 . 8 - 3 4 8 0 0 . 0 0 . 1 3

E t h y l EHO 19 5 5 3 . 7 - 8 6 9 . 7 1 4 . 7 - 6 4 8 . 3 0 . 2 8
m e r c a p t a n VP 20 5 5 3 . 7 - 8 8 / . 7 1 4 . 7 - 7 4 2 . 3 0 . 2  7

D i m e t h y l EHO 20 5 5 6 .  1 - 8 8 / . 7 1 4 . 7 - 6 9 0 . 9 0 . 3 2
s u l f i d e VP 21 5 5 6 . 1 - 9 0 5 . 5 1 4 . 7 - 8 0 2 . 6 0 . 4 7

T e t r a h y d r o EHO 9 4 9 1 . 7 - 6 1 7 . 7 0 . 0 / 9 - 2 . 7 6 0 . 4 3
t h i o p h e n e VP 26 4 9 1 . 7 - 1 1 3 7 . 5 0 . 0 / 9 - 7 5 4 . 0 0 . 2 6

T h i a
n a p t h e n e

VP 27 7 6 3 . 9 - 1 1 3 5 . 1 2 . 2 3 - 1 5 3 . / 0 . 2 8
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TABLE 8 'CONTINOED)

c o m p o n e n t p r o p e r t y n um ber  
o f  p o i n t s

t e m p e r a t u r e  
r a n g e ,  ®B

p r e s s u r e  
r a n g e , p s i a

a-id

D i b e n z o
t h i o p h e n e

VP 19 7 6 4 . 6 - 1 0 9 3 . b 0 . 0 6 8 - 1 5 . 3 6 0 . 2 8

D ib e n z o EHO 42 7 0 4 . 8 - 1 0 1 3 , 7 7 4 . 1 - 3 3 9 4 . 9 0 . 6 4
f  u r a a VP 19 7 8 3 . 6 - 1 1 1 2 . b 0 . 7 5 - 4 2 . 3 1 6 Ü. 64

T e t r a h y d r o EHO 1U 4 b 5 .  6 - 5 9 9 . 6 7 0 .  2 3 - 1 2 . 0 6 4 0 . 2 7
f  u r a n VP 2b 4 b b - 6 - 9 7 2 . 2 7 0 . 2 3 - 7 5 2 . 5 5 0 . 3 2
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3.» DlSCaSSIOM OF HESOLTS

Ini t h e  p r e v i o u s  s e c t i o n ,  t h e  f i n a l  r e s u l t s  o f  t h e  new 

e q u a t i o n  o f  s t a t e ,  a p p l i e d  t o  69  c o m p o u n d s ,  a r e  r e p o r t e d  i n  

T a b l e  6 ,  7 a n d  8 i n  t e r m s  o f  t h e  a v e r a g e  a b s o l u t e  d e v i a t i o n .  

G e n e r a l l y ,  E q u a t i o n  {30)  g i v e s  f a i r l y  g o o d  a g r e e m e n t  w i t h  

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

c a l c u l a t i o n s .  A l l  t o g e t h e r ,  t h e r e  a r e  2 2 2 9  d a t a  p o i n t s  o f  

d e n s i t y ,  2 1 2 2  d a t a  p o i n t s  o f  v a p o r  p r e s s u r e ,  a n d  5bb p o i n t s  

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

by E q u a t i o n  (30) i s  0 . 9 b % ,  O.W7% a n d  i , 2 b  b t u / l b ,

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

E q u a t i o n  (30)  a r e  a l s o  i n  f a i r l y  good  a g r e e m e n t  w i t n  t h e  

s m o o t h e d  e x p e r i m e n t a l  v a l u e s  o f  Dymord and S m i t h  (1980) f o r  

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

v i r i a l  c o e f f i c i e n t s  (Bg ) o f  s i x  n o r m a l  p a r a f f i n s :  m e t h a n e ,

e t h a n e ,  p r o p a n e ,  n - b u t a n e ,  n - p e n t a n e ,  and  n - h e x a n e  i s  shown 

i n  F i g u r e  1 1 ,  The c a l c u l a t e d  v a l u e s  a r e  v e r y  c l o s e  t o  t h e  

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

H o w e v e r ,  t h e  d e v i a t i o n  b e c o m e s  s l i g h t l y  l a r g e r  i n  t h e  low

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

F i g u r e  12 i s  t h e  c o m p a r i s o n  o f  8% among f o u r  o t h e r  n o n p o l a r  

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

F i g u r e  13 sh o w s  t h e  c o m p a r i s o n  o f  B % f o r  t h r e e  p o l a r  

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

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

f l u o r i d e .

F i g u r e  14 i s  t h e  p l o t  o f  t h e  e x p e r i m e n t a l  s e c o n d  v i r i a l  

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

d i f f e r e n t  e q u a t i o n s  o f  s t a t e ,  i n c l u d i n g  E q u a t i o n  t 3 D ) .  

E q u a t i o n  (A1) i s  t h e  v a n  d e r  W aa ls  e q u a t i o n  o f  s t a t e ;  

E q u a t i o n  'A2) i s  t h e  P e n g - E o b i n s o n  e q u a t i o n ;  E q u a t i o n  fA3) 

i s  t h e  BACK ( B o u b l i k - A l d e r - C h e n - K r e g l e w s X i ) e q u a t i o n  

d e v e l o p e d  by  Chen a n d  K r e g l e w s X i  ( 1 9 7 7 ) ;  and  E q u a t i o n  (A4) 

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

d e v e l o p e d  by  Khan ( 1 9 8 3 ) ,  b a s e d  on t h e  c o n c e p t  o f  p e r t u r b e d  

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

s t a t e .  The  BACK e q u a t i o n  i s  t h e  a u g m e n t e d  v a n  d e r  W a a i s -  

t y p e  e q u a t i o n  o f  s t a t e  h a v i n g  s i m i l a r  fo r m  a s  E q u a t i o n  

( 3 0 ) .  T h a t  i s ,  t h e  r e p u l s i v e  c o m p r e s s i b i l i t y  f a c t o r  i s  

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

( 1 9 7 5 ) ,  c o m b i n e d  w i t h  a n  a t t r a c t i v e  e x p r e s s i o n ,  w h ic h  i s  a 

p o w e r  s e r i e s  i n  ( 0 /k T )  a n d  (V*/V) o f  A l d e r  e t  a l .  ; i 9 7 2 ) .  

The f o r m s  o f  E q u a t i o n  (A1) t o  (A4) a r e  s u m m a r i z e d  i n  

A p p e n d i x  A. I n  t h e  h i g h  t e m p e r a t u r e  r e g i o n  ( a b o v e  350 ®R),  

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

e x p e r i m e n t a l  d a t a ,  e s p e c i a l l y  E q u a t i o n  (A3) a n d  ( A 4 ) .  I n  

m o d e r a t e  t e m p e r a t u r e  r e g i o n  ( f r o m  500 t o  850 ®R), E q u a t i o n  

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

H e a n v h i l e ,  a t  t e m p e r a t u r e  b e l o w  500  ®E, E q u a t i o n  ( 3 0 ) ,  a l o n g  

w i t h  E q u a t i o n  (A2) a n d  (A3) , h a s  a b o u t  t h e  same a c c u r a c y .
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E q u a t i o n  ÎAU) i s  s l i g h t l y  b e t t e r  i n  t h i s  r e g i o n ,  w h i l e  t h e  

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

i n a c c u r a t e  a t  low  t e m p e r a t u r e s .

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

c a l c u l a t i o n s  o f  E q u a t i o n  (30) w i t h  E q u a t i o n  (A2) a n d  (A4)

a r e  r e p o r t e d  i n  T a b l e  9 f o r  38  c o m p o u n d s .  T a b l e  10 i s  t h e  

c o m p a r i s o n  o f  E q u a t i o n  (30) w i t h  t h e  BACK e q u a t i o n  f o r  14 

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

(A3) a n d  (A4) a r e  t h o s e  r e p o r t e d  by t h e  a u t h o r s -  The 

t h e r m o d y n a m i c  p r o p e r t y  p r e d i c t i o n s  o f  E q u a t i o n  (30) a r e  

g e n e r a l l y  m ore  a c c u r a t e  t h a n  P e n g - E o b i n s o n * s  a n d  BACK'S, f o r  

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

(30)  o v e r  t h e  P e n g - S o b i n s o n  e q u a t i o n  b e c o m e s  s i g n i f i c a n t  a s  

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

o b s e r v e d  f r o m  t h e  BACK e q u a t i o n ,  i n  w h ic h  t h e  p r e d i c t i o n  i s  

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

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

d e c a n e .  E q u a t i o n  (A 4 ) ,  i n  g e n e r a l ,  c a n  d e s c r i b e  t h e  P -V -T  

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

q u i t e  a c c u r a t e l y -  E q u a t i o n  ( A 4 ) ,  a s  r e p o r t e d  by Khan

( 1 9 8 3 ) ,  i s  s u p e r i o r  t o  t h e  P e r t u r b e d - H a r d - C h a i n  e q u a t i o n  o t  

s t a t e  d e v e l o p e d  by Donohue  a n d  P r a u s n i t z  ( 1 9 / 8 ) .  H o w e v e r ,  

t h e  a c c u r a c y  a c h i e v e d  b y  E q u a t i o n  (30) i s ,  t o r  t h e  m o s t  

p a r t ,  a s  g o o d  a s ,  o r  b e t t e r  t h a n  E q u a t i o n  (A 4) .  The o v e r a l l  

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

E q u a t i o n  (30) a r e  c o m p a r e d  w i t h  E q u a t i o n  (2) and E q u a t i o n
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{(&) a t  t h e  e n d  o t  T a b l e  9 .  The c o m p a r i s o n  w i t h  BACK 

e q u a t i o n  i s  shown a t  t h e  e n d  o f  T a b l e  10-

F i g u r e  15 s h o w s  t h e  d e n s i t y  c a l c u l a t i o n  o f  n - b u t a n e  a t  

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

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

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

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

F i g u r e  16 a n d  1 7 ,  r e s p e c t i v e l y -  The  e x p e r i m e n t a l  s a t u r a t i o n  

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

c a l c u l a t e d  f ro m  E q u a t i o n  ( 1 0 ) ,  E q u a t i o n  (A 2 ) , and  E q u a t i o n  

(Ah) i n  F i g u r e  18- F i g u r e  19 i s  t h e  c o m p a r i s o n  o t  t h e  

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

v a l u e s  a n d  t h e  c a l c u l a t e d  v a l u e s  f r o m  E q u a t i o n  ( 3 0 ) ,  

E q u a t i o n  ( A 2 ) , a n d  E q u a t i o n  (A 3)-  B o th  f i g u r e s  show t h e  

e f f e c t i v e n e s s  o f  E q u a t i o n  (30) i n  p r e d i c t i n g  b o t h  v a p o r  a n d  

l i q u i d  d e n s i t i e s -  T h e  i m p r o v e m e n t  o v e r  t h e  P e n g - R o o i n s o n  

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

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

p r e s s u r e  i n  E q u a t i o n  ( 3 0 ) .

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

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

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

d e v i a t i o n s  i n  v a p o r  p r e s s u r e  c a l c u l a t i o n s  a r e  w i t h i n  1% o r  

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

o v e r  1% ( p h e n o l ,  1-33% a n d  2 , 3  x y l e n o l ,  1 - 2 6 % ) .  T h i s  

a c c u r a c y  c a n  be s e e n  i n  F i g u r e  2 0 ,  a  p l o t  o f  t h e  c a l c u l a t e d
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v a p o r  p r e s s u r e s  v e r s u s  t h e  o b s e r v e d  v a l u e s  t o r  s i x  n o r m a l  

p a r a f f i n s ,  a n d  i n  F i g u r e  2 1 ,  f o r  soma p o l a r  c o m p o u n d s .  

F i g u r e  2 2 ,  2 3 ,  a n d  24 show t h e  c o m p a r i s o n s  o f  v a p o r  p r e s s u r e  

c a l c u l a t i o n s  o f  n - d e c a n e ,  n - e i c o s a n e ,  a n d  a n i l i n e ,  

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

p r e d i c t i o n  o f  E q u a t i o n  (30) i s  a s  good  a s  o r  b e t t e r  t h a n  t h e  

o t h e r  e q u a t i o n s  s t u d i e d .

V a l u e s  o f  t h e  p a r a m e t e r s  o f  t h e  new e q u a t i o n  o t  s t a t e  

a r e  now a v a i l a b l e  f o r  69 c o m p o u n d s  a s  s u m m a r i z e d  i n  T a b l e  3 ,  

4 ,  a n d  b .  T h e r e  a r e  s i x  p a r a m e t e r s  t o r  e a c h  n o n p o l a r  

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

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

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

e x p e r i m e n t a l  d a t a ,  t h e y  a r e  n o t  t o t a l l y  a r b i t r a r y .  Some o t  

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

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

v o l u m e .

F o r  n o r m a l  p a r a f f i n s ,  t h e  s h a p e  f a c t o r  *C) and t h e  h a r d  

c o n v e x  body v o lu m e  (b) i n c r e a s e  a l m o s t  l i n e a r l y  w i t h  t h e  

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

v o l u m e ,  a n d  v a n  d e r  W a a l s  v o lu m e  ( B o n d i ,  1968) o t  n o r m a l  

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

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

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

m o l e c u l a r  w e i g h t  a n d  t h e  c r i t i c a l  v o lu m e  a s  shown i n  F i g u r e  

2 5 ,  2 6 ,  an d  2 7 .  The  p a r a m e t e r s  Br and  Va o f  n o r m a l
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p a r a f f i n s  a r e  a l s o  c l o s e l y  r e l a t e d  t o  t h e  a b o v e  p r o p e r t i e s ,  

a s  shown i n  F i g u r e  28 a n d  2 9 .  F i g u r e  30 sh o w s  t h e  r e l a t i o n  

b e t w e e n  B r  a n d  Va .  The  l i n e a r  r e l a t i o n  b e t w e e n  t h e  h a r d  

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

a l s o  a g r e e s  w i t h  t h e  s t u d y  o t  B ien fcow sk i  a n d  C hao  ( 1 9 7 b ) .  

F i g u r e  3 1 ,  3 2 ,  a n d  33 show t h e  i n c r e a s e  o t  b ,  B r ,  a n d  Va o f  

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

w i t h  t h e  c r i t i c a l  v o l u m e .  The  r e l a t i o n  b e t w e e n  Br a n d  Va o t  

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

l i n e a r  a s  shown i n  F i g u r e  3 4 .  The  r e g u l a r  b e h a v i o r  o t  t h e s e  

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

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

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

e s p e c i a l l y  i n  a n  a p p l i c a t i o n  t o  m i x t u r e  s y s t e m s .
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FIGURE 11: COMPARISON OF THE SECOND VIRIAL COEFFICIENTS 
OF NORMAL PARAFFINS

-  = EXPERIMENTAL. O  - EQUATION (30) 1-METHANE. 2-ETHANE. 3-PROPANE y-N-BUTANE. 5-N-PENTANE. 6-N-HEXANE
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FIGURE 12: COMPARISON OF THE SECOND VIRIAL COEFFICIENTS 
OF NONPOLAR COMPOUNDS

  - EXPERIMENTAL. O  = EQUATION (30)1-ETHYLENE. 2-PROPYLENE. 3-I-BUTANE. y=I-PENTANE
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FIGURE 13: COMPARISON OF TEE SECOND VIRIAL COEFFICIENTS 
OF POLAR COMPOUNDS

  - EXPERIMENTAL, □  - EQAüTION (30)
1- NITROGEN, 2» CARBON OIOXIDE, 3= METHTL FLUORIDE
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TABLE 9

COaPASISON OF THE THESaODYNAHIC PROPERTY PREDICTIONS

c o m p o n e n t p r o p e r t y n u m b e r  | 
o f  p o i n t s  1

1
1

1
1
1 e g .  (30) 1

a a d

e g - (A4) 1 e g .  (A2) 
1

H e t h a n e RHO 39 0 . 9 3 0 .  55 5 . 4 3
VP 32 0 . 9 9 0 . 3  8 1 . 4 5

ENTF 33 1 . 5 0 0 . 4 9 2 .  13

E t h a n e PHO U6 0 . 9 5 1 . 9 6 5 .  64
VP ttb 0 . 6 2 0 . 6 5 2 . 9 8

FNTH 8b 1 . 4 2 1 . 4 3 2 - 2 3

P r o p a n e RHO 134 0 . 8 2 1 .6  / 4 . 2 /
VP 5b 0 . 7 9 0 .  60 3 . 0 /

EN’TH 26 1 . 9 6 0 . 9 1 2 . 5 8

n - B n t a n e RHO 4Ü 0 . 5 6 1 . 3 1 3 . 6 6
VP 52 0 . 8 0 1 . 0 2 4 .  11

ESTH 39 0 . 7 2 0 . 7 4 1 .1 1

n - P e n t a n e RHO 39 1 - 1 8 1 . 8 2 3 . 2 3
VP 4b 0 . 6 7 1 . 1 6 1. 35

ENTH 38 1 . 0 6 1 . 6 3 1 . 5 6

n - H e x a n e SHO 41 0 . 3 4 2 . 1 4 1 . 5 9
VP 53 0 . 4 2 1 .0 1 4 . 9 2

n - H e p t a n e RHO 41 0 . 7 7 1 .6 1 1 . 4 9
VP 40 0 . 7 7 1 . 9  7 1. 10

ENTH 17 0 . 9 0 0 . 8 9 1 . 1 0

n - O c t a n e RHO 48 0 . 7 2 2 - 3 3 4 .  13
VP 56 0 . 8 0 1 . 1 6 3 . 7  3

ENTH 54 0 . 7 0 0 . 9 7 2 . 4 1

n - N o n a n e RHO 43 0 . 6 7 1 . 5 3 0 . 6  /
VP 18 0 . 0 5 0 . 3 4 4 . 0 5

n - D e c a n e RHO 32 0 -4  7 1 .6  0 0 . 9 2
VP 18 0 . 0 4 0 . 9 2 2 . 0 9
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TABIE 9 ÎCONTINOED)

c o m p o n e n t p r o p e r t y num ber  
o f  p o i n t s

1

r ë g T i â ô r
1

a a d

1 e o . : A 4 )  
1

1 e g .  %A2)
3. ________

n - U n d e c a n e VP 19 O.Ob 0 . 5 5 5 . n

n - D o d e c a n e RHO 17 0 . 3 0 1 . 0 4 5 . n
VP 21 0 . 2 2 3 -2  4 7 . 8 2

n - T r i d e c a n e RHO 17 0 . 2 8 0 . 9  3 9 .  14
VP 1« 0 . 2 7 2 . 3 6 5 .  19

n - T e t r a RHO 14 0 . 2 1 0 . 7 8 7 . 7 8
d e c a n e VP 15 0 . 1 4 2 . 4 2 3. 79

n - P e n t a RHO 14 0 . 2 9 1 . 0  3 8 . 9 6
d e c a n e VP 14 0 . 2 1 0 . 5 9 4 .  64

n -H e x a RHO 9 0 . 1 7 1 . 3 1 10 .  3
d e c a n e VP 10 0 . 1 7 0 . 8 1 1 3 . 2

n - H e p t a RHO 1 i 0 . 3 4 1 . 0 3 1 3 . 4
d e c a n e VP 15 0 . 2 1 0 .  73 9 . 9 9

n - O c t a RHO 13 0 . 2 7 1 . 1 3 1 7 .  1
d e c a n e VP 15 0 . 4 5 0 . 7 7 1 1 . 5

n -N o n a RHO 12 0 . 3 6 1 . 5 5 2 0 . 1
d e c a n e VP 15 0 . 2 3 0 .  79 1 1 .1

n - E i c o s a n e RHO 25 0 . 9 8 1 . 7 8 1 7 . 8
VP 15 0 . 4 2 1 .7 1 8 . 4 8



T&BLS 9 {CONTINUED)

9b

c o m p o n e n t p r o p e r t y n um ber  1 
o f  p o i n t s  1 

1 
1

e g 7  (30)  T 
1

a a d

e g .  :A4) 1 e g .  (A2) 
1

E t h y l e n e RHO UÜ 0 , 9 1 0 . 9 9 3 .  19
VP 3b 0 . 9 4 0 . 6 3 5 .  22

ENTH 34 2 . 0 0 0 . 7 5 2 . 7 /

P r o p y l e n e RHO b7 1 . 2 8 1 . 3 6 2 .  31
VP 28 0 . 8 0 1 . 3 7 3 . 7 2

i - B u t a n e RHO 116 0 . 7 9 1 . 0 0 3 - 7 /
VP 82 0 . 7 5 5 . 9 3 2 . 3 9

ENTH 73 1 . 3 4 1 . 1 9 1 . 6  /

i - P e n t a n e RHO 38 0 . 8 4 1 . 3 3 3 . 0 1
VP 22 0 . 2 9 0 . 8 1 0 . 9 0

B e n z e n e RHO 102 0 . 7 4 2 .  53 3 . 3 5
VP 67 0 . 3 b 1 .5 1 1 .2 1

T o l u e n e RHO 13 0 . 3 1 0 . 9 1 0 . 5 4
VP 33 0 . 8 9 1. 73 2 .  31

o - X y l e n e RHO 59 0 . 3 7 1. 13 1 . 1 /
VP 43 0 . 2 5 0 .  5b 5 , 2 7

D i c h l o r o RHO 182 0 . 4 7 1 . 0 3 1 . 6 9
d i f l u o r o VP 40 0 . 5 3 0 .  58 2 . 5 0
m e t h a n e ENTH 40 0 . 2 6 0 .  31 1 . 3 6

C a r b o n RHO 39 0 . 3 9 0 . 6 5 1 . 3 9
d i o x i d e VP 33 0 . 8 1 0 .  39 0 .6 1

ENTH 39 1 , 7 6 1 . 7 3 3 , 0 9

N i t r o g e n PHO 38 0 . 7 9 0 .  30 4 . 3 2
VP 19 0 . 6 9 0 .  62 3 . 2 b

ENTH 77 1 . 3 3 0 . 2 9 1 .2 1



TABLE 9 tCONTINOED)

9b

c o m p o n e n t  p r o p e r t y  n u m b e r  ;
o f  p o i n t s  I

aaci

I e g .  ' 3 0 )  1 e g .  :&4) | e g .  ;&2)

H y d r o g e n
s u l f i d e

EHO
VP

40
24

0 . 5 3
0 . 3 9

0 . 4 b  
0 . 6  b

3 . 6 9
4 . 2 3

M e t h y l
f l u o r i d e

RHO
VP

131
28

0 . 7 4
0 . 5 4

2 .  69 
1 . / 3

4 . 1 4  
18.  1

P h e n o l RHO
VP

14
15

0 . 7 8
1 . 3 3

2 . 1 9
3 . 2 4

1 0 . 5
6.11

A c e t o n e RHO
VP

4b
20

0 . 6 2
0 . 2 4

2 - 9  0 
1 . 4 6

1 3 ,  1
0 .  99

D i m e t h y l
e t h e r

RHO
VP

34
19

2 . 9 0
0 . 2 b

3 . 3  6 
0 . 5 3

3 . 7 /  
3 .  4b

M e t h y l
e t h y l
e t h e r

SHO
VP

28
18

3 . 2 5
0 . 2 3

3 . 6 1
1 . 3 2

6 . 5 1
2 . 2 7

D i e t h y l
e t h e r

RHO
VP

43
23

1 . 8 5
0 . 3 5

3 . 8 2
0 . 4 3

5 . 1 1
0 . 9 5

A n i l i n e RHO
VP

29
34

0 . 4 4
0 . 7 6

3 . 5 6
3 . 1 5

2 . 9 8
8 . 0 9

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

RHO
VP

ENTH

1663
1155

555

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

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

4 . 1 b
4 . 0 4
1 . 9 1
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TABLE 10

COMPARISON OF THERMODYNAMIC PROPERTY PREDICTIONS KITH THE
BACK EQUATION

c o m p o n e n t p r o p e r t y n um ber  
o f  p o i n t s

1
1 _____
1 e g .  (30)
1

a a d

1 e g .  (A3) 
1

M ethane RHO 39 0 -9 3 0 . 4 0
VP 32 0 - 9 9 1 - 0 7

ENTH 33 1 - 5 0 3 - 8 3

E t h a n e RHO 46 0 - 9 5 1 - 9 5
VP 46 0 - 6 2 4 .  55

ENTH 85 1 . 4 2 3 - 5 5

P r o p a n e RHO 116 0 . 5 4 1 - 1 4
VP 53 0 - 6 5 4 - 4 0

ENTH 26 1 .9 6 5 - 7 6

n - B n t a n e EHO 36 0 - 4 2 1 - 1 3
VP 52 0 - 8 0 5 . 0 8

ENTH 39 0 - 7 2 2 - 4 2

n - P e n t a n e RHO 37 1-11 1 -8 9
VP 45 0 . 6 7 3 . 8 5

ENTH 38 1 .0 6 2 - 7 6

i - P e n t a n e RHO 38 0 - 8 4 1 . 8 7
VP 22 0 - 2 9 3 .  16

n - H e x a n e PHO 29 0 . 5 8 0 - 9 7
VP 49 0 . 3 7 3 . 6 0

n - H e p t a n e RHO 36 0 , 8 2 2 . 6 4
VP 40 0 - 7 7 3 . 3 9

ENTH 17 0 -9 0 1 - 3 3

n - O c t a n e RHO 31 0 - 4 9 6 , 0 1
VP 51 0 - 8 0 3 - 5 9

ENTH 46 0 -9 0 1 . 6 6

n - D e c a n e RHO 14 0 - 4 9 1 4 - 3
VP 13 0 - 0 5 6 - 7 2



TABLE 10  (CONTINUED)

9%

c o m p o n e n t  p r o p e r t y  n um ber  |
o f  p o i n t s  I

aad

I e g . (30) I e g .  (A3)

B e n z e n e EHO 102 Ü .79 1 .  79
VP 67 0 . 2 9 3 .  16

T o l u e n e EHO 13 0 .  31 1 . 8 2
VP 33 0 . 8 9 5 .  24

N i t r o g e n SHO 38 0 . 7 9 0 .  30
VP 19 0 - 6 9 0 .  33

ENTH 77 1 . 3 3 2 .  36

H y d ro g e n EHO 40 0 . 5 3 0 . 7 4
s u l f i d e VP 24 0 . 3 9 2 .  12

o v e r a l l SHO 61b 0 - 7 0 2 . 1 5
p r e d i c t i o n VP 546 0 - 6 6 3 . 6 7

ENTH 361 1 . 2 4 2 . 9 3
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Chapter I?
COHCLOSIOHS

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

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

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

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

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

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

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

c o m p o u n d ,  h y d r o c a r b o n ,  n o n h y d r o c a r b o n ,  e t c .  The new 

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

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

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

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

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

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

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

o r i e n t a t i o n  on  t h e  s q u a r e - w e l l  p a r a m e t e r s  a r e  t a k e n  i n t o  

a c c o u n t  t h r o u g h  a n g l e - a v e r a g i n g .

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

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

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

a s  t h e  P e n g - B o b i n s o n  o r  t h e  BACK e q u a t i o n .  As m e n t i o n e d

- 109 -
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e a r l i e r ,  t h e  i m p r o v e m e a t  i s  s i g n i f i c a n t  i n  t n e  p r e d i c t i o n s  

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

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

a d d i t i o n  t o  t h e  a b i l i t y  t o  d e s c r i b e  t h e  P-V-T b e h a v i o r  o f  

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

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

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

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

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

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

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

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

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

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

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

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

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

w i t h  some known p r o p e r t i e s  o r  m e a s u r a b l e  q u a n t i t i e s .  A 

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

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

t h e  e q u a t i o n  o f  s t a t e  s t u d i e d  c a n  b e  made, i n  t h e  f u t u r e ,  by 

s e v e r a l  o p t i o n s -  F o r  e x a m p l e ,  a t e r m  o f  h i g h e r  o r d e r  i n  

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

E q u a t i o n  (17)  a n d  ( 2 7 ) -  A d e p e n d e n t  o f  t h e  h a r d  c o n v e x  body  

v o l u m e s  on t e m p e r a t u r e s  f o r  a " s o f t "  m o l e c u l e  c a n  b e  t a k e n



1 1 1

i n t o  c o n s i d e r a t i o n ,  a s  s u g g e s t e d  b y  BienfcowsJci a n d  Cnao 

f 1 9 7 b ) .  F o r  h i g h l y  p o l a r  a n d  s t r o n g  h y d r o g e n - b o n d i n g  

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

d e p e n d e n c e  o f  t h e  e f f e c t i v e  e n e r g y  p a r a m e t e r  c * / k  i n  

E q u a t i o n  (51)  a n d  t h e  p o l a r i t y  p a r a m e t e r  K may n o t  b e  

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

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



Appeadiz A
SORBART OF THE EQUATIOIS OF STATE BEFERESCED

THE VAN PER WAALS E 0 0 ATION ( B a i z h i s e r ,  1972)

P + a  ( V -  b ) = ET (&1)

V%

w h e re  a  = 27 Tc^
6 »  P C

a n d  b = R Tc
8 PC

THE PENG-ROBINSON EQUATION (P e n g  a n d  R o b i n s o n ,  197b)

aTT) V_______ (A2)
7 - b  H T (V ( V -b )+ b (V - b )  )

w h e r e  a ( T )  = 0 . 4 5 7 2 4  Tc^ ( T r , w  )
Pc

a  = (1 ♦ K (1 - T r  h  ) )

0 .37464  ♦ 1 .54226  (i) -  0 .26992  U)̂

0 . 0 7 7 8 0  ETC 
PC

- 112 -



1 1  j

THE BACK EQ o a n o s  ( B o a b l i k - A l d e r - C h e n - K r e g l e w s K i  E q u a t i o n )  

(Chen 6 K r e g i e w s k i ,  1977; S i t m i c k ,  L i n  and  C h ao ,  1979)

2 = 2h  ♦ Za (AJ)

Zh = 1 $ ( 3 a - 2 ) y  ♦ ( 3 a ^  - 3 a  + 1 ) Y ^  -

( 1 -  y ) 3

Za = S S a D n a  (U/kT) “ 
n m

0.740*8 V*/7

V» = V" Î 1 - c  expî - 3 0 ' / k T )  ) 3

a* : 1 ♦ n'/KT )

n*/k = 0-60 (I) Tc
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TABLE A l :  UNIVERSAL CONSTANTS Onm FOR EQUATION 'Ai)

D l l  = - 8 . 8 0 4 i
D12 = 4 . 1 6 4 6 2 7
D13 = -48 .2 0 ib t> i )
D14 = 1 4 0 -4 3 6 2 0
D15 = - 1 9 b . 23339
D16 . = 1 1 3 . b i b
D21 = 2 . 9 3 9 6
D22 = - 6 . 0 8 6 5 3 8 3
D23 = 4 0 . 1 3 7 9 b 6
D24 = - 7 6 . 2 3 0 7 9 7
D2b = - 1 3 3 . 7 0 0 b b
D26 = 8 6 0 . 2 5 3 4 9
D27 = - 1 5 3 5 . 3 2 2 4
D28 = 1 2 2 1 .4 2 6 1
D29 = - 4 0 9 . 1 0 5 3 4
D31 = - 2 . 8 2 2 5
D32 = 4 . 7 6 0 0 1 4 3
D33 = 1 1 . 2 5 / 1 7 7
D34 = - 6 6 . 3 8 2 7 4 3
D35 = 6 9 . 2 4 8 7 8 5
D41 = 0 , 3 4 0 0
D42 = - 3 . 1 8 7 5 0
D43 = 1 2 . 2 3 1 / 9 6
D44 = - 1 2 . 1 1 0 6 8 1



11b

TABLE A2: PARAMETERS OP E30ATIO# :A3) POH C = 0 .1 2

c o m p o n e n t V" u T / k n ' / k
c c / m o l e a K K

M ethane 2 1 . b76 1 -0 0 1 9 0 - 2 9 1 .0 0

E t h a n s 3 1 . l i e 1 -037 2 9 8 - 0 3 19 .0

P r o p a n e 4 2 . b98 1-041 3 5 8 -1 1 3 4 . 0

n - B n t a n e 5 3 . 8 5 5 1 .0 5 1 3 9 9 . 5 6 5 1 . 0

n - P e n t a n e 6 5 - 7 5 1 1 -0566 4 3 5 , 8 3 7 0 . 7 2

i - P e n t a n e 6 4 - 9 5 8 1 . 0 5 6 5 4 3 2 . 2 0 6 2 .7 1

n - H c x a n e 7 7 - 2 2 8 1-072 4 6 8 . 3 3 9 0 .  11

n - H e p t a n e 8 8 . 3 5 1 1 -0799 49 1 . 0 0 1 1 3 .7 7

n - O c t a n e 9 6 - 5 5 6 1 ,0 9 8 1 5 1 7 , 5 2 1 3 4 .5 0

n - D e c a n e 1 1 0 -7 2 1-1349 5 5 8 . 0 / 181-57

B en zen e 5 4 .  383 1 -0 5 8 7 5 3 2 , 1 2 7 1 . 5 0

T o l u e n e 6 7 - 0 1 3 1-0621 5 3 2 - 1 2 91 .  24

B i t r o g o n 1 9 -4 5 7 1 -0 0 1 2 3 , 6 c 3 ,0

H ydrogen
S u l f i d e

2 0 . 6 7 2 1-044 3 / 3 - 6 6 1 5 .0



l l o

THE KHAN*S EQUATION {Khan, 1983)

Z = 1 +  olZc + * a -  1 ) Z c  !&*)

ZC = { A1 + A2 ♦ A3 ♦ A4 ♦ Ab ) P •

T*  ̂ T* * T* *

+ ( A6 * A7 ) P * ^ ♦ A 8 P * ’
T*

+ t A9 + AID ♦ A H  ) p ♦ ^ e x p ( - A i K  p •  * )

T*  ̂ T* ** T* ®

+ ( A12 ♦ A13 ♦ A14 ) p e x p ( - A 1 b p  • *  )

T*  ̂ T* ** T* ®

+ Alb  P *  s
T*

w h e r e  p * = p V* ; T* = k T / e

Ai = a  Bi °  + ( a  -  1 ) B i ^
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TABLE A3: UNIVERSAL CONSTANTS OF EQUATION (A4)

i BiP

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

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

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

« - 1 . 5 2 5 7 3 3 1 - 5 . 2 5 2 7 0

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

6 5 . 3 6 2 4 2 7 5 - 3 . 3 / 5 3 0

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

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

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

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

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

12 - 2 0 7 . 7 6 9 0 1 0 0 - 1 0 4 . 0 0 0 0 0

13 1 1 5 2 . 7 5 9 9 0 0 0 - 4 3 5 . 3 0 4 0 0

19 2 4 6 . 4 9 6 4 2 0 0 1 4 9 - 0 9 1 0 0

15 2 2 9 . 8 9 9 4 2 0 0 8 5 0 - 0 0 0 0 0

16 3 1 . 6 7 1 1 2 8 0 0 . 0



i i y

TABLE A4: VALUES OF PARAMETERS USED WITH EQUATION (A4)

c om pound c / k ,  R V*
c u . f t . / l b m o l e a

K

m e t h a n e 2 7 Ü .8 0 4 0 . 2 5 9 0 5 1 . 0 3 3 3 1 0 . 0

E t h a n s 3 9 0 . 3 3 1 0 . 3 3 5 8 5 1 . 4 0 9 7 3 0 . 0

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

n - B u t a n e 5 0 1 . 8 5 0 0 . 5 1 4 5 4 1 . 8 1 8 9 4 0 . 0

n - P e n t a n e 5 3 4 . 2 0 0 0 . 6 0 3 8 8 2 . 0 5 8 1 9 0 . 0

n - H e z a n e 5 5 6 . 5 1 7 0 . 6 9 3 2 3 2 . 3 0 2 3 2 u . u

n - H e p t a n e 5 7 3 . 6 8 1 0 . 7 8 2 5 7 2 - 5 5 1 4 3 0 .  0

n - O c t a n e 5 9 6 . 2 3 6 0 . 8 7 1 9 1 2 . 7 2 3 1 2 0 . 0

n - N o n a n e 6 0 2 - 4 0 5 0 - 9 6 1 2 6 3 . 0 2 8 4 6 0 . 0

n - D e c a n e 6 1 9 . 6 1 0 1 . 0 5 0 6 0 3 . 1 9 0 3 8 0 . 0

n - O n d e c a n e 6 2 4 . 7 7 0 1 . 1 3 9 9 4 3 . 4 / 4 2 2 0 . 0

n - D o d e c a n e 6 2 9 . 9 2 7 1 . 2 2 9 2 8 3 . 7 3 6 3 5 0 . 0

n - T r i d e c a n e 6 3 9 . 0 2 0 1 . 3 1 8 6 3 3 . 9 5 4 8 0 0 .  0

n - T e t r a  d e c c a n e 6 4 5 . 5 2 6 1 . 4 0 7 9 7 4 , 1 7 8 4 2 0 . 0

n - P e n t a d e c a n  e 6 5 0 - 2 6 9 1 . 4 9 7 3 2 4 . 4 1 9 2 9 0 .  0

n - H e x a d e c a n c 6 5 5 . 1 8 2 1 . 5 8 6 6 6 4 . 6 4 9 9 4 0 . 0

n - H e p t a d e c a n e 6 6 0 . 1 7 3 1 . 6 7 6 0 0 4 . 8 / 2 3 8 0 . 0

n - O c t a d e c a n e 6 6 4 . 3 3 3 1 . 7 6 5 3 4 5 - 0 9 6 8 8 0 . 0

n - N o n a d e c a n c 6 6 5 . 6 7 9 1 . 8 5 4 6 9 5 . 3 7 6 3 2 0 . 0

n - E x c o s a n e 6 6 6 . 3 7 9 1 - 9 4 4 0 3 5 .  632 /9 0 - 0



TABLE A4 (CONTINUED)

n y

com pound  e / k , R V*
c u . f t . / l b m o l e a

K

E t h y l e n e 3 6 8 . 8 4 4 0 . 2 9 0 3 2 2 1 . 3 5 6 3 4 0 . 0

P r o p y l e n e 4 4 8 . 5 5 2 0 - 3 8 5 6 1 7 1 . 6 0 7 3 4 0 . 0

i - B u t a n e 4 8 6 . 2 5 3 0 . 5 2 6 4 7 4 1 . 7 6 4 4 4 0 . 0

i - P e n t a n e 5 3 3 . 8 9 1 0 - 6 1 3 9 4 0 1 . 9 3 3 / 4 0 .  0

B e n z e n e 6 6 9 . 3 1 2 0 - 5 0 6 5 9 6 1 . 8 2 7 9 2 0 . 0

T o l u e n e 6 5 8 . 8 0 9 0 . 6 1 0 5 7 2 2 .  16520 0 .  0

o - X y l e n e 6 9 0 - 6 1 2 0 . 6 9 8 2 2 7 2 . 3 1 8 6 8 0 . 0

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

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

C a r b o n  D i o x i d e 3 5 8 - 8 9 9 0 . 2 0 9 0 4 2 1 . 3 6 6 5 3 9 3 0 . 2 4 2

N i t r o g e n 1 6 8 . 9 6 9 0 . 2 1 0 8 6 3 1 . 2 2 5 9 8 0 . 0

H y d r o g e n  S u l f i d e 4 9 8 . 4 8 6 0 - 2 5 4 4  07 1.025ÜO 1 5 9 0 . 4 2 0

M e t h y l  F l u o r i d e 3 5 1 . 6 1 0 0 . 2 9 2 2 4 9 1 . 6 6 5 6 2 7 2 0 . 8 0 3

P h e n o l 70 3 - 8 9 2 0 . 5 2 0 4 1 7 2 - 3 2 4 6 5 1 6 4 2 6 . 5 0 0

A c e t o n e 5 9 9 . 1 3 8 0 . 4 4 8 4 6 1 1 . 6 2 0 / 9 8 1 4 5 . 3 4 0

D i m e t h y l  E t h e r 4 8 0 . 5 6 9 0 . 4 0 2 0 0 0 1 . 3 3 7 9 2 5 1 1 3 .  510

M e t h y l -  
E t h y l  E t h e r

5 0 5 . 4 9 9 0 . 4 4 4  777 1. 76410 2 8 / 7 .  160

D i e t h y l  E t h e r 5 2 3 . 7 2 3 0 . 5 4 6 2 1 3 2 .U 9362 1 3 6 9 .0 9 0

A n i l i n e 7 6 7 . 3 5 7 0 . 5 4 9 6 7 6 2 . 0 5 / 1 0 1 4 4 1 3 - 4 0 0



Appendix B
THERMODYNAMIC PROPERTY CAICOLATIOMS OF M-OCTAIE

TABLE B1:  DENSITY CALCULATIONS OF N-OCTAKE

T e m p e r a t u r e ,
R

P r e s s u r e ,
p s l a

E x p e r i m e n t a l  
d e n s i t y ,  

i b m o l e / c u . f t .

C a l c u l a t e d  
d e n s i t y ,  

I t m o l e / c u .  f t .

P e r c e n t
d e v i a t i o n

3 8 9 . 6 7 0 1 4 , 6 9 6 0 . 4 1 7 7 0 .4 0 7 2 5 - 2 . 5 0 1 8
3 9 9 . 6 7 0 1 4 . 6 9 6 0 . 4 1 5 3 0 .  4 0 5 / 9 - 2 . 2 8 9 4
4 0 9 . 6 7 0 1 4 . 6 9 6 0 . 4 1 2 9 0 .4 0 4 2 8 - 2 . 0 8 /2
4 1 9 . 6 7 0 1 4 . 6 9 6 0 . 4 1 0 5 0 . 4 0 2 / 2 - 1 . 8 9 5 0
4 2 9 . 6 7 0 1 4 . 6 9 6 0 . 4 0 8 1 0 . 4 0 1 1 1 - 1 . /1 2 9
4 3 9 . 6 7 0 1 4 - 6 9 6 0 . 4 0 5 7 0 . 3 9 9 4 5 - 1 . 5 4 0 8
4 4 9 . 6 7 0 1 4 . 6 9 6 0 . 4 0 3 2 0 . 3 9 7 / 4 - 1 . 3 5 4 0
4 5 9 . 6 7 0 1 4 . 6 9 6 0 . 4 0 0 8 0 . 3 9 5 9 8 -  1 ,2 0 1 4
4 6 9 . 6 7 0 1 4 . 6 9 6 0 . 3 9 8 3 0 .3 9 4 1 8 - 1 . 0 3 3 8
4 7 9 . 6  70 1 4 . 6 9 6 0 . 3 9 5 9 0 .3 9 2 3 3 - 0 . 9 0 0 6
4 8 9 . 6 7 0 1 4 . 6 9 6 0 . 3 9 3 4 0 . 3 9 0 4 4 - 0 . /5 2 3
4 9 9 . 6 7 0 1 4 . 6 9 6 0 . 3 9 0 9 0 . 3 8 8 5 0 - 0 . 6 1 3 1
5 0 9 . 6 7 0 1 4 . 6 9 6 0 . 3 8 8 4 0 . 3 8 6 5 2 - 0 . 4 8 3 /
5 1 9 . 6 7 0 1 4 . 6 9 6 0 . 3 8 5 9 0 . 3 9 4 5 0 - 0 . 3 6 3 9
5 2 9 . 6 7 0 1 4 . 6 9 6 0 . 3 8 3 5 0 .3 8 2 4 3 - 0 . 2 / 9 8
5 3 9 . 6 7 0 1 4 . 6 9 6 0 . 3 8 1 0 0 . 3 8 0 3 2 - 0 . 1 7 9 2
5 4 9 . 6 7 0 1 4 . 6 9 6 0 . 3 7 8 6 0 . 3 / 8 1 6 - 0 . 1 1 6 1
5 5 9 . 6 7 0 1 4 . 6 9 6 0 . 3 7 6 2 0 . 3 7 5 9 6 - 0 . 0 6 3 1
5 6 9 - 6 7 0 1 4 . 6 9 6 0 . 3 7 3 7 0 . 3 7 3 / 2 0 . 0 0 5 9
5 7 9 . 6 7 0 1 4 . 6 9 6 0 . 3 7 1 3 0 . 3 7 1 4 4 0 . 0 3 / 2
5 8 9 . 6 7 0 1 4 . 6 9 6 0 . 3 6 8 8 0 . 3 6 9 1 1 0 . 0 8 4 4
5 9 9 . 6 7 0 1 4 . 6 9 6 0 . 3 6 6 2 0 . 3 6 6 / 4 0 . 1 4 / 8
6 0 9 . 6 7 0 1 4 . 6 9 6 0 . 3 6 3 6 0 . 3 6 4 3 3 0 . 1 9 9 8
6 1 9 . 6 7 0 1 4 . 6 9 6 0 . 3 6 1 0 0 . 3 6 1 8 7 0 . 2 4 0 5
6 2 9 . 6 7 0 1 4 . 6 9 6 0 . 3 5 8 3 0 . 3 5 9 3 7 0 . 2 9 / 2

-  120  -



TABLE B 1 ( c o n t i n u e d )

121

T e m p e r a t u r e ,
B

P r e s s u r e , 
n s i a

E x p e r i m e n t a l
d e n s i t y ,

I b m o i e / c u . f t .

C a l c u  l a t e d  
d e n s i t y ,  

i b m o l e / c u .  t t .

P e r c e n t
d e v i a t i o n

6 3 9 . 6 7 0 1 4 . 6 9 6 0 . 3 5 5 7 0 . 3 5 6 8 2 0 . 3 1 3 6
6 4 9 . 6 7 0 1 4 . 6 9 6 0 . 3 5 3 1 0 . 3 5 4 2 2 0 . 3 1 7 3
6 5 9 . 6  70 1 4 . 6 9 6 0 - 3 5 0 5 0 . 3 5 1 5 8 0 . 3 0 / 3
6 6 9 . 6 7 0 1 4 . 6 9 6 0 . 3 4 7 7 0 . 3 4 8 8 9 0 . 3 4 1 0
6 7 9 . 6 7 0 1 4 . 6 9 6 0 . 3 4 4 9 0 . 3 4 6 1 4 0 . 3 6 0 8
6 8 9 . 6 7 0 1 4 . 6 9 6 0 . 3 4 2 2 0 . 3 4 3 3 5 0 . 3 3 6 7
6 9 9 . 6 7 0 1 4 . 6 9 6 0 . 3 3 9 3 0 .3 4 0 5 1 0 . 3 5 5  7
7 0 9 . 6 7 0 1 2 . 9 2 8 0 . 3 3 5 0 0 . 3 3  /59 0 . 7 3 3 6
7 0 9 . 6 7 0 1 4 . 6 9 6 0 .336U 0 .3 3 7 6 1 0 . 3 5 8 /
7 2 9 . 6 7 0 1 7 . 5 7 0 0 . 3 2 9 0 0 . 3 3 1 6 6 0 . 8 0 8 2
7 4 9 . 6 7 0 2 3 . 4 2 0 0 . 3 2 3 5 0 . 3 2 5 5 0 0 . 6 1 8 3
7 6 9 . 6 7 0 3 0 . 7 0 0 0 . 3 1 7 5 0 - 3 1 9 0 9 0 . 5 0 2 2
7 8 9 . 6 7 0 3 9 . 1 0 0 0 . 3 1 1 5 0 . 3 1 2 4 2 0 . 2 9 4 2
8 0 9 . 6 7 0 5 0 . 0 0 0 0 . 3 0 6 1 0 . 3 0 5 4 5 - 0 . 2 1 1 8
8 2 9 . 6 7 0 6 2 . 0 0 0 0 . 2 9 9 5 0 . 2 9 8 1 4 - 0 . 4 5 2 4
8 4 9 . 6 7 0 7 6 . 5 0 0 0 . 2 9 2 4 0 . 2 9 0 4  7 - 0 . 6 6 1 2
8 5 9 . 6 7 0 8 5 . 0 0 0 0 . 0 1 0 9 0 . 0 1 1 2 7 3 . 3 8 0 3
8 6 9 . 6 7 0 9 5 . 0 0 0 0 - 2 8 4 2 0 . 2 8 2 3 9 - 0 . 6 3 8 2
8 8 9 . 6 7 0 1 1 6 . 0 0 0 . 2 7 5 5 0 . 2 7 3 8 0 - 0 . 6 1 5 b
9 0 9 . 6 7 0 1 4 0 . 0 0 0 . 2 6 6 2 0 . 2 6 4 0 2 - 0 . 5 9 2 4
9 2 9 . 6 7 0 1 6 3 . 0 0 0 . 2 5 6 3 0 . 2 5 4 / 3 - 0 . 6 1 2 3
9 4 9 . 6 7 0 2 0 1 . 0 0 0 . 2 4 4 8 0 , 2 4 3 9 7 - 0 . 3 4 1 0
9 6 9 . 6 7 0 2 3 9 . 0 0 0 . 2 2 9 5 0 . 2 3 2 0 5 1 . 1 1 1 3

a v e .  a b s .  
n u m b e r  o f

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

0 . 7 2 2 6 2 6  % 
48



TABLE 3 2 :  VAPOE PSESSORE CALCULATIONS OF K-OCTANE

122

T e a p a r a t u r e ,  
R

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

p s i a  p s i a

4 1 4 - 7 6 0 0 . 0 0 1 4 1 5 0 . 0 0 1 4 1 5 0 . 0 0 1 3 8 5 - 2 . 0 6 8 9
4 2 8 . 5 2 5 0 . 0 0 2 9 6 0 0 - 0 0 2 9 6 0 . 0 0 3 0 5 3 . 0 5 9 4
5 2 9 . 6 7 0 0 . 2 1 6 0 0 - 2 1 6 0 0 . 2 1 7 6 0 0 . 7 4 1 7
5 3 9 . 6 7 0 0 . 2 9 7 0 0 - 2 9 7 0 0 . 2 9 8 3 5 0 .  455 /
5 4 9 . 6 7 0 0 . 4 0 2 0 0 . 4 0 2 0 0 . 4 0  330 0 . 3 2 3 4
5 5 9 . 6 7 0 0 - 5 3  70 0 . 5 3 7 0 0 . 5 3 8 0 0 0 . 1 8 5 8
5 6 9 . 6 7 0 0 . 7 0 9 0 0 . 7 0 9 0 0 , 7 0 8 8 1 -0 .Ü 2 6 O
5 7 2 . 9 0 0 . 7 7 3 5 0 . 7 7 3 5 0 . 7 7 2 3 3 - 0 . 8 3 / 1
5 8 9 . 6 7 0 1.  1920 1 . 1 9 2 0 1 . 1 3 8  60 - 0 . 2 8 6 2
5 9 9 . 6 7 0 1 . 5 2 1 0 1 . 5 2 1 0 1 . 5 1 5 0 0 - 0 . 3 9 4 2
6 0 9 . 6 7 0 1 . 9 2 2 0 1 . 9 2 2 0 1 . 9 1 2 3 0 - 0 . 5 0 3 6
6 1 9 . 6 7 0 2 . 4 0 6 0 2 . 4 0 6 0 2 . 3 9 1  /O - 0 . 5 9  2 9
6 2 9 . 6 7 0 2 . 9 8 5 0 2 . 9 8 5 0 2 . 9 6 5 5 0 - U . 6544
6 3 9 . 6 7 0 3 . 6 7 4 0 3 . 6 7 4 0 3 . 6 4 /  10 - 0 . 7 3 2 2
6 4 2 . 2 2 0 3 . 8 6 7 4 3 . 8 6 7 4 3 . 3 3 9 9 0 - 0 . 7 1 1 7
6 4 9 . 6 7 0 4 - 4 8 7 0 4 . 4 8 7 0 4 . 4 5 0 8 0 - 0 . 8 0 6 2
6 5 9 . 6 7 0 5 , 4 4 0 0 5 . 4 4 0 0 5 . 3 9 2 1 0 - 0 . 8 8 1 0
6 6 9 . 6 7 0 6 - 5 4 9 0 6 . 5 4 9 0 6 . 4 8 7 8 0 - 0 . 9 3 4 0
6 7 9 . 6 7 0 7 . 8 3 3 0 7 . 8 3 3 0 7 - 7 5 5 0 0 - 0 . 9 9 6 2
6 8 9 . 6 7 0 9 . 3 1 1 0 9 - 3 1 1 0 9 . 2 1 2 4 0 - 1 . 0 5 9 0
6 9 9 . 6 7 0 1 1 . 0 0 2 0 1 1 - 0 0 2 0 1 0 . 8 8 1 0 -  1- 10 37
7 0 9 . 6 7 0 1 2 . 9 2 8 0 1 2 . 9 2 8 0 1 2 . 7 / 9 0 - 1 . 1 5 0 1
7 1 7 . 8 8 14.  6960 1 4 . 6 9 6 0 1 4 . 5 2 6 0 - 1 . 1 5 5 7
7 1 9 . 6 7 0 1 5 . 1 1 0 0 1 5 . 1 1 0 0 1 5 . 9 3 1 0 - 1 .  1834
7 2 9 . 6  70 1 7 . 5 7 0 0 1 7 .  5700 1 7 . 3 5  80 - 1 . 2 0 8 8
7 3 6 . 2 2 1 9 . 3 3 7 0 1 9 . 3 3 7 0 1 9 - 1 0 / 0 - 1 .  1881
7 3 9 . 6 7 0 2 0 . 3 3 0 0 2 0 . 3 3 0 0 2 0 - 0 8 3 0 - 1 . 2 1 3 9
7 4 9 . 6 7 0 2 3 . 4 2 0 0 2 3 . 4 2 0 0 2 3 .  133 0 - 1 .  2258
7 5 9 . 6 7 0 2 6 . 9 0 0 0 2 6 - 9 0 0 0 2 6 . 5 3 0 0 - 1 . 3 / 3 6
7 6 5 . 4 7 0 2 9 . 0 0 5 0 2 9 - 0 0 5 0 2 9 . 6 / 6 0 - 1 ,  1350
7 6 9 . 6 7 0 3 0 . 7 0 0 0 3 0 . 7 0 0 0 3 0 .  3060 - 1 . 2 8 2 0
7 7 9 . 6 7 0 3 4 . 5 0 0 0 3 4 . 5 0 0 0 3 4 . 4 8 6 0 - 0 . 0 4 1 0



TABLE B2 ( c o n t i n u e d )

12J

T e m p e r a t u r e ,  P r e s s u r e , E x p e r i m e n t a l C a l c u l a t e d P e r c e n t
a p s i a v a p o r  p r e s s u r e . v a p o r  p r e s s u r e . d e v i a t i o n

p s i a p s i a

7 8 9 . 6 7 0 3 9 - 1 0 0 3 9 . 1 0 0 3 9 . 0 9 / -Ü.0U7U
7 9 9 . 6 7 0 4 4 . 2 0 0 4 4 . 2 0 0 4 4 - 1 7 6 - 0 . 0 5 4 3
8 0 9 - 6 7 0 5 0 . 0 0 0 5 0 . 0 0 0 4 9 .  74 / —0 .  50t»d
8 1 9 . 6 7 0 5 5 . 5 0 0 5 5 . 5 0 0 5 5 . 8 2 9 0 . 5 9 2 7
8 2 9 . 6 7 0 6 2 . 0 0 0 6 2 . 0 0 0 6 2 . 4 8 9 0 . 7 8 9 4
8 3 9 . 6 7 0 6 8 . 6 0 0 6 8 . 6 0 0 6 8 . 7 3 2 1 . 6 5 0 0
8 4 9 . 6 7 0 7 6 . 5 0 0 7 6 . 5 0 0 7 7 . 6 0  / 1 . 4 4 / 3
8 5 9 . 6 7 0 8 5 . 0 0 0 8 5 . 0 0 0 8 6 .  149 1 . 3 5 2 2
8 6 9 . 6 7 0 9 5 . 0 0 0 9 5 . 0 0 0 9 5 . 3 9 5 0 . 4 1 6 0
8 7 9 . 6 7 0 1 0 5 . 0 0 1 0 5 . 0 0 1 0 5 . 3 9 0 . 3 7 3 9
8 8 9 . 6 7 0 1 1 6 . 0 0 1 1 6 . 0 0 1 1 6 . 2 0 0 . 1 6 8 9
8 9 9 . 6 7 0 1 2 7 . 0 0 1 2 7 . 0 0 1 2 7 . 8 2 0 . 6 4 2 6
9 0 9 . 6 7 0 1 4 0 . 0 0 1 4 0 . 0 0 1 4 0 .3 1 0 . 2 2 4 2
9 1 9 . 6 7 0 1 5 3 . 0 0 1 5 3 . 0 0 1 5 3 .  76 0 . 4 9 8 0
9 2 9 . 6 7 0 16 8 . 0 0 1 6 8 . 0 0 1 6 8 . 1 4 0 . 0 8 6 3
9 3 9 . 6 7 0 1 8 4 . 0 0 1 8 4 . 0 0 1 8 3 - 8 2 - 0 . 0 9 5 5
9 4 9 - 6 7 0 2 0 1 . 0 0 2 0 1 . 0 0 2 0 0 . 4 1 - 0 . 2 9 2 1
9 5 9 . 6 7 0 2 2 0 . 0 0 2 2 0 . 0 0 2 1 8 . 1 1 - 0 . 8 6 1 1
9 6 9 . 6 7 0 2 3 9 . 0 0 2 3 9 . 0 0 23 7 . 1 2 - 0 . 7 8  77
9 7 9 . 6 7 0 2 6 0 . 0 0 2 6 0 . 0 0 2 57 .  49 - 0 .  9664
9 8 9 . 6 7 0 2 8 3 . 0 0 2 8 3 . 0 0 2 7 9 . 1 8 - 1 . 3 4 9 6
9 9 9 . 6 7 0 3 1 0 - 0 0 3 1 0 . 0 0 3 0 2 . 4 6 - 2 . 4 3 3 8
1 0 0 9 . 6 7 3 2 7 . 0 0 3 2 7 . 0 0 3 2 6 . 9 2 - 0 .  0236
1 0 1 9 - 6 7 3 5 0 . 0 0 3 5 0 - 0 0 3 5 2 . 4 0 0 . 6 8 4 9

a v e .  a b s . d e v i a t i o n  = 0 . 8 0 4 7 0  %
n u m b e r  o f p o i n t s  = 56
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TABLE B3:  EMTHALPY DEPAETORE CALCULATIONS OF N-OCTANE

T e m p e r a t u r e ,
R

P r e s s u r e ,
p s i a

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

d e p a r t u r e ,
B t u / l b

C a l c u l a t e d
e n t h a l p y

d e p a r t u r e ,
B t u / l b

D e v i a t i o n ,
B t u / l b

5 3 4 . 6 7 0 2 0 0 . 0 0 - 1 5 5 . 8 0 - 1 5 6 . 1 0 0 . 3 0 1 9
5 3 4 . 6 7 0 3 6 0 . 0 0 - 1 5 5 . 4 0 - 1 5 5 . 6 2 0 . 2 2 1 1
5 3 4 . 6 7 0 4 0 0 . 0 0 - 1 5 5 . 2 0 - 1 5 5 . 5 0 0 . 3 0 0 9
5 3 4 , 6 7 0 5 0 0 . 0 0 - 1 5 5 . 0 0 - 1 5 5 . 2 0 0 . 1 9 9 /
5 3 4 . 6 7 0 6 0 0 . 0 0 - 1 5 4 . 7 0 - 1 5 4 . 9 0 0 . 1 9 8 2
5 3 4 . 6 7 0 8 0 0 . 0 0 - 1 5 4 . 2 0 - 1 5 4 . 2 9 0 . 0 9 4 0
5 3 4 . 6 7 0 1 0 0 0 . 0 0 - 1 5 3 . 7 0 - 1 5 3 . 6 9 - 0 . 0 1 1 8
5 3 4 . 6 7 1 4 0 0 . 0 0 - 1 5 2 . 6 0 - 1 5 2 . 4 / - 0 . 1 2 / 3
9 5 9 . 6 7 0 2 0 0 . 0 0 - 2 1 . 0 0 - 1 8 . 2 3 1 - 0 .  7689
9 5 9 . 6 7 0 5 0 0 . 0 0 - 1 0 0 . 4 0 - 9 6 - 9 7 8 - 3 . 4 2 1 6
9 7 9 . 6 7 0 4 0 0 . 0 0 - 9 3 . 4 0 - 9 2 . 0 3 0 - 1 . 3 / 0 4
9 7 9 . 6 7 0 5 0 0 . 0 0 - 9 3 . 5 0 - 9 3 . 1 1 4 - 0 . 3 9 6 0
9 7 9 . 6 7 0 6 0 0 . 0 0 - 9 3 . 7 0 - 9 3 . 9 8 4 0 . 2 8 3 8
9 7 9 . 6 7 0 8 0 0 . 0 0 - 9 4 . 5 0 - 9 5 . 2 9 8 0 . 7 9 8 4
9 7 9 . 6 7 0 1 0 0 0 . 0 0 - 9 5 . 7 0 - 9 6 . 2 3 8 0 . 5 3 8 4
9 7 9 . 6 7 0 1 4 0 0 . 0 0 - 9 8 . 2 0 - 9 / . 4 3 8 - 0 . 7 6 1 5
9 9 9 . 6 7 0 4 0 0 . 0 0 - 8 9 . 0 0 - 8 7 . 0 7 6 - 1 . 9 3 3 1
9 9 9 . 6 7 0 5 0 0 . 0 0 - 8 9 . 9 0 - 8 8 . 7 6 8 - 1 . 1 3 1 7
9 9 9 . 6 7 0 6 0 0 . 0 0 - 8 9 . 2 0 - 9 0 . 0 4  / 0 . 8 4 6 9
9 9 9 . 6 7 0 8 0 0 - 0 0 - 9 2 . 1 0 - 9 1 . 8 8 4 - 0 . 2 1 6 0
9 9 9 . 6 7 0 1 0 0 0 - 0 0 - 9 3 . 4 0 - 9 3 . 1 5 4 - 0 . 2 4 6 3
9 9 9 . 6 7 0 1 4 0 0 . 0 0 - 9 6 . 5 0 - 9 4 . 7 5 9 - 1 . 7 4 1 1

1 0 0 9 . 6 7 0 4 0 0 . 0 0 - 8 5 . 4 0 - 8 4 .  10 7 - 1 . 2 9 3 0
1 0 0 9 . 6 7 0 5 0 0 . 0 0 - 8 7 . 1 0 - 8 6 . 3 3 3 - 0 . 7 6 7 0
1 0 0 9 . 6 7 0 6 0 0 . 0 0 - 8 8 . 4 0 - 8 7 . 9 1 0 - 0 .  4902
1 0 0 9 . 6 7 0 8 0 0 . 0 0 - 8 9 . 9 0 - 9 0 . 0 9 1 0 . 1 9 1 2
1 0 0 9 . 6 7 0 1 0 0 0 . 0 0 - 9 1 . 9 0 - 9 1 . 5 6 1 - 0 . 3 3 9 4
1 0 0 9 . 6 7 0 1 4 0 0 . 0 0 - 9 5 . 4 0 - 9 3 . 3 9 9 - 2 . 0 0 1 2
1 0 1 9 . 6 7 0 5 0 0 . 0 0 - 8 4 . 3 0 - 8 3 . 6 4 4 - 0 . 6 5 5 7
1 0 1 9 . 6 7 0 6 0 0 . 0 0 - 8 6 . 3 0 - 8 5 . 6 2 / - 0 . 6 7 2 /
1 0 1 9 . 6 7 0 8 0 0 . 0 0 - 8 8 . 0 0 - 8 8 . 2 3 1 U .2 3 1 4



TABLE B3 ( c o n t i n u e d )

1 2 0

T e m p e r a t u r e ,  P r e s s u r e ,  
S p s i a

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

d e p a r t u r e ,
B t u / l b

C a l c u l a t e d
e n t h a l p y

d e p a r t u r e ,
3 t u / l b

D e v i a t i o n ,
B t u / l b

1 0 1 9 - 6 7 0 1 0 0 0 . 0 0 - 9 0 . 4 0 - 8 9 . 9 3 2 - 0 - 4 6 8 2
1 0 1 9 - 6 7 0 1 4 0 0 - 0 0 - 9 3 . 9 0 - 9 2 . 0 2 6 - 1 - 8 7 4 1
1 0 2 9 - 6 7 0 5 0 0 - 0 0 - 8 1 . 1 0 - 8 0 . 5 9 / - 0 - 5 0 2 5
1 0 2 9 - 6 7 0 6 0 0 - 0 0 - 8 3 . 4 0 - 8 3 . 1 6 3 - 0 - 2 3 6 8
1 0 2 9 . 6 7 0 8 0 0 - 0 0 - 8 6 . 1 0 - 8 6 . 2 9 8 0- 1982
1 0 2 9 - 6 7 0 1 0 0 0 . 0 0 - 8 8 . 7 0 - 8 8 . 2 6 3 - 0 - 4 3 6 9
1 0 2 9 . 6 7 0 1 4 0 0 - 0 0 - 9 2 . 3 0 - 9 0 - 6 3 9 - 1 . 6 6 1 4
1 0 3 9 . 6 7 0 5 0 0 - 0 0 - 7 7 . 0 0 - 7 6 . 9 9 3 —0 - 0 0 6 6
10 3 9 . 6  70 6 0 0 . 0 0 - 8 0 - 8 0 - 8 0 . 4 6 4 - 0 - 3 3 6 2
1 0 3 9 . 6 7 0 8 0 0 -  00 - 8 4 . 2 0 - 8 4 . 2 8 0 0 - 0 7 9 5
1 0 3 9 - 6 7 0 1000-  00 - 8 7 - 0 0 - 8 6 . 5 5 3 - 0 . 4 4 6 /
1 0 3 9 - 6 7 0 1 4 0 0 - 0 0 - 9 0 - 7 0 - 8 9 . 2 3 8 -  1 -4 6 2 4
1 0 4 9 . 6 7 0 5 0 0 - 0 0 - 7 2 - 1 0 - 7 2 . 3 9 6 0 - 2 9 5 8
1 0 4 9 - 6 7 0 6 0 0 - 0 0 - 7 7 - 9 0 - 7 7 . 4 5 5 - 0 . 4 4 5 4
1 0 4 9 - 6 7 0 8 0 0 . 0 0 - 8 1 . 9 0 - 8 2 . 1 6 / 0 - 2 6  70
1 0 4 9 - 6 7 0 1 0 0 0 - 0 0 - 8 5 . 0 0 - 8 4 . 7 9 8 - 0 - 2 0 2 1
1 0 4 9 . 6 7 0 1 4 0 0 - 0 0 - 8 8 - 8 0 - 8 7 . 8 2 2 - 0 . 9 / 7 6
1 0 5 9 - 6 7 0 2 0 0 - 0 0 - 1 4 . 5 0 - 1 3 . 8 6 2 - 0 - 6 3 7 7
1 0 5 9 . 6 7 0 5 0 0 . 0 0 - 6 6 - 5 0 - 6 5 . 3 9 4 - 1 -  1061
1 0 5 9 - 6 7 0 6 0 0 - 0 0 - 7 5 - 0 0 - 7 4 . 0 1  / - 0 . 9 8 2 8
1 0 5 9 . 6 7 0 8 0 0 - 0 0 - 7 9 - 9 0 - 7 9 . 9 4 6 0 - 0 4 6 4
1 0 5 9 - 6 7 0 1 0 0 0 - 0 0 - 8 3 . 0 0 - 8 2 . 9 9 5 - 0 . 0 4 8 0
1 0 5 9 . 6 7 0 1 4 0 0 - 0 0 - 8 7 . 0 0 - 8 6 . 3 9 3 - 0 . 6 0 6 9

a v e .  a b s .  d e v i a t i o n  
a v e -  a b s -  d e v i a t i o n  
n u m b er  o f  p o i n t s

0 -7 0 0 U 3 b  B t u / l b
1 - 0 2 5 8 5  %
54



Appendiz C
THEBBODTMAÜIC PBOPEBTf CALCOLATIOBS OF DIETfllLAHlNE

TABLE C l ;  DENSITY CALCULATIONS OF DIETHYLAMINE

T e m p e r a t u r e ,  P r e s s u r e ,  
R p s i a

E x p e r i m e n t a l  
d e n s i t y ,  

i b m o l e / c u . f t .

C a l c u l a t e d
d e n s i t y ,

I b m o l e / c u . t t .

P e r c e n t
d e v i a t i o n

5 9 1 . 3 9 0 1 4 . 7 0 0 0 . 5 7 0 1 9 0 - 5 / 3 6 6 0 . 6 0 9 3
5 9 9 . 6 7 0 1 7 . 0 5 2 0 - 5 6 5 9 2 0 . 5 6 9 2 6 0 - 5 8 9 4
6 1 7 . 6 7 0 2 3 . 3 / 3 0 . 5 5 6 5 3 0 . 5 5 9 4 1 0 . 5 1 7 3
6 3 5 . 6 7 0 3 1 . 3 1 1 0 . 5 4 6 2 9 0 .5 U 9 1 8 0 . 5 2 9 3
6 5 3 . 6 7 0 4 1 . 4 5 4 0 . 5 3 6 0 5 0 - 5 3 8 5 5 0 . 4 6 6 5
6 7 1 . 6 7 0 5 2 . 9 2 0 0 . 5 2 5 8 0 0 . 5 2 / 4 7 0 . 3 1 / 0
6 8 9 . 6 7 0 6 9 . 0 9 0 0 - 5 1 5 5 6 0 . 5 1 5 9 3 0 . 0 7 1 2
7 0 7 . 6 7 0 8 7 . 0 2 4 0 . 5 0 4 4 6 0 . 5 0 3 8 4 - 0 . 1 2 3 4
7 2 5 . 6 7 0 1 0 8 . 6 3 3 0 . 4 9 2 5 1 0 . 4 9 1 1 6 - 0 . 2 7 4 4
7 4 3 . 6 7 0 1 3 3 . 7 7 0 0 . 4 7 9 7 1 0 . 4 /  / a u - 0 . 3 9 9  1
7 6 1 . 6 7 0 1 6 3 . 1 7 0 0 . 4 6 6 0 5 0 . 4 6 3 6 5 - 0 . 5 1 4 2
7 7 9 . 6 7 0 1 9 6 . 9 8 0 0 . 4 5 0 6 9 0 . 4 4 3 5 8 - 0 . 4 6 / 4
7 9 7 . 6 7 0 2 3 3 . 7 3 0 0 . 4 3 5 3 2 0 . 4 3 2 3 2 - 0 . 6 8 9 4
8 1 5 . 6 7 0 2 7 7 . 8 3 0 0 . 4 1 7 4 0 0 . 4 1 4 / 1 - 0 . 6 4 4 8
8 3 3 - 6 7 0 3 2 6 . 3 4 0 0 . 3 9 7 7 7 0 . 3 9 5 1 8 - 0 . 6 5 1 /
8 5 1 . 6 7 0 3 7 9 . 2 6 0 0 . 3 7 3 8 7 0 . 3 7 2 8 4 - 0 . 2 / 6 4
8 6 9 . 6 7 0 4 4 1 . 0 0 0 0 . 3 4 1 4 3 0 - 3 4 6 4 2 1 .4 6 0  2

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

0 . 5 0 5 9 6  % 
17

-  1 26  -



TABLE C2: VAPOB PHESSÜEE CALCULATIONS OF DIETHYLAMINE

127

T e m p e r a t u r e ,
B

P r e s s u r e ,
p s i a

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

p s i a

C a l c u l a t e d  
v a p o r  p r e s s u r e ,  

p s i a

P e r c e n t
d e v i a t i o n

5 9 1 . 3 9 0 1U. 700 1 4 . 7 0 0 1 4 . 6 6  3 - 0 . 2 5 2 /
5 9 9 . 6 7 0 1 7 . 0 5 2 1 7 . 0 5 2 1 7 . 1 0 1 0 . 2 8 6 5
6 1 7 . 6 7 0 2 3 . 3 7 3 2 3 . 3 7 3 2 3 . 4 8 4 0 . 4 7 5 8
6 3 5 - 6 7 0 3 1 . 3 1 1 3 1 . 3 1 1 3 1 . 5 6 3 0 . 8 2 1 2
6 5 3 . 6 7 0 «1.U5U 4 1 . 4 5 4 4 1 . 6 3 2 0 . 4 2 8 /
6 7 1 . 6 7 0 5 2 . 9 2 0 5 2 . 9 2 0 5 3 . 9 6 3 1 . 9 / 0 8
6 8 9 . 6 7 0 6 9 - 0 9 0 6 9 . 0 9 0 6 8 . 8 8 3 - 0 . 2 9 9 9
7 0 7 . 6 7 0 8 7 .0 2 U 8 7 . 0 2 4 3 6 . 7 0 9 - 0 . 3 6 2 1
7 2 5 . 6 7 0 1 0 8 . 6 3 3 1 0 8 . 6 3 3 1 0 / .  /80 - 0 . 7 3 0 8
7U3.67U 1 3 3 . 7 7 0 1 3 3 . 7 7 0 1 3 2 . 5 0 0 - 0 . 9 5 2 5
7 6 1 . 6 7 0 1 6 3 . 1 7 0 1 6 3 . 1 7 0 16 1 .2 5 0 - 1 .  1 7 /0
7 7 9 . 6 7 0 1 9 6 . 9 8 0 1 9 6 . 9 8 0 1 9 4 . 4 9 0 - 1 . 2 6 2 5
7 9 7 . 6 7 0 2 3 3 . 7 3 0 2 3 3 . 7 3 0 2 3 2 . 6 0 0 - 0 . 4 3 1 3
8 1 5 . 6 7 0 2 7 7 . 8 3 0 2 7 7 . 8 3 0 2 7 6 - 3 2 0 - 0 . 5 4 3 6
8 3 3 . 6 7 0 3 2 6 . 3 4 0 3 2 6 . 3 4 0 3 2 6 . 1 4 0 — 0 . 0 6  11
8 5 1 . 6 7 0 3 7 9 . 2 6 0 3 7 9 . 2 6 0 38 2 .  I /O 0 . 7 6 6 8
8 6 9 . 6 7 0 « 4 1 . 0 0 0 4 4 1 . 0 0 0 4 4 6 . 0 4 0 1. 1434
8 8 7 . 6 7 0 5 0 5 . 6 8 0 5 0 5 . 6 8 0 51 / . 9 8 0 2 . 4 3 2 9

a v e .  a b s .  
n u m b e r  o f

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

0 . 8 0 5 5 8
18



Appendix D
7HEBHODTHAHIC PROPERTY CALCULATIONS OF TETBAHIDBOFOBAN

TABLE D1: DENSITY CALCULATIONS OF TETEARÏDBGF DRAN

T e m p e r a t u r e ,
R

P r e s s u r e ,
p s i a

E x p e r i m e n t a l  
d e n s i t y ,  

I b m o l e / c u . f t .

C a l c u l a t e d  
d e n s i t y ,  

I b m o l e / c u -  f t .

P e r c e n t
d e v i a t i o n

4 5 5 . 6 7 0 0 , 2 8 3 3 3 0 . 8 0 0 0 0 0 , 8 0 4 5 1 0 . 5 6 3 2
4 7 3 . 6 7 0 0 . 5 2 7 0 7 0 . 7 9 2 2 1 0 . 7 9  5 9 / 0 . 4 7 4 2
4 9 1 . 6 7 0 0 . 9 2 8 2 9 0 . 7 8 4 4 1 0 .  /8741 0 . 3 4 / 8
5 0 9 , 6 7 0 1 , 5 5 8 7 5 0 . 7 7 6 2 7 0 . 7 / 8 0 3 0 . 2 2 6 3
5 2 7 - 6 7 0 2 . 5 0 8 5 0 0 . 7 6 8 1 4 0 . 7 6 8 6 4 0 . 0 6 5 3
5 3 6 . 6 7 0 3 . 1 3 6 3 5 0 . 7 6 3 9 8 0- /6 3 8 5 - 0 . 0 1 / 2
5 4 5 . 6 7 0 3 . 8 9 0  35 0 . 7 5 9 6 5 0 , 7 5 8 9 9 - 0 . 0 8 / 4
5 6 3 . 6 7 0 5 . 8 3 4 8 0 0 . 7 5 0 8 2 0 . 7 4 9 0 b - 0 . 2 3 4 3
5 8 1 . 6 7 0 8 . 5 0 1 3 5 0 . 7 4 1 4 7 0 . 7 3 8 8 / - 0 . 3 5 1 1
5 9 9 - 6 7 0 1 2 - 0 6 4 0 0 . 7 3 1 4 3 0 .  /2B4U - 0 . 4  144

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

0 . 2 7 8 1 4
10

%

- 128 -
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TABLE D2: VAPOS PRESSURE CALCULATIONS OF TETSAHYDROFUR&N

T e « p s r a t  a r e  
E

,  P r e s s u r e ,  
p s i a

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

p s i a

C a l c u l a t e d  
v a p o r  p r e s s u r e ,  

p s i a

P e r c e n t
d e v i a t i o n

4 5 5 . 6 7 0 0 . 2 8 3 3 3 0 . 2 8 3 3 3 0 .2 8 2 4 1 - 0 . 3 2 3 3
4 7 3 . 6 7 0 0 . 5 2 7 0 7 0 . 5 2 7 0 7 0 . 5 2 / 1 6 0 . 0 1  /O
4 9 1 . 6 7 0 0 . 9 2 8 2 9 0 . 9 2 8 2 9 0 . 9 3 0 3 3 0 . 2 1 9 7
5 0 9 . 6 7 0 1 . 5 5 8 7 5 1 . 5 5 8 7 5 1 . 5 6 3 4 0 0 . 2 9 7 9
5 2 7 - 6 7 0 2 . 5 0 8 5 0 2 . 5 0 8 5 0 2 . 5 1 6 9 0 0 . 3 3 4 3
5 3 6 . 6 7 0 3 . 1 3 6 3 5 3 . 1 3 6 3 5 3 . 1 4 / 5 0 0 . 3 5 6 4
5 4 5 . 6 7 0 3 . 8 9 0 3 5 3 . 8 9 0 3 5 3 . 9 0 1 6 0 0 . 2 8 9 8
5 6 3 . 6 7 0 5 . 8 3 4 8 0 5 . 8 3 4 8 0 5 . 3 4 9 0 0 0 .2 4 3 1
5 8 1 . 6 7 0 8 - 5 0 1 3 5 8 . 5 0 1 3 5 8 . 5 1 1 6 0 0 .  1205
5 9 9 . 6 7 0 1 2 . 0 6 4 0 1 2 . 0 6 4 0 1 2 . 0 6 3 0 - 0 . 0 1 2 3
6 0 8 . 6 7 0 1 4 . 2 4 1 9 1 4 . 2 4 1 9 1 4 .2 3 1 0 - 0 . 0 7 4 6
6 0 9 . 6 7 0 1 4 . 5 0 0 0 1 4 . 5 0 0 0 1 4 . 4 8 9 0 — 0 . 0  / 3o
6 1 7 . 6 7 0 1 6 . 7 1 8 5 1 6 . 7 1 8 5 1 6 . 6 9 5 0 - 0 . 1 4 2 4
6 3 5 . 6 7 0 2 2 - 6 7 8 0 2 2 . 6 7 8 0 2 2 . 6 2 0 0 - 0 . 2 5 4 4
6 5 3 . 6 7 0 3 0 - 1 8 9 0 3 0 . 1 8 9 0 3 0 . 0 6 8 0 - 0 . 4 0 0 4
6 7 1 . 6 7 0 3 9 - 4 6 9 0 3 9 . 4 6 9 0 3 9 . 2 8 3 0 - 0 . 4 / 0 5
7 0 7 . 6 7 0 6 3 . 9 4 5 0 6 3 . 9 4 5 0 6 4 . 0 7 5 0 0 . 2 0 3 3
7 4 3 . 6 7 0 9 9 . 0 3 5 0 9 9 . 0 3 5 0 9 9 . 2 5 0 0 0 . 2 1 6 8
7 7 9 . 6 7 0 1 4 6 . 4 5 0 1 4 6 . 4 5 0 1 4 7 . 2 4 0 0 . 5 3 3 4
8 1 5 . 6 7 0 2 1 0 . 2 5 0 2 1 0 , 2 5 0 2 1 0 . 7 2 0 0 . 2 2 1 3
8 5 1 . 6 7 0 2 9 1 . 4 5 0 2 9 1 . 4 5 0 2 9 2 . 3 8 0 0 . 3 1 9 1
8 8 7 . 6 7 0 3 9 5 . 8 5 0 3 9 5 . 8 5 0 3 9 5 . 5 6 0 - 0 . 0 / 4 0
9 2 3 . 6 7 0 5 2 4 . 9 0 0 5 2 4 . 9 0 0 5 2 2 . 8 3 0 - 0 .  3946
9 5 9 . 6 7 0 6 8 4 . 4 0 0 6 8 4 . 4 0 0 6 / 8 . 1 6 0 - 0 . 9 1 1 6
9 7 2 . 2 7 0 7 2 5 . 5 5 0 7 2 5 . 5 5 0 73 7 . 7 / 0 1. 683 /

a v e .  a b s .  
n u m b e r  o f

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

0 . 3 2 7 7 0  % 
25
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