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CHAPTER I  

THE PROBLEM

A lth o u g h  e x te n s iv e  p ro g re s s  h as  been  made in  th e  developm ent o f 

e q u a t io n s  o f  s t a t e  to  p r e d i c t  th e  b e h a v io r  o f  p u re  com ponents, th e r e  r e ­

m ains y e t  a d i r e  n eed  f o r  im provem ent in  th e  p r e d ic t io n  and c o r r e l a t i o n  

o f  th e  v o lu m e tr ic  b e h a v io r  o f  f l u i d  m ix tu re s .

To th e  p e tro le u m  r e s e r v o i r  e n g in e e r  making v o lu m e tr ic  p r e d i c t i o n s  

f o r  e v a lu a t io n  p u rp o se s  o r  th e  n a t u r a l  gas e n g in e e r  in v o lv e d  in  e s t i ­

m a tin g  f l u i d  p r o p e r t i e s  f o r  d e s ig n  p u rp o s e s ,  th e  need  f o r  a  r e l i a b l e  

p r e d i c t i v e  and c o r r e l a t i v e  m ethod becom es m ore a c u te  as  he d e a ls  w ith  

more and m ore com plex m ix tu re s  a t  e le v a te d  te m p e ra tu re s  and p r e s s u r e s .

At p r e s e n t ,  th e  p h y s ic o c h e m ic a l co n ce p t o f  c o rre sp o n d in g  s t a t e s  

rem a in s  th e  i n d u s t r y ’ s m ost u s e f u l  p r e d i c t i v e  and c o r r e l a t i v e  app ro ach  

in  d e a l in g  w ith  th e s e  f l u i d  sy s te m s . T h is  ap p ro ach  co u ld  be c a l l e d  

s a t i s f a c t o r y  in  th e  s e n s e  t h a t  th e  r e s u l t s  a r e  u s e f u l .  U n fo r tu n a te ly ,  

th e  m ost p r e c i s e  a p p ro a c h e s  a r e  te d io u s  and have to o  h ig h  a  d e g re e  o f 

u n c e r t a in t y  f o r  many com plex m ix tu re s .

Many p a s t  i n v e s t i g a t o r s  have done much to  in c r e a s e  th e  a c c u ra c y  

o f  t h i s  c o n c e p t by in t r o d u c in g  " t h i r d  p a ra m e te r s " .  Two o f  th e s e  m ost 

a c c e p te d  c o r r e c t o r s  a r e  M e issn e r and S e f e r i a n 's  Z^, c r i t i c a l  com­

p r e s s i b i l i t y  f a c t o r ,  and P i t z e r ' s  w, a c e n t r i c  f a c t o r .
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T hese two im provem ents have had  a f a i r  amount o f  su c c e s s  in  

d e a l in g  w ith  l i g h t  h y d ro ca rb o n  sy s te m s . However, t h e i r  common f a i l i n g s ,  

a lo n g  w ith  a l l  o t h e r . e x i s t i n g  t h i r d  p a ra m e te r s ,  a r e :

1 . T h e ir  h ig h  d e g re e  o f  in a c c u ra c y  in  d e a l in g  w ith  h y d ro ­

carb o n  f l u i d  sy stem s c o n ta in in g  v a ry in g  am ounts o f 

any o r  a l l  o f  th e  fo llo w in g  nonh y d ro carb o n  compounds, 

i . e . ,  h e liu m , ca rb o n  d io x id e ,  n i t r o g e n  and  hydrogen  

s u l f i d e .

2 . F a i lu r e  to  a d e q u a te ly  c h a r a c te r i z e  th e  h e p ta n e s  p lu s  

f r a c t i o n s  in  sy stem s c o n ta in in g  th e  sam e.

T h is  s tu d y  w i l l  f i r s t  p ro v id e  a  t h i r d  p a ra m e te r ,  Eykman M o lecu la r 

R e f r a c t io n  (EMR). W ith t h i s  m o d if ie d  ap p ro ach  to  th e  c o rre sp o n d in g  

s t a t e s  c o n c e p t, new gas c o m p r e s s ib i l i ty ,  l i q u i d  d e n s i t y ,  and f l u i d  

v i s c o s i t i e s  c o r r e l a t i o n s  w i l l  be p r e s e n te d .



CHAPTER II

EQUATION OF STATE FOR GASEOUS SYSTEMS

The l i t e r a t u r e  c o n ta in s  num erous e q u a t io n s  o f s t a t e  o f  w hich o n ly  

th r e e  w i l l  be d is c u s s e d  in  t h i s  c h a p te r .  The r e a d e r  w i l l  f in d  a d e q u a te  

d is c u s s io n s  on o th e r  e q u a t io n s  i n  th e  in d e p e n d e n t s tu d ie s  o f  Sarem (1 0 4 ) ,  

S a t t e r  (1 0 5 ) ,  and Buxton (1 1 ) .

A. The I d e a l  Gas Law 

A ll  f l u i d s  fo llo w  d i f f e r e n t  e q u a t io n s  o f  s t a t e .  For a  p u re  gas 

th e  m a th e m a tic a l r e p r e s e n t a t i o n  i s  as  f o l lo w s :

f  (P , V, T) = 0 (2- 1)

3V =  0 ( 2- 2)
T=T

9jP

3V̂
=  0 (2 -3 )

T = T

F ig u re  (2 -1 ) i s  a p i c t o r i a l  r e p r e s e n t a t i o n  o f th e  above e q u a t io n s .  

The s im p le s t  form  o f th e  e q u a t io n  o f s t a t e  i s  th e  f a m i l i a r  i d e a l  gas 

law , i . e . :

PV = RT (2-la)



B. S e m i-E m p iric a l E q u a tio n s  o f  S ta t e  

H i s t o r i c a l l y  th e  m ost c e l e b r a te d  e q u a t io n  o f  s t a t e  I s  t h a t  o f 

van  d e r  W aal. I t  I s  th e  e a r l i e s t  known a t te m p t t o  ta k e  I n to  c o n s i ­

d e r a t io n  th e  e f f e c t  o f  m o le c u la r  volum e and I n te r m o le c u la r  f o r c e s .  The

e q u a t io n  In  I t s  s im p le s t  form  ( f o r  one m ole o f  g a s)  I s :

= RTP +
V

V-b (2 -4 )

w here a = I n te r m o le c u la r  f o r c e  c o r r e c t io n  c o n s ta n t  

b = m o le c u la r  volum e c o r r e c t io n  c o n s ta n t  

The c o n s ta n t s  a  and b , su p p o se d ly  In d e p e n d e n t o f  te m p e ra tu re  and p r e s s u r e ,  

m ust n e v e r th e le s s  be e v a lu a te d  f o r  each  f l u i d  u n d e r  c o n s id e r a t io n .  

C om binations o f e q u a t io n s  ( 2 - 1 ) ,  ( 2 - 2 ) ,  and (2 -3 )  a r e  u sed  f o r  th e  

e v a lu a t io n  o f th e  c o n s ta n t s .

RT

3V (T = T

2a _________

(V ,-b ) 2
=  0 (2 -5 )

1 9V^

2RT

T = T (v ^ -b )-

6a

v j
=  0 ( 2- 6)

from  w hich

a =
RT V c c (2 -7 )

and

( 2- 8 )

(2 -9 )

Inasm uch as  th e  r e l i a b i l i t y  o f c r i t i c a l  volum e (V^) m easurem ents I s  m ore



ISOTHERMS

:r it ic a l
V  POINT

TWO-PHASE
REGION

VOLUME

FIGURE 2 -1 . PICTORIAL REPRESENTATION 
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q u e s t io n a b le  th a n  e i t h e r  c r i t i c a l  p r e s s u r e  o r  c r i t i c a l  te m p e ra tu re ,  

e q u a t io n s  (2 -4 ,  ( 2 - 7 ) ,  and (2 -8 )  can be combined to  g iv e :

27 R^I ^
a  -  ( 2- 10 )

c

RT

c

F ig u re  2-2  i s  a sy stem  o f is o th e rm a l  c u rv e s  o f  a  r e a l  g as  as

r e p re s e n te d  by van d e r  W a a l's  e q u a t io n .  The l i n e  AB i s  th e  cu rv e  
2

P = -  a/V , and BCD i s  th e  cu rv e  V= b . The is o th e rm a l  l i n e s  show t h a t  

below  a c e r t a i n  te m p e ra tu re  P goes th ro u g h  a  maximum, a minimum, and 

th e n  in c r e a s e s  a g a in  as  V d e c r e a s e s .  I n  th e  u p p er r i g h t  hand q u a d ra n t ,  

a t  h ig h  te m p e ra tu re s ,  th e  c u rv es  assume th e  shape  o f  r e c ta n g u la r  h y p e r­

b o la s  as  in  th e  c a se  o f th e  i d e a l  g a s .

C o n s id e ra t io n s  o f  van  d e r  W a a l's  e q u a t io n  have r e v e a le d  t h a t  

a and b a r e  fu n c t io n s  o f  te m p e ra tu re  and p r e s s u r e  in s te a d  o f  m ere con­

s t a n t s .  I t  h as  been  su g g e s te d  t h a t  a t  h ig h e r  te m p e ra tu re s ,  th e  v io le n c e  

o f th e  im pact on c o l l i s i o n s  betw een th e  m o le c u le s  m ig h t be e x p e c te d  to  

cau se  a d e fo rm a tio n  o f  m o le c u la r  s t r u c t u r e ,  a l t e r i n g  th e  v a lu e  o f  a .  

F u rth e rm o re , a t  h ig h  te m p e ra tu re s  and p r e s s u r e  a c tu a l  com p ressio n  o f  th e  

m o le c u le s  th e m se lv es  would le a d  to  th e  v a lu e  o f  b b e in g  a l t e r e d .

Two o f th e  e a r l i e s t  a t te m p ts  to  im prove on th e  van  d e r  Waal 

e q u a t io n  r e s u l t e d  in  th e  fo llo w in g  e q u a t io n s :

a
VRT

( D i e t e r i c i  e q u a tio n )  (2 -12)



1 RT
a = — ^  (2 -1 3 )

'* p e '
c

, RT
b = — %• (2 -14 )

P e c

RT a"
and P = TT-jn -  — r  ( B e r th e lo t  e q u a t io n )  (2 -15 )

TV

27 2
a" -  I I -  - f -  (2 - 16 )

c

RT
b" = (2 -1 7 )

c

C. E m p ir ic a l E q u a tio n s  o f  S ta te »  V i r i a l  C o e f f ic ie n t s  

I n  t h i s  ap p ro ach  th e  e q u a t io n  o f  s t a t e  i s  e x p re s se d  in  th e  form  o f

a power s e r i e s  in  te rm s o f d e n s i ty  o r  p r e s s u r e ,  i . e . :

PV = RT (1 + f  +  - ^  + \  + ............  ) (2 -1 8 )
V V

o r

' * 2  * 4PV = RT + B P + C P + D P + . . .  (2 -1 9 )

I I
w here B, C............... B , C  . . .  a r e  f u n c t io n s  o f  te m p e ra tu re  and a r e  c a l l e d ,

r e s p e c t iv e l y ,  th e  seco n d , t h i r d  and f o u r th  v i r i a l  c o e f f i c i e n t s .

The m ost e s t a b l i s h e d  m ethod f o r  e v a lu a t in g  th e  second  v i r i a l  

c o e f f i c i e n t s  f o r  s im p le  n o n -p o la r  s p h e r i c a l  m o le c u le s  u t i l i z e s  

th e  L en n a rd -Jo n es  p o t e n t i a l  f u n c t io n  ( s e e  F ig u re  2 - 3 ) .

U (r) = 4e — -  — I (2 -20 )
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w here: U (r) = th e  in te r m o le c u la r  p o t e n t i a l  f u n c t io n

ê = th e  m ag n itu d e  o f  th e  p o t e n t i a l  en e rg y  minimum

a = th e  c o l l i s i o n  d ia m e te r  f o r  low v e l o c i t y  c o l l i s i o n

betw een  two m o le c u le s  

r  = d i s ta n c e  o f  s e p a r a t io n  o f  th e  m o le c u le s

E q u a tio n  (2 -2 0 ) shows t h a t  th e  a t t r a c t i v e  p o t e n t i a l  en e rg y  o f a 

p a i r  o f  m o le c u le s  h a s  an  in v e r s e  s i x t h  power dependence on s e p a r a t io n  

and an in v e r s e  tw e l f th  power dependence on r e p u ls iv e  e n e rg y .

F o r p o la r  m o le c u le s  th e  p o t e n t i a l  f u n c t io n  o f  S tockm eyer (117) i s  

w id e ly  u sed  f o r  e v a lu a t in g  th e  seco n d  v i r i a l  c o e f f i c i e n t .  The n a tu r e  

o f th e  h ig h e r  o r d e r  v i r i a l  c o e f f i c i e n t s  a r e  s t i l l  u n d e r d ev e lo p m en t.
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CHAPTER III

THIRD PARAMETERS

Over th e  y e a rs  th e  ap p ro x im ate  n a tu r e  o f  th e  g e n e r a l iz e d  com­

p r e s s i b i l i t y  c h a r t ,  Z = f  (P ^ , T ^ ) ,  h as  prom pted num erous 

i n v e s t i g a t o r s  to  im prove i t  by in t ro d u c in g  o th e r  p a ra m e te r s ,  o r  i d e a l i t y  

c o r r e c t o r s ,  in  a d d i t io n  to  P and TK Kf

Of th e s e  numerous t h i r d  p a ra m e te rs  p ro p o se d , th e  two m ost w id e ly  

a c c e p te d  a re  M eissn e r and S e f e r i a n 's  c r i t i c a l  c o m p r e s s ib i l i ty  f a c t o r  

Z^, and P i t z e r ' s  a c e n t r i c  f a c t o r ,  w.

I n  a d d i t io n  to  th e  above-m en tioned  s t u d i e s ,  a  more r e c e n t  and 

m e r i to r iu s  s tu d y  by Sarem (104) p ro p o sed  m o le c u la r  r e f r a c t i o n  as a t h i r d  

p a ra m e te r .

B r ie f  sum m aries o f th e s e  th r e e  s tu d ie s  fo llo w .

A. C r i t i c a l  C o m p r e s s ib i l i ty ,  Z^

M eissn e r and S e fe r ia n  o b se rv ed  a  l i n e a r  r e l a t i o n s h i p  betw een  

c o m p re s s ib i l i ty  f a c t o r  a t  s a t u r a t i o n  p r e s s u r e  and th e  c r i t i c a l  com­

p r e s s i b i l i t y  f a c t o r ,  Z^, f o r  82 d i f f e r e n t  compounds ( s e e  F ig u re  3 - 1) .  

F ig u re  (3-2.) shows th e  r e l a t i o n s h i p  betw een f a c t o r s  and red u ce d  p r e s s u r e s  

and te m p e ra tu re s  f o r  s a tu r a t e d  l i q u id s  and v a p o rs .  T hese a u th o rs  th e n  

s u g g e s te d  t h a t  th e  v a r i a t i o n  o f  th e  c o m p r e s s ib i l i ty  f a c t o r s  o f  g a se s  a t

10
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th e  c r i t i c a l  p o in t  m ig h t be  r e l a t e d  to  th e  v a r i a t i o n  o f  th e s e  c o m p re ss i­

b i l i t y  f a c t o r s  a t  any o th e r  and

M a th e m a tic a lly ,  th e  p ro p o sed  e q u a t io n  o f  s t a t e  can be w r i t t e n  as

Z = f  (P ^ . I g .  Z^) (3 -1 )

o r

Z/Zfcf - f (PR- (3-2)

K ay 's  co m b in a tio n  r u l e s ,

T *  = T X ^ + T X _ +     (3 -3 )
c =1 1 =2 2

P *  - P  X, + P X, +   (3 -4 )c Cg 2

*

Z = Z X, + Z X- +   (3 -5 )
c Cĵ  1 c^ 2

a r e  u sed  i n  c o n ju n c tio n  w ith  r e f e r e n c e  c o m p r e s s ib i l i ty  c h a r t s .

B. P i t z e r ' s  A c e n tr ic  F a c to r ,  ai 

P i t z e r  in tro d u c e d  th e  a c e n t r i c  f a c t o r  a s  a c o r r e c t io n  f o r  th e  

d e v ia t io n  o f  th e  in te r m o le c u la r  p o t e n t i a l  o f  a  s u b s ta n c e  from  t h a t  o f 

s im p le  s p h e r i c a l  m o le c u le s ,  Z = f  (Pj^> to). The a c e n t r i c  f a c t o r  i t ­

s e l f  i s  e m p ir ic a l ly  chosen  in  te rm s o f  red u ce d  s a t u r a t i o n  p r e s s u r e  a t  a 

red u ced  te m p e ra tu re  o f 0 .7 0 .  M a th e m a tic a lly ,  th e  r e l a t i o n s h i p  can be 

shown th u s  :

to = 0 ( f o r  a s im p le  f l u i d )

P
to = -  lo g  ~  -  1 .0  (3 -6 )

c



14

and ,

Z = z °  (Pg/r% ) + w 'z ( i )  (Pr » V  (3 -7 )

Z° and z (^ )  a r e  o b ta in e d  from  p l o t s  s im i l a r  to  t h a t  shown in  F ig u re  3 -3 . 

For a  g iv e n  red u ce d  te m p e ra tu re ,  Z° i s  th e  i n t e r c e p t  a t  w=o and i s

th e  s lo p e  o f  th e  c u rv e .

In  t h i s  m ethod K a y 's  r u l e  i s  a l s o  recommended f o r  o b ta in in g  

pseudo c r i t i c a l  p r o p e r t i e s ,  and i s

“mix ■ “1^1 + “2%2 + ..............  “n \

C. L o re n tz -L o re n z ,

Sarem p ro p o sed  th e  L o re n tz -L o re n z  m o le c u la r  r e f r a c t i o n ,  R^, a s  a 

t h i r d  p a ra m e te r  to  c h a r a c te r i z e  a  g iv e n  sy stem  w ith  r e g a rd s  to  non­

i d e a l i t y .  M a th e m a tic a lly  e x p re s se d  Z = f  (Pj^, T^, R ^ ) , w here

n ^-1

n ^+2
—  = n  = 4  'T No (3 -9 )0 h o  b

w here : II = e l e c t r o n i c  p o l a r i z a t i o n  m easured  byb

th e  D - l in e  o f  sodium  

p = d e n s i ty

a = e l e c t r o n i c  p o l a r i z a b i l i t y  b

n  = r e f r a c t i v e  in d e x  

MW = m o le c u la r  w e ig h t 

N = Avogadro number 

F or p r e d ic t in g  th e  c o m p r e s s ib i l i ty  f a c t o r  o f  m ix tu re s ,  th e  m o la r 

a v e ra g e  m o le c u la r  r e f r a c t i o n  i s  d e te rm in e d  by th e  fo rm u la ,
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n

mix
(3 -1 0 )

1=1

and a  no rm al p u re  h y d ro ca rb o n  w hich h a s  a  m o le c u la r  r e f r a c t i o n  e q u iv a le n t

to  th e  v a lu e  o f i s  ch o sen . (T h is  co u ld  a l s o  be  done by i n t e r ­
mix

p o in t in g  betw een  two r e f e r e n c e  s u b s ta n c e s . )  Then lo o k  up th e  

c o m p r e s s ib i l i ty  f a c t o r  f o r  th e  r e f e r e n c e  s u b s ta n c e  a t  th e ' te m p e ra tu re  

and p r e s s u r e  c o n d i t io n s .

The p ro p o sed  co m b in a tio n  r u l e  i s  t h a t  o f  L e lan d  and M u e lle r ,  

and i s  a s  fo llo w s  f o r  v ap o r m ix tu re s .

1 /a
n

I I j
i = l  1=1

Z T c c
a+1 ' 0 .5

Pc

Z T c c
a+ l\ 0 .5

Û ft

I I XiXj
i = l  j = l

h i f V c ' 0 - 3 3 3  1  i
2 , P ^ 2 1 P I

\ c i  \  ̂ h

(3 -1 1 )
n

I *  I =*1 (Z ,)
 i = l

Û n /z  T \  0 .3 3 3 Iz T 0 .3 3 3 "

I
i = l

1

j = l

1
2

( 4

c c 
P

c j

(3 -1 2 )

w here a i s  e m p i r ic a l ly  d e te rm in e d  to  b e  a  f u n c t io n  o f  te m p e ra tu re  and 

p r e s s u r e  as  fo l lo w s :



a = -  .75

T I  X P
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+ 2 .4 4  f o r  0 .4  < F =

P I  T(
1

T I  P(

< 2 . 0 .

(3 -1 3 )

a = 2 .2  f o r  F < 0 .4 ,  a = 1 .0  f o r  F > 2 .0

F or s a tu r a t e d  l i q u id s  m ix tu re s  s e t  a = 1 .0 ,  th e  co m b in a tio n  r u l e  now i s .

and .

T =

n  n z  T  “+1\ / z  T “+1
c e  I I C C

i = l  1=1

0 .5

Zi
n n

I  î  x , x .

i = l  j = l

Z T c c
0 .5 Z T c c

0 .5

l/a

(3 -1 4 )

P =

T, î  Xj (Z )̂ 
 1=1_______ j

n

ï  I X, X,
z I  ,  0-5 fz T 'C C I  I C C

i = l  j = l
1 j P,

(3 -1 5 )

D. C r i t iq u e  o f

Sarem a d e q u a te ly  showed th e  s u i t a b i l i t y  o f m o le c u la r  r e f r a c t i o n  

a s  a  t h i r d  p a ra m e te r . However, b o th  th e  c h o ic e  o f  m o le c u la r  r e f r a c t i o n  

fo rm u la  and th e  p roposed  m ethod o f Use o f  t h i s  p a ra m e te r  d e s e rv e s  

comment;

L o re n tz -L o re n z , in  a r r iv i n g  a t  th e  c o n s ta n c y  o f  t h e i r  m o le c u la r  

r e f r a c t i o n  fo rm u la , c a lc u la te d  th e  e l e c t r o n i c  p o l a r i z a t i o n  on an
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e l e c t r o n  by assum ing  t h a t  th e  e l e c t r o n  was a t  th e  c e n t e r  o f  a  s p h e r i c a l  

c a v i ty  ( s e e  F ig u re  3 - 4 ) ,  th e  p o l a r i z a t i o n  on th e  w a l l s  o f  w hich p roduced  

th e  f i e l d  a t  th e  c e n t e r .

T h is  o p t i c a l  i s o t r o p i c  co n ce p t assum es t h a t  th e  m o le c u le s  a re  

s u f f i c i e n t l y  w id e ly  s e p a r a te d  so t h a t  th e y  do n o t a f f e c t  each  o t h e r 's  

o r i e n t a t i o n .  I t  i s  o b v io u s  t h a t  t h i s  c o n d i t io n  i s  m ore l i k e l y  s a t i s f i e d  

i n  th e  v a p o r  p h ase  and n o t  in  th e  l i q u i d .  M oreover, i t  i s  g e n e r a l ly  

a g re e d  by e x p e r t s  on l i g h t  s c a t t e r i n g  t h a t  a l l  known m o le c u le s  a r e  

a n i s o t r o p i c ,  t h a t  i s ,  p o l a r i z a b l e  to  d i f f e r e n t  e x te n ts  in  d i f f e r e n t  

d i r e c t i o n s .  T h is  means t h a t  th e  r e f r a c t i v i t y  o f  a l i q u i d  i s  i n  r e a l i t y  

an  a v e ra g e  e f f e c t  b ro u g h t a b o u t by th e  in d i v id u a l  c o n t r i b u t i o n  o f  th e  

v a r io u s  m o le c u le s  o r i e n t e d  r e l a t i v e  t o  one a n o th e r  and to  th e  f i e l d  o f 

in c id e n t  r a d i a t i o n .  Hence th e  re a s o n  why th e  L o re n tz -L o re n z  e q u a t io n  

i s  d i f f e r e n t  in  th e  g a se o u s  p h ase  t o  th e  l i q u i d  p h a s e .

A ccep tan ce  o f  S a re m 's  ap p ro ac h  w hereby one ch o o ses  a  r e f e r e n c e  

s u b s ta n c e  i s  h in d e re d  by th e  f a c t  t h a t :

1 . The L o re n tz -L o re n z  m o le c u la r  r e f r a c t i o n  fo rm u la  (R^)

i s  n e i t h e r  c o n s ta n t  when g o in g  from  th e  g a se o u s  to

th e  l i q u i d  s t a t e  n o r  a t  e l e v a te d  te m p e ra tu re s  and 

p r e s s u r e s .

2_. The a d d i t i v i t y  o f  i s  o n ly  t r u e  f o r  a  g iv e n

homogeneous s e r i e s .  S a re m 's  m ethod c o n ta in s  no

recom m endation  f o r  f l u i d  sy stem s c o n ta in in g  p o la r  

compounds o r  o th e r  n o n - p a r a f f i n i t i e  h y d ro c a rb o n s .

S in ce  d i f f e r e n t  s e r i e s  o r  co m b in a tio n  o f  s e r i e s  

can  have th e  same R^, i t  i s  n o t  h a rd  to  v i s u a l i z e  

th e  p re d ic a m e n t one can  g e t  in t o  in  t r y in g  to  choose 

th e  c o r r e c t  r e f e r e n c e  s u b s ta n c e .



CHAPTER IV

MOLECULAR REFRACTION

To be a b le  to  p r e d i c t  p h y s ic a l  p r o p e r t i e s  from  known c o n s t i t u t i o n  

and s t r u c t u r e  i s  u n d o u b te d ly  o f  trem endous v a lu e  b o th  from  a  t h e o r e t i c a l  

as  w e l l  as p r a c t i c a l  p o in t  o f  v iew . These p h y s ic a l  p r o p e r t i e s  a r e  v i t a l  

in  p r e d ic t in g  p r e s s u r e ,  vo lum e, and te m p e ra tu re  b e h a v io r .

We know from  wave m ech an ics  t h a t  i t  i s  t h e o r e t i c a l l y  p o s s ib le  to  

d e te rm in e  th e  e l e c t r o n i c  s t r u c t u r e  o f  m o le c u le s  by s o lv in g  th e  

S c h ro d in g e r  wave e q u a t io n s .  H owever, in  a c t u a l  p r a c t i c e ,  an  e x a c t  

s o lu t i o n  o f  th e  S c h ro d in g e r  e q u a t io n  i s  o n ly  p o s s ib le  in  th e  s im p le s t  

and m ost i d e a l i z e d  c a s e s ,  such  a s  one e l e c t r o n  p r e s e n t  in  one atom , o r  

one atom in  one m o le c u le . However, by m e asu rin g  th e  r e f r a c t i v e  in d e x  o f 

a s u b s ta n c e ,  i t  i s  p o s s ib le  to  o b ta in  a  g r e a t  d e a l  o f  in fo rm a tio n  con­

c e rn in g  th e  e l e c t r o n i c  s t r u c t u r e  o f  th e  c o n s t i t u t i n g  atom s and m o le c u le s .

The e l e c t r i c  f i e l d ,  s e t  up by an in c id e n t  l i g h t  w ave, in d u c e s  a 

fo rc e d  v i b r a t i o n  among th e  m o le c u le s .  T h is  r e a c t io n  o f  th e  m o le c u le s  i s  

r e s p o n s ib le  f o r  th e  r e f r a c t i v e  in d e x .

The m o la r volum e o f  a  s u b s ta n c e  i s  th e  r a t i o  o f  th e  m o le c u la r  

w e ig h t to  th e  d e n s i ty  and i s  an a d d i t iv e  and c o n s t i t u t i v e  p r o p e r ty .

M olar o r  m o le c u la r  r e f r a c t i o n  i s  th e  p ro d u c t o f  a d im e n s io n le s s  fu n c t io n  

o f  r e f r a c t i v e  in d e x  m u l t i p l i e d  by th e  m o la r volum es o f  th e  su b s ta n c e

20
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u n d e r c o n s id e r a t io n .  M o le c u la r  r e f r a c t i o n  i s  a c h a r a c t e r i s t i c  p r o p e r ty  

o f  any s u b s ta n c e  in  th e  g a se o u s , l i q u i d ,  o r  s o l id  s t a t e ,  from  w hich  d e­

t a i l s  on s t r u c t u r e  co u ld  be o b ta in e d .

Today th e  two m ost w id e ly  a c c e p te d  e q u a t io n s  f o r  com puting  

m o le c u la r  r e f r a c t i o n s  a re  th e  L o re n tz -L o re n z  e q u a t io n s  and th e  Eykman 

e q u a t io n .  The fo rm er i s  h ig h ly  t h e o r e t i c a l  and i s  b a sed  on M a x w e ll 's  

e le c tro m a g n e tic  th e o ry  o f l i g h t ,  w h ile  th e  l a t t e r  i s  e m p i r ic a l ly  

r e l i a b l e  in  b o th  s im p le  and com plex sy s te m s .

A. L o re n tz -L o re n z  E q u a tio n  

B ased on M ax w ell's  c l a s s i c a l  th e o ry  o f  d i e l e c t r i c s  and th e  

a ssu m p tio n  t h a t  a l l  m o le c u le s  o f a su b s ta n c e  a r e  s p h e r i c a l  p e r f e c t  con­

d u c to r s ,  C la s s iu s  was a b le  to  show th e  fo llo w in g  r e l a t i o n s h i p :

e = ( l+ 2 g ) / ( l - G )  (4 -1 )

w here e = M ax w ell's  d i e l e c t r i c  c o n s ta n t

Ç = volum e o ccu p ied  by th e  m o le c u le s
volum e a p p a re n t ly  o ccu p ied  by th e  m o le c u le s

Upon expand ing  we h av e :

E -  Eg = 1+2g (4-2)

—Eg—2g = 1—E (4-3)

g(E+2) = e -1 (4-4)

(4-5)

M axw ell h as  shown t h a t  f o r  a  n o n -m ag n e tic  m e d ia , th e  d i e l e c t r i c  c o n s ta n t  

was e q u a l  to  th e  sq u a re  o f  th e  r e f r a c t i v e  in d e x  p ro v id e d  t h a t  th e  same 

wave le n g th  o f  e l e c t r o n i c  v i b r a t i o n  was u s e d . The common p r a c t i c e  i s  to  

m easu re  th e  r e f r a c t i v e  in d e x  (h e n c e , m o le c u la r  r e f r a c t i o n )  in  th e  r e g io n
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o f v i s i b l e  l i g h t  u t i l i z i n g  th e  y e llo w  l i g h t  (a b o u t 5893 A) o f  th e  Sodium 

D l i n e  ( s e e  F ig u re  4 - 1 ) .

So we may w r i te

C = (4 -6 )
( n + 2 )

I t  i s  now p o s s ib le  to  co n c lu d e  t h a t  th e  d im e n s io n le s s  r e f r a c t i v e  in d e x  

fu n c t io n  Ç i s  th e  t r u e  volum e o f  th e  m o le c u le s  in  u n i t  vo lum e. I f  p i s  

th e  d e n s i ty  o f  th e  s u b s ta n c e ,  th e n  p/Ç i s  th e  t r u e  d e n s i ty  o f  th e  m ole­

c u l e s ,  w ith o u t in te r m o le c u la r  s p a c e s ,  w h ile  th e  r e c i p r o c a l  Ç/p w ould be 

th e  t r u e  volum e o f u n i t  m ass o f th e  m o le c u le s .  I f  W i s  d e s ig n a te d  as  

th e  a b s o lu te  w e ig h t o f  a m o le c u le  o f  th e  s u b s ta n c e ,  th e n  th e  t r u e  volum e 

o f  a m o le c u le  sh o u ld  be ÇW/p. However, i f  in s te a d  o f  W we s u b s t i t u t e  MW, 

m o le c u la r  w e ig h t , th e n  we have th e  e v e r  famous L o re n tz -L o re n z  m o le c u la r  

r e f r a c t i o n  e q u a t io n ;

Rp = ÇMW/p = [ (n ^ -1 )  /  (n ^ + 2) ] ~  (3 -9 )

B ecause m o le c u la r  r e f r a c t i o n  h as  th e  d im en sio n s o f volum e many a u th o rs  

have r e f e r r e d  to  i t  a s  th e  t r u e  m o lar volum e. H owever, t h i s  i s  n o t  ab­

s o l u t e l y  c o r r e c t  f o r  th e  m ere re a s o n  t h a t  m o le c u la r  w e ig h ts  a r e  

r e l a t i v e  num bers; m o le c u la r  w e ig h ts  as  th e y  a re  g e n e r a l ly  u sed  i s  n o t  

th e  a b s o lu te  w e ig h t o f  th e  a c t u a l  m o le c u le s  in  a volum e o f s u b s ta n c e .

I t  i s  f o r  t h i s  re a so n  t h a t  in  th e  above e q u a t io n  i s  i n  a c t u a l  f a c t ,  

p r o p o r t io n a l  to  th e  t r u e  volum e o f  th e  m o lecu le  i n  a gram m o le c u la r  

q u a n t i ty  o f th e  s u b s ta n c e .

B. Eykman E q u a tio n  

As a l re a d y  m e n tio n e d , t h i s  e q u a t io n  i s  p u re ly  e m p ir ic a l .  In  1895
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Eykman, w h ile  exam ining  th e  co n s ta n c y  o f  th e  G lad s to n e  and D a le , and th e  

L o re n tz -L o re n z  s p e c i f i c  r e f r a c t i o n  fo rm u la  f o r  d i f f e r e n t  hom ologous 

s e r i e s  a t  e le v a te d  te m p e ra tu re s  found t h a t :

1 . The G la d s to n e  and D ale fo rm u la  ( n - l ) / p  gave low 

v a l u e s .
2 1

2 . The L o re n tz -L o re n z  fo rm u la  [ (n - 1 ) / (n + 2 )] — gave 

h ig h  v a lu e s .

Eykman th e n  p ro cee d ed  to  com pare th e  two m o le c u la r  r e f r a c t i o n  

fo rm u la s .

(n-l)MW /p G lad s to n e  and D ale (4 -8 )

2 2[ (n - l ) / ( n  + 2 )] MW/p L o re n tz -L o re n z  (4 -9 )

He o b se rv ed  t h a t  th e  o n ly  d i f f e r e n c e  betw een th e  two fo rm u la s  was th e  

d en o m in a to r inasm uch as  th e  G la d s to n e  and D ale fo rm u la  can a l s o  be 

w r i t t e n  as

[ ( n ^ - l ) / ( n + l ) ]  (4 -10)

He re a so n e d  t h a t  s in c e  th e  two c u rv e s  w ere in  f a c t  c o n tin u o u s  f u n c t io n s ,

somewhere betw een th e s e  f u n c t io n s  m ust l i e  a n o th e r  c o n tin u o u s  fu n c t io n  o f
2

r e f r a c t i v e  in d e x  such  t h a t  (n  - l ) / $ ( n )  v a r i e s  w ith  changes in  te m p e ra tu re  

i n  th e  same p r o p o r t io n  to  d e n s i ty .  The fo rm u la  s a t i s f y i n g  th e  cu rv e  o f 

th e  d e s i r e d  fu n c t io n  i s

[ ( n ^ - l ) / ( n + 0 .4 ) ]  ^  (4 -1 1 )

In  h i s  r e s e a r c h  he  showed t h a t  a t  120°C, th e  d e v ia t io n s  f o r  th e  L o re n tz -

L orenz fo rm u la  w ere o f  th e  o rd e r  o f  + 0 .7  to  1 .3  p e r  c e n t ,  w hereas th e

p ro p o sed  fo rm u la  was o f  th e  o rd e r  o f  + 0 .1  p e r  c e n t .
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C. EMR and O p tic a l  P r o p e r t i e s  a t  th e  C r i t i c a l  P o in t  

T h e o r e t i c a l ly  th e  v iew  i s  h e ld  t h a t  th e  v e l o c i ty  o f  l i g h t  i s  th e  

same th ro u g h  a l l  s u b s ta n c e s  a t  th e  c r i t i c a l  p o in t ,  and a s  such  a l l  su b ­

s ta n c e s  sh o u ld  have th e  same r e f r a c t i v e  in d e x  a t  th e  c r i t i c a l  p o in t .  

U sing num erous d iv e r s e  o rg a n ic  com pounds. Sm ith (109) showed th e  

c r i t i c a l  r e f r a c t i v e  in d ex  to  be n e a r ly  e q u a l  to  th e  t h e o r e t i c a l  v a lu e  

o f  1 .1 2 6 . By s o lv in g  th e  Eykman e q u a t io n  in  th e  fo llo w in g  fo rm .

” c -  [2 .1 8 5  + 0 .7357  M»
c L J

(4 -1 2 )

a v a lu e  o f a p p ro x im a te ly  1 .127  i s  o b ta in e d  f o r  th e  c r i t i c a l  r e f r a c t i v e  

in d ex  o f"n o rm a l"  o i l  f i e l d  f l u i d  com ponents. T ab le  4 -1  shows th e  

c r i t i c a l  r e f r a c t i v e  in d ic e s  f o r  s e v e r a l  com ponents o f  i n t e r e s t .

T here  e x i s t  e q u a l ly  v a l id  c o r r e l a t i o n s  betw een  Eykman M o le c u la r  

R e f r a c t io n  and o th e r  c r i t i c a l  p r o p e r t i e s .  F ig u re s  4 -2 ,  4 -3 ,  and 4 -4  

show a r e g u la r  r e l a t i o n s h i p  betw een  c r i t i c a l  d e n s i ty ,  te m p e ra tu re  and 

p r e s s u r e ,  v i s c o s i t y ,  and c r i t i c a l  c o m p r e s s ib i l i ty  o f  th e  n o rm al h y d ro ­

ca rb o n s  w ith  Eykman M o lecu la r  R e f r a c t io n .

P re v io u s  i n v e s t i g a t o r s  have p ro p o sed  e q u a t io n s  f o r  d e te rm in in g  

c r i t i c a l  te m p e ra tu re s ,  p r e s s u r e s  and volum es m aking u se  o f  m o le c u la r  

r e f r a c t i o n .  Wan (127) su g g e s te d

T^ = 7 .0 2  R^ + 2 3 .1  ( f o r  l i q u i d  p a r a f f i n  h y d ro ca rb o n s)  (4 -1 3 )

M eissn e r (76) p ro p o sed  th e  fo llo w in g  r e l a t i o n s h ip :  

T^ = [5850 + C ] / ( P g ) l '* 5 (4-14)



26
1 I S S

= 0.55 [1 .5  (P^) + 9 -  4.34 (R^) ] (4-15)

= 60.3 T^/[1 .5  (P^) + 9 -  4 .34  (R^) ] (4-16)

w here : = c r i t i c a l  te m p e ra tu r e ,  °C

P^ = c r i t i c a l  p r e s s u r e ,  a tm o sp h eres

= c r i t i c a l  vo lum e, c u b ic  c e n t im e te r s  p e r  gram m ole 

P^ = S u g d e n 's  p a ra c h o r

= (MW) 7
P

MW = m o le c u la r  w e ig h t 

Y = s u r f a c e  te n s io n  in  dynes p e r  c e n t im e te r  

Pg = th e  v a p o r  d e n s i ty  i n  gram s p e r  c u b ic  c e n t im e te r  

P^ = l i q u i d  d e n s i ty  in  gram s p e r  c u b ic  c e n t im e te r

C = a  c o n s ta n t  d ep end ing  on th e  c l a s s  o f  compound

D. Summary

T here  i s  one and o n ly  one way t h a t  any m o le c u la r  r e f r a c t i o n  

e q u a t io n ,  h ig h ly  t h e o r e t i c a l  o r  p u re ly  e m p ir ic a l  m ust p ro v e  i t s e l f ,  

and t h a t  i s  by i t s  a b i l i t y  to  p r e d i c t  s u c c e s s f u l ly  th e  dependence o f  

r e f r a c t i v e  in d e x  on te m p e ra tu re  and p r e s s u r e .  The Eykman form  o f th e  

m o le c u la r  r e f r a c t i o n  e q u a t io n  h as  been  shown in  r e c e n t  y e a r s  to  

r e p r e s e n t  w e ll  th e  e f f e c t  o f  p r e s s u r e  and  te m p e ra tu re  on th e  r e l a t i o n ­

sh ip  betw een d e n s i ty  and r e f r a c t i v e  in d e x .

C o n s id e ra b le  e v id e n c e  e x i s t s  t h a t  shows t h a t  th e  

L o re n tz -L o re n z  m o le c u la r  r e f r a c t i o n  s p e c i f i e s  to o  l a r g e  a  change in  

r e f r a c t i v e  in d e x  f o r  a g iv e n  in c re m e n t o f  d e n s i ty  when r e f r a c t i v e  

in d e x  and d e n s i ty  change a s  a  r e s u l t  o f  chan g in g  te m p e ra tu re  and
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p r e s s u r e .  T h is  means t h a t  i s  more p r e c i s e l y  r e p r e s e n te d  m a th e m a tic a lly

as

*D

w here : y = f ( p ) .

n ^ - l

n^+2
~  = Ilg = ^ 2 .+  y) NUg (4-17)

F ig u re  4-5 i s  a co m parison  o f  th e  L o re n tz -L o re n z  and Eykman 

s p e c i f i c  r e f r a c t i v e  in d ex  fu n c t io n s  f o r  th e  i s o th e r m a l  co m p ress io n  o f 

p e n ta n e . The c u rv e s  a l l  show l e s s  d e v ia t io n  w ith  th e  Eykman e q u a t io n .  

F ig u re  4-6  shows th e  i n a b i l i t y  o f th e  L o re n tz -L o re n z  r e f r a c t i v e  i n t e r ­

c e p t to  p r e d i c t  c o r r e c t ly  th e  dependence o f  r e f r a c t i v e  in d e x  on p r e s s u r e .  

The d o t te d  l i n e  r e p r e s e n t s  th e  p r e d ic te d  c u rv e ,  and th e  c i r c l e s  th e  

e x p e r im e n ta l v a lu e s .  F ig u re s  4-7  and 4 -8  a r e  o th e r  co m p ariso n s  o f 

e x p e r im e n ta l p r e s s u r e - t e m p e r a tu r e - r e f r a c t iv e  in d e x  r e l a t i o n s h i p s  u s in g  

th e  L o re n tz -L o re n z  m o le c u la r  r e f r a c t i o n  r e l a t i o n s h i p  and t h a t  o f  Eykman.
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TABLE 4 -1  

CRITICAL REFRACTIVE INDICIES

G ases and V apors

Component
Sm ith 

R ef. (109)

E q u a tio n  4-12 
and D e n s ity  

from API 
P r o je c t  44

E x tr a n o la te d  
V alue From 
R ef. (1)

Oxygen 1 .126 - -

C arbon D io x id e 1 .124 - -

S u lp h u r D iox ide 1 .128 - -

M ethane 1 .126

In o rg a n ic  L iq u id s  and Condensed Gases

Oxygen 1 .124 - -

C arbon D iox ide 1 .1 0 1 - -

S u lp h u r D iox ide 1 .126 - -

Hydrogen S u lp h id e 1 .146

O rgan ic  L iq u id s

n -P e n ta n e 1 .125 — -

n -H ep tan e - 1 .128 -

n -O c tan e - 1 .127 -

n-N onane -■ 1.127 -

n-D ecane - 1 .127 -

n-U ndecane - 1 .127 -

n-D odecane — 1.127 -
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CHAPTER V

EXPERIMENTAL INVESTIGATION

Inasm uch as  th e r e  e x i s t  a  p l e n t i f u l  su p p ly  o f r e l i a b l e  b a s ic  PVT 

d a ta  in  th e  l i t e r a t u r e ,  th e r e  was no need  f o r  e l a b o r a te  e x p e r im e n ta l 

work i n  t h i s  s tu d y . The s o le  p u rp o se  o f  th e  l im i t e d  e x p e rim e n ts  

c a r r i e d  o u t was to  a s s i s t  i n  co n firm in g  some o f th e  c h a r a c t e r i s t i c s  o f 

m o le c u la r  r e f r a c t i o n  and f o r  com paring th e  Eykman e q u a t io n  w ith  th e  

L o re n tz -L o re n z  e q u a t io n .

A. F lu id s  Used 

R esea rch  g ra d e  sam ples (99 m ole p e r  c e n t  p u r i t y )  o f norm al 

h e p ta n e , o c ta n e ,  n onane , d e c a n e , undecane and dodecane w ere u sed  to  

make t h i r t e e n  d i f f e r e n t  m ix tu r e s .  The ran g e  o f th e  p r o p e r t i e s  o f  w hich 

a r e  g iv e n  below :

Range

M o lecu la r  W eight (1 1 0 .6 -1 5 7 .7 )

D e n s ity  _ gm/cc 0 .6 9 3 0 -0 .7 3 6 3

R e f r a c t iv e  In d ex  @ 25°C 1 .39?,71-1 .41551

Eykman M o le c u la r  R e f r a c t io n  8 3 .6 3 -1 1 8 .4 2

y ~ cp . 0 .5 0 8 0 -1 .1 2 3
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1. ALIDADE 17. DRIP TROUGH
3. SCALE 19 . WATER
4. VERNIER CONNECTIONS
5. SCALE MAGNIFIER 21. HAND WHEEL
7. SCALE SWITCH 22. ADJUSTING NUT
8. SCALE LAMP 23. SODIUM LAB-ARC

CONNECTOR 24. LAB-ARC
12. TELESCOPE TRANSFORMER
14. KNURLED HEADS 26. LAMP BRACKET
15. PRISM BOX

31.
LOCK SCREW 

PRISM HINGE

SKETCH 1 

THE PRECISION REFRACTOMETER
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9 -  WORKING PRISM
10 -  ILLUMINATING PRISM
11 -  TUBULATION
12 -  TELESCOPE 
15 -  PRISM BOX

19 -  SHUTTER
17 -  DRIP TROUGH
18 -  DRAIN PLUG
19 -  WATER CONNECTIONS 
31 -  PRISM HINGE

SKETCH 2 

PRISM SYSTEM
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B. E x p e rim e n ta l Equipm ent and P ro c e d u re  

A Bausch and Lomb P r e c is io n  R e fra c to m e te r  (F ig u re  5 -1 ) equ ip p ed  

w i t h 's o d i u m  D lamp (5893D) was u sed  to  m easure  th e  r e f r a c t i v e  I n d ic e s  

o f b o th  th e  p u re  com ponents and th e  m ix tu re s  a t  25°C.

A P r e c is io n  T em peratu re  c o n t r o l l e r  (F ig u re  5 -2 ) co n n ec ted  to  th e  

p rism  c o u p lin g  In  w hich th e  therm om eter was m ounted , m a in ta in e d  a  con­

s t a n t  te m p e ra tu re  o f 25°C + 0 .05°C  on fa c e  o f  th e  p r ism .

The d e n s i t i e s  o f th e  p u re  com ponents and m ix tu re s  w ere m easured  

two ways u s in g  (1) a S eed ere r-K o h lb u sch  ch a ln o m a tlc  b a la n c e  and (2)

10 m i l l i t e r  pycnom eters .

O stw ald v is c o m e te rs  w ere u t i l i z e d  In  th e  v i s c o s i t y  d e te r m in a t io n s .



CHAPTER VI

EXPERIMENTAL RESULTS

A. EM R-M olecular W eight R e la t io n s h ip  

I t  h a s  been  found from t h i s  i n v e s t i g a t i o n  t h a t  th e  Eykman 

M o le c u la r  R e f r a c t io n  i s  an a d d i t iv e  q u a n t i ty  and b e a rs  a l i n e a r  r e l a t i o n ­

s h ip  w ith  m o le c u la r  w e ig h t ( s e e  F ig u re s  6 -1  and 6 -2 ) f o r  b o th  th e  p u re  

p a r a f f i n  h y d ro ca rb o n s  and t h e i r  m ix tu re s .

An
[EMR]^i^ = I X.(EMR)^ (6 -1 )

i = l

o r

^ ^ i , i 4 - l  “ l^n-t-0.4 Pi,i+1

A s im i l a r  p l o t  to  th e  L o re n tz -L o re n z  e q u a t io n  y i e ld s  two d i s t i n c t  

s lo p e s  -  one f o r  th e  l i g h t  h y d ro ca rb o n s  and a n o th e r  f o r  th e  h e a v ie r  ones. 

A lth o u g h  th e  change in  s lo p e  i s  s m a l l ,  i t  n e v e r th e le s s  e x i s t s .

The s t r a i g h t  l i n e  e q u a t io n  f o r  th e  EM R-molecular r e l a t i o n s h i p  i s :

EMR = 2 .1 8 5  + 0 .7357  MW. (6 -4 )

w here MW = m o le c u la r  w e ig h t o f  th e  p a r a f f i n  p u re  com ponent o r  

m ix tu r e .

40



41
T a b le  6 -1  i s  an e r r o r  a n a l y s i s  o f th e  c u rv e  f i t .  I t  shows an a v e ra g e  

e r r o r  o f  0 .0  p e r  c e n t  and an  a v e ra g e  a b s o lu te  e r r o r  o f 0 .0 5 5  p e r  c e n t .

B ased on a l l  c o m p a ra tiv e  s tu d ie s  in  t h i s  i n v e s t i g a t i o n ,  th e  

Eykman e q u a t io n  was found to  be s u p e r io r  to  t h a t  o f  L o re n tz -L o re n z  and 

was t h e r e f o r e  u sed  f o r  a l l  f i n a l  c o r r e l a t i o n s .

B. EMR-EMRI-Densitv R e la t io n s h ip

A u s e f u l  f u n c t io n  (w ith in  a  hom ologous s e r i e s )  i n  th e  a n a ly s i s  

o f  com plex l i q u i d  h y d ro ca rb o n  m ix tu re s  i s  th e  Eykman M o le c u la r  

R e f r a c t i v i t y  I n t e r c e p t  (EMRI).

EMRI = ( ( n ^ - l ) / ( n  + 0 .4 ) ) / p  (6 -5 )

The s u p e r i o r i t y  o f  f i t  se e n  in  F ig u re  6 -3  (a lo n g  w ith  th e  v e r i ­

f i c a t i o n  i n  th e  l i t e r a t u r e )  means t h a t  th e r e  e x i s t s  an e a s i l y  m e a su ra b le  

c h a r a c t e r i z a t i o n  p a ra m e te r  f o r  any com plex h y d ro ca rb o n  sy stem s c o n ta in in g

h e p ta n e  p l u s .  A l l  t h a t  i s  n e c e s s a ry  i s  to  m easure th e  d e n s i ty  o f  th e

h e p ta n e s  p lu s  a t  any te m p e ra tu re  and th e n  go to  th e  p l o t  o f  EMR v e r s u s  

d e n s i ty  s q u a re d ,  a t  v a r io u s  te m p e ra tu re s  (F ig u re  6 - 4 ) .  The m o le c u la r  

w e ig h t o f  th e  h e p ta n e s  p lu s  i s  e a s i l y  o b ta in e d  by s u b s t i t u t i n g  th e  v a lu e  

o f  EMR in t o  th e  fo llo w in g  e q u a t io n :

M ol. Wt. = -  2 .9 7 0  + 1 .3591  EMR (6 -6 )

An e q u a l ly  v a l i d  ap p ro ach  i s  to  m easure  th e  d e n s i ty  o f th e  

h e p ta n e s  p lu s  a t  any te m p e ra tu re ,  th e n  e n t e r  th e  p l o t  o f  EMRI v e r s u s  

d e n s i ty  (F ig u re  6 - 3 ) ,  w ith  th e  v a lu e  o f  EMRI e n t e r  a p l o t  o f  EMRI v e rs u s  

EMR (F ig u re  6 -5 ) o r  MW (F ig u re  6 - 6 ) ,  depend ing  upon th e  p a ra m e te r  o f  

i n t e r e s t .
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The e a se  and p r e c i s e n e s s  o f  t h i s  te c h n iq u e  i s  p a r t i c u l a r l y  

s i g n i f i c a n t .  N e i th e r  i s  p o s s i b le  t o  t h i s  d eg ree  when u s in g  o th e r  t h i r d  

p a ra m e te rs  w ith  m ix tu re s  show ing th e  h e p ta n e s  p lu s  as  th e  h e a v ie s t  

f r a c t i o n .
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TABLE 6 -1

CURVE FIT AND ERROR ANALYSIS OF MOLECULAR WEIGHT 

WITH EYKMAN MOLECULAR REFRACTION

Eykman
M o lecu la r
R e f r a c t io n

M o le c u la r
W eight

C a lc u la te d
M o le c u la r

W eight
P e r  Cent 
D e v ia t io n

16 .042 13 .987 1 3 .988 -0 .0 1 0

30.068 24 .307 24 .307 -0 .0 0 3

44 .094 34 .628 34 .627 0 .0 0 1

5 8 .120 44 .948 4 4 .946 0 .0 0 2

72 .146 5 5 .3 0 2 55 .266 0 .0 6 4

86 .172 65 .575 65 .585 -0 .0 1 6

100.198 75 .875 75 .905 -0 .0 3 9

110.578 83 .6 3 0 8 3 .542 0 .1 0 5

112.495 85 .046 8 4 .952 0 .1 0 9

114 .224 8 6 .193 8 6 .224 -0 .0 3 6

120.042 90 .463 90.505 -0 .0 4 6

120.346 90 .584 90 .728 -0 .1 5 9

121.346 91 .458 9 1 .4 6 4 -0 .0 0 7

127.906 96 .3 5 1 9 6 .291 0 .0 6 2

128.250 96 .529 9 6 .544 -0 .0 1 5

130.449 98 .228 9 8 .162 0 .0 6 7

132.462 99 .730 9 9 .643 0 .0 8 7

133.145 9 9 .9 9 1 100 .145 -0 .1 5 4

140.468 105 .561 105 .533 0 .0 2 6

140 .791 105 .691 105 .771 -0 .0 7 5

141.105 105 .927 106 .002 -0 .0 7 0

142.276 106 .859 106 .863 -0 .0 0 4

156.302 117 .173 117 .183 -0 .0 0 8

157.729 118 .422 118 .232 0 .1 5 9
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TABLE 6-1 -  C on tin u ed

Eykman
M o lecu la r
R e f r a c t io n

M o le c u la r
W eight

C a lc u la te d
M o le c u la r

W eight
P e r  C ent 
D e v ia t io n

170.378 127 .499 127 .539 -0 .0 3 1

A verage e r r o r  = 0 .0 0 0  p e r  c e n t  

A verage a b s o lu te  e r r o r  = 0 .0 5 5  p e r  c e n t  

EMR = 2 .185  +  0 .7357  MW 
MW = -  2 .9 7 0  + 1 .3591  EMR
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CHAPTER VII

CONSTRUCTION PROCEDURE FOR 

COMPRESSIBILITY CHARTS

The many a d v a n ta g e s  o f u s in g  m o le c u la r  r e f r a c t i o n  a s  a t h i r d  

p a ra m e te r  d i c t a t e d  an  in v e s t i g a t i o n  o f  i t s  u se  in  p r e d ic t in g  th e  com­

p r e s s i b i l i t y  o f gas  m ix tu re s .  T h is  n e c e s s a r i l y  r e q u ir e d  c o n s t r u c t io n  

o f a  new s e t  o f c h a r t s  and th e  fo rm u la t io n  o f  new co m b in a tio n  o r  

m ix ing  r u l e s .
*

E x p e rim e n ta l d a ta  from  tw e n ty - f iv e  m ix tu re s  w ere u sed  to  con­

s t r u c t  th e  c h a r t s .  The ra n g e s  o f p r e s s u r e s  and te m p e ra tu re s  s tu d ie d  

w ere betw een  15 p s i a  to  7000 p s i a  and 40°F to  175°F , r e s p e c t i v e l y ;  a 

t o t a l  o f 598 p r e s s u r e  p o in t s  a t  s ix ty - o n e  te m p e ra tu re  c o n d i t io n s .  

T ab le  7 -1  shows th e  ra n g e s  o f  n o n -h y d ro ca rb o n  c o n te n t  o f th e  m ix tu re s  

s tu d ie d .  A more d e t a i l e d  t a b u la t i o n  o f  th e  m ix tu re s  s tu d ie d  can  be 

found in  A ppendix E.

A. C o m p re s s ib i l i ty  C h a rt No. 1

F i r s t  p l o t s  o f  th e  r a t i o  o f c r i t i c a l  te m p e ra tu re  t o  c r i t i c a l  

p r e s s u r e  and th e  r a t i o  o f  c r i t i c a l  te m p e ra tu re  to  th e  s q u a re  r o o t  o f 

c r i t i c a l  p r e s s u r e  v e r s u s  EMR w ere c o n s t r u c te d .  (F ig u re s  7 -1  and 7 -2 ,  

r e s p e c t i v e l y . )

See R e fe re n c e s  ( 9 ) ,  ( 1 1 ) ,  (1 0 4 ) ,  (105) and (137)
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Each m ix tu re  was s p l i t  up i n t o  a pseudo b in a ry .  M ethane , a lo n g  

w ith  th e  o th e r  n o n -h y d ro c a rb o n s  (Ng, COg, HgS, e t c . )  form ed one g roup 

o f th e  b in a r y  and th e  re m a in in g  h y d ro ca rb o n s  (C^g) form ed th e  o th e r .

The a d d i t i v e  EMR f o r  each  g roup was d e te rm in e d  and a c r i t i c a l  te m p era ­

t u r e  and p r e s s u r e  o f  each  m ix tu re  was d e te rm in e d  g r a p h ic a l l y .  A 

sam ple c a l c u l a t i o n  i s  shown in  A ppendix L.

R educed te m p e ra tu re s  and p r e s s u r e s  f o r  th e  61 te m p e ra tu re  and 

598 p r e s s u r e  p o in t s  w ere c a l c u la t e d .  At each  red u ce d  te m p e ra tu re  con­

d i t i o n  a  s p l in e  cu rv e  r o u t in e  was u sed  to  d e f in e  th e  c u rv e  o f 

e x p e r im e n ta l  c o m p r e s s ib i l i ty  f a c t o r s  v e r s u s  red u ce d  p r e s s u r e s  a t  

s e l e c t e d  re d u c e d  p r e s s u r e s  (1714 p r e s s u r e  p o i n t s ) . The s p l in e  cu rv e  i s  

a p ie c e w is e  c o n tin u o u s  c u b ic  p o ly n o m ia l th ro u g h  th e  g iv e n  p o in t s  p r e ­

s e rv in g  c o n t in u i t y  o f th e  f i r s t  and second  d e r i v a t i v e s .

S t a r t i n g  from  a  red u ced  p r e s s u r e  o f 1 .0 0  and in c r e a s in g  in  

in c re m e n ts  o f 0 .5 ,  th e  b e s t  l e a s t  sq u a re s  f i t  o f  e x p e r im e n ta l  com­

p r e s s i b i l i t y  f a c t o r  v e r s u s  red u ced  te m p e ra tu re s  a t  c o n s ta n t  red u ced  

p r e s s u r e s  w ere c a r r i e d  o u t .  The c o n s ta n t s  o b ta in e d  w ere u sed  to  c a r r y  

o u t an  e r r o r  a n a ly s i s  o f th e  c a l c u la te d  c o m p r e s s ib i l i ty  f a c t o r s  v e r s u s  

t r u e  e x p e r im e n ta l  f a c t o r s .  I n  no c a se  d id  th e  a v e ra g e  e r r o r  o f  th e  

a v e ra g e  a b s o lu te  e r r o r  exceed  0 .2 3  and 3 .5 5  p e r  c e n t ,  r e s p e c t iv e l y .  

T a b le  7 -2  g iv e s  a  more d e t a i l e d  a c c o u n t.

F ig u re  7 -3 , a p p r o p r ia te ly  l a b e l l e d  c o m p r e s s ib i l i ty  c h a r t  number 

1 , i s  th e  end r e s u l t  o f  t h i s  ap p ro ac h .

B. C o m p re s s ib i l i ty  C h a rt No. 2

In  t h i s  ap p ro ach  th e  pseudo c r i t i c a l  te m p e ra tu re  was o b ta in e d  

s im i l a r  to  K ay’ s  m ethod , i . e . :
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TABLE 7-1

NONHYDROCARBON CONTENT OF MIXTURES STUDIED

Ranges o f
No. o f N onhydrocarbon

Components M ix tu re s Mol P e r  Cent

^n^2n+2 6 -

^n^2n+2 ^2 3 N , = 3 .7 5  -  7 .50

Cn*2n+2 +  CO, 4 CO2 = 0 .4 0  -  12 .92

Cn^2n+2 ^2^ 5 H,S = 4 .7 0  -  19 .7 0

Cn*2n+2 +  ^2 +  CO, 4 N^ = 0 .52  -  0 .8 1  

CO2 = 1 .8 0  -  20 .16

Cn«2n+2 +  » ,  + CO2 + «2^ 3 N2 = 0 .4 6  -  0 .52  

CO2 = 0 .3 0  -  1 .3 1  

H2S = 5 .7 0  -  22 .60
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n

*
I V ,  -  T ,  (7 -1 )

i= l

However, th e  pseudo c r i t i c a l  p r e s s u r e  was o b ta in e d  g r a p h ic a l l y  from  a 

p lo t  o f  th e  r a t i o  o f  c r i t i c a l  te m p e ra tu re s  to  c r i t i c a l  p r e s s u r e s  v e r s u s  

EMR, as  seen  in  F ig u re  7 -1 . In  o rd e r  to  d e te rm in e  from  F ig u re

7 -1 , th e  same b in a ry  ap p ro ach  u t i l i z e d  in  m ethod 1 was a d o p te d . A 

sam ple c a l c u l a t i o n  i s  g iv e n  in  A ppendix L.

A f te r  c a l c u la t in g  th e  red u ced  p r e s s u r e s  and te m p e ra tu r e s ,  th e  

cu rv e  f i t t i n g  r o u t in e  was s im i l a r  to  t h a t  used  in  th e  c o n s t r u c t io n  o f 

c o m p r e s s ib i l i ty  c h a r t  number one.

In  t h i s  m ethod, up to  and in c lu d in g  a red u ce d  p r e s s u r e  o f  6 .5 0 ,  

th e  a v e ra g e  e r r o r  was s l i g h t l y  g r e a t e r  th a n  m ethod o n e , w h ile  th e  

av e ra g e  a b s o lu te  e r r o r  was l e s s .  H owever, from  a  red u ce d  p r e s s u r e  o f

7 .0 0 , b o th  th e  av e ra g e  e r r o r  and th e  a v e ra g e  a b s o lu te  e r r o r  w ere g r e a t e r  

th a n  th e  p re v io u s  m ethod. The r e s u l t s  o f  th e  e r r o r  a n a ly s i s  a re  

t a b u la te d  in  T ab le  7 -2 . H ere i t  i s  seen  t h a t  th e  maximum a v e ra g e  e r r o r  

and maximum av e ra g e  a b s o lu te  e r r o r  w ere -9 .8 8  and 9 .8 9  p e r  c e n t ,  

r e s p e c t iv e l y ,  a t  a P̂  ̂ o f 7 .0 0 .  The c o m p r e s s ib i l i ty  c h a r t  c o n s t ru c te d  

by t h i s  ap p ro ach  i s  shown in  F ig u re  7 -4 .

C. C o m p re s s ib i l i ty  C h art No. 3 

In  t h i s  m ethod i t  i s  su g g e s te d  th a t  th e  s im p le  s p h e r i c a l  non­

p o la r  m o le c u le s  w ith  th e  e x c e p tio n  o f  m ethane be  g rouped  to g e th e r ;  

e th a n e  p lu s  h y d ro ca rb o n s  fo rm ing  a  second  g ro u p , w h ile  m ethane and p o la r  

m o lecu le s  form  a  t h i r d  g ro u p . The re a s o n  f o r  g ro u p in g  m ethane w ith  

o th e r  p o la r  m o le c u le s  i s  a s  f o l lo w s .  Due to  th e  t i g h t n e s s  o f  i t s
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e l e c t r o n i c  s h e l l  (b ro u g h t on by th e  sym m etric  d i s t r i b u t i o n  o f  a d ja c e n t  

p o s i t i v e  c h a r g e s ) , m ethane shows ab n o rm a lly  low r e f r a c t i o n  in  com­

p a r is o n  to  th e  o th e r  members o f th e  no rm al p a r a f f i n  s e r i e s .  T h a t i s ,  

th e  d i f f e r e n c e  betw een th e  EMR o f e th a n e  and m ethane i s  to o  low  in  

com parison  to  th e  d i f f e r e n c e  be tw een  any o th e r  two c o n s e c u t iv e  mem­

b e r s  o f  th e  p a r a f f i n  s e r i e s .  T h e re fo re  i t  was d e c id e d  n o t  to  

c o r r e l a t e  m ethane w ith  th e  e th a n e  p l u s .

M oreover, i t  was found t h a t ,  d ep en d in g  on th e  p a ra m e te rs  to  be 

c o r r e l a t e d ,  th e  EMR v a lu e  o f  m ethane c o r r e l a t e d  b e s t  w ith  th o s e  o f 

p o la r  com pounds; h e n c e , th e  p a r t i c u l a r  g ro u p in g .

A m ix tu re  c o n ta in in g  two o f  th e  th r e e  ty p e s  o f  m o le c u le s  w i l l  

be a pseudo b in a ry  w h ile  one c o n ta in in g  a l l  th r e e  ty p e s  w i l l  be  a 

pseudo t e r n a r y .

S a t t e r  i n  h i s  s tu d ie s  had d ev e lo p ed  a  d im e n s io n ]e s s  p a ra m e te r ,  

F , w hich depends on th e  c h a r a c t e r i s t i c s  o f  th e  m o le c u la r  s p e c ie s .

hP

'  '  Æ  .........................................

w h ere , h  = F la n k 's  c o n s ta n t

m p m ass o f  a  s in g l e  m o le c u le  

k  = B o ltz m a n n 's  c o n s ta n t  

T = te m p e ra tu re  

kT ■ en e rg y  p e r  m o lecu le  

E q u a tio n  (7 -2 )  can  be  w r i t t e n  c o n v e n ie n t ly  a s ,

F -  5 .6 6 5  (MW)^/^ ..................................  (7 -3 )
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w h ere , = c r i t i c a l  p r e s s u r e  -  p s i

= c r i t i c a l  te m p e ra tu re  -  °R 

MW = m o le c u la r  w e ig h t

P lo t s  o f  X -  th e  r e c i p r o c a l  o f  S a t t e r * s  d im e n s io n le s s  fu n c t io n  F 

v e r s u s  EMR and th e  r a t i o  o f c r i t i c a l  te m p e ra tu re  to  c r i t i c a l  p r e s s u r e  

r a i s e d  to  th e  one t h i r d  power (F ig u re s  7-7 and 7 -8 , r e s p e c t iv e ly )  w ere 

u sed  to  o b ta in  red u ced  te m p e ra tu re s  and p r e s s u r e s .  The a c t u a l  con­

s t r u c t i o n  o f  th e  c h a r t  was s im i l a r  t o  th e  p re v io u s  o n e s .

F ig u re  7-5 i s  th e  r e s u l t i n g  c o m p r e s s ib i l i ty  c h a r t .  An e r r o r  

a n a ly s i s  s im i l a r  to  t h a t  u sed  in  th e  p re v io u s  m ethods was c a r r i e d  o u t 

on th e  p o in t s  u sed  in  th e  p lo t  o f t h i s  c o m p r e s s ib i l i ty  c h a r t .  The 

maximum a v e ra g e  e r r o r  and a v e ra g e  a b s o lu te  e r r o r  o f  -5 .2 1  and 13 .96  p e r  

c e n t  o c c u rre d  a t  a red u ce d  p r e s s u r e  o f  7 .5 0 . A g la n c e  a t  th e  ta b u la te d  

r e s u l t s  o f th e  e r r o r  a n a l y s i s ,  shown i n  T ab le  7 -2 , w ould r e v e a l  t h a t ,  

from  a  red u ced  p r e s s u r e  o f  5 .0 0 ,  th e  a v e ra g e  a b s o lu te  e r r o r  was in  

e x c e s s  o f 10 .00  p e r  c e n t and in c re a s e d  th e re o n .

A sam ple c a l c u l a t i o n  u t i l i z i n g  t h i s  m ethod can  be found  in  

A ppendix L.

D. C o m p re s s ib i l i ty  C h a rt No. 4 

The g ro u p in g  ad o p ted  in  Method 3 i s  a l s o  u sed  in  t h i s  m ethod . 

A gain u se  i s  made o f  F ig u re  7 -7 ;  h o w ever, in s te a d  o f  F ig u re  7 -8  -  

th e  p lo t  o f  th e  r a t i o  o f c r i t i c a l  te m p e ra tu re  to  c r i t i c a l  p r e s s u r e  

r a i s e d  to  th e  one t h i r d  power v e r s u s  EMR -  F ig u re  7 -9  -  a  p l o t  of 

c r i t i c a l  te m p e ra tu re  v e r s u s  EMR, was u se d .

The end r e s u l t s  o f t h i s  ap p ro ac h  i s  a p p r o p r ia t e ly  la b e le d  

" C o m p re s s ib i l i ty  C h a rt Number 4" (F ig u re  7 - 5 ) .  As i n  p re v io u s  c a s e s .
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an e r r o r  a n a ly s i s  o f th e  p o in t s  p lo t t e d  was c a r r i e d  o u t .  The maximum 

a v e ra g e  e r r o r  and av e ra g e  a b s o lu te  e r r o r  w ere 1 .9 6  and 4 .9 3  p e r  c e n t ,  

r e s p e c t iv e l y ,  and o c c u rre d  a t  a  reduced  p r e s s u r e  o f  6 .5 0 . The r e s u l t s  

o f th e  e r r o r  a n a ly s i s  o f  t h i s  m ethod can be  found in  T ab le  7 -2 ,  and 

a  sam ple c a l c u l a t i o n  in  Appendix L.

F ig u re s  7-10 and 7-11 a re  sam ple c u rv e s  f o r  th e  v a r io u s  

m ethods showing th e  s c a t t e r  in  th e  raw d a ta  a t  a  red u ce d  p r e s s u r e  o f

2 .0 .  T hese c u rv e s  sh o u ld  n o t  be compared s in c e  a v a lu e  o f P = 2 .0  

w ould be d i f f e r e n t  f o r  each  c o m p re s s ib i l i ty  c h a r t .

On th e  b a s i s  o f  th e  e r r o r  a n a ly s i s  ta b u la te d  i n  T ab le  7 -2 , 

th e r e  i s  l i t t l e  to  choose betw een m ethods one and f o u r .  However, 

b eca u se  o f  th e  s im p le r  c a l c u la t io n  p ro c e d u re  in v o lv e d , m ethod one i s  

recommended o v e r method fo u r .

E. P ro c e d u re  f o r  th e  A p p lic a tio n  o f  P roposed  Method

1 . D iv id e  th e  m ix tu re  i n to  two g ro u p in g s , i . e . :

Group 1 -  M ethane, ca rb o n  d io x id e ,  hydrogen

s u lp h id e ,  n i t r o g e n ;

Group 2 -  E thane p lu s  h y d ro c a rb o n s .

2 . I f  h e p ta n e s  p lu s  a r e  p r e s e n t ,  th e n  from  a  l i q u id  

d e n s i ty  m easurem ent a t  any te m p e ra tu re ,  go to  

F ig u re  6 -4  f o r  a  v a lu e  o f  EMR. F ig u re s  6 -3 ,

6-5 and 6-6  can a l s o  be u t i l i z e d  f o r  o b ta in in g  

EMR from d e n s i ty .

3 . For each  g ro u p in g  in  th e  pseudo b in a ry  c a l c u l a t e  

EMR;

EMR  ̂ = (X^*)(EMR)^
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EMR  ̂ = (X^*)(EMR)^

4 . W ith (EMR)^ o b ta in  (T ^/P^) f o r  Group 1 from  cu rv e  1 

in  F ig u re  7 -1  and w ith  (ENR)^ o b ta in  (T ^/P^) f o r  

Group 2 from  cu rv e  2 in  F ig u re  7 -1 .

5 . O b ta in  (EMR)^^^. T h is  can  be o b ta in e d  by two m ethods;

(a ) B e fo re  s te p  one

n

-  I  =̂ 1
i = l

(b) A f te r  s te p  one

n

(EMR)mix = I  X i (EMR^) + (EMR^) 

i = l

6 . W ith a  v a lu e  o f (EMR)^^^ go to  F ig u re  7 -2  and re a d  o f f

T cZ -fc-

7 . W ith v a lu e s  f o r  T /P  and T / v ^  s o lv e  f o r  T and P •c c c c c c

8 . Pj^ = P /P ^

Tj  ̂ = T/T^

9 . From th e  g e n e r a l iz e d  c o m p r e s s ib i l i ty  c h a r t  f o r  t h i s  

m ethod (F ig u re  7 - 3 ) ,  re a d  o f f  v a lu e s  o f  Z f o r  a  g iv e n

"■r  ^R-



TABLE 7-2  

ERROR DISTRIBUTION

C o m p re s s ib i l i ty  C h art

Method 1 Method 2 Method 3 M ethod 4

Number 
o f Z ’ s A verage

A verage
A b so lu te

Number 
o f Z 's A verage

A verage
A b so lu te

Number 
o f z ’s A verage

A verage
A b so lu te

Number 
o f  z ’s A verage

A verage
A b so lu te

C onsi­ E r ro r E r ro r C onsi­ E r ro r E r ro r C onsi­ E r ro r E r ro r C onsi­ E r ro r E r ro r
PR d ered % % d ered % % d ered % % d ered % %

1 .0 0 23 0 .18 2 .7 2 25 0 .4 0 1 .9 6 17 -1 .5 5 1 .73 34 -0 .1 9 1 .5 9
1 .5 0 50 0 .1 9 2 .8 1 54 0 .43 2 .62 52 -0 .4 9 2 .65 61 0 .5 7 1 .7 8
2 .0 0 50 0 .1 8 3 .0 1 54 -2 .9 2 3 .64 52 0 .8 0 4 .2 6 64 1 .2 6 2 .5 1
2 .5 0 50 0 .2 3 3 .3 4 54 0 .85 3 .0 1 52 0 .37 5 .63 64 0 .7 9 2 .8 4
3 .0 0 50 0 .22 3 .5 4 54 1 .96 2 .9 9 52 0 .1 3 6 .1 1 64 0 .6 4 3 .4 2
3 .5 0 50 0 .2 0 3 .5 5 54 0 .5 0 2 .3 0 52 0 .7 7 7.45 64 1 .2 8 3 .6 4
4 .0 0 47 0 .15 3 .2 0 54 0 .73 2 .0 2 52 1 .17 8 .7 6 64 0 .6 6 3 .7 4
4 .5 0 44 0 .1 3 3 .1 2 54 0 .3 9 1 .7 4 52 0 .8 3 9 .85 64 0 .5 6 3 .8 7
5 .0 0 40 0 .15 3 .1 7 54 0 .4 9 1 .63 52 1 .7 0 10.62 64 0 .65 4 .0 4
5 .5 0 34 0 .2 1 2 .8 2 54 0 .17 1 .63 52 1 .35 11 .09 64 1 .0 6 3 .8 0
6 .0 0 32 0 .17 2 .57 54 -0 .2 1 1 .99 52 2 .0 6 11 .46 64 0 .47 3 .8 0
6 .5 0 32 0 .0 3 2 .3 0 49 0 .1 8 1 .7 4 50 1 .5 4 10.68 64 1 .9 6 4 .9 3
7 .0 0 30 —0 .0 8 2 .4 4 39 -9 .8 8 9 .89 53 2 .2 7 13 .22 44 0 .97 4 .57
7 .5 0 25 0 .2 0 1 .9 2 33 -3 .0 9 3 .1 4 -5 .2 1 13 .96 43 -1 .8 5 4 .2 3

Ln
VO

V alues low er th a n  T^ = I .O  a r e  n o t  in c lu d e d  in  th e  e r r o r  a n a ly s i s .  

A verage e r r o r  = ( 1 ( (Z -Z ^^^^ )/Z )* 1 0 0 )/n u m b er o f  p o in t s .

A verage a b s o lu te  e r r o r  = |Z ((Z -Z ^ ^ ^ ^ ) /Z )* 1 0 0 |/num ber o f  p o in t s .
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F . M ixing R ule

In  o rd e r  to  c o n s t r u c t  any g e n e r a l iz e d  c o m p r e s s ib i l i ty  c h a r t .

I t  I s  n e c e s s a ry  to  fo rm u la te  a  m ix ing  r u l e  (o r  c o m b in a tio n  r u le )  to  

a r r i v e  a t  th e  c h a r a c t e r i s t i c  p r o p e r t i e s  o f  m ix tu r e s .  A co m b in a tio n  

r u l e  I s  m e re ly  a  m ethod o f  com bining  th e  v a lu e s  o f  th e  I n t e r a c t i o n  con­

s t a n t s  from  th e  c o rre sp o n d in g  c o n s ta n t s  o f  th e  p u re  g a s e s .

In  th e  developm ent o f  th e s e  m ix ing  r u l e s  ( p s e u d o - c r l t l c a l  

t r e a tm e n t)  f o r  th e  common s e m l-e m p lr lc a l  e q u a t io n s  o f  s t a t e ,  th e  

m ost u sed  schem es f o r  com bining th e  I n t e r a c t i o n  c o n s ta n ts  a r e :

I j  "  2 -  l i n e a r  co m b in a tio n (7 -4 )

 ̂ -  s q u a re  ro o t  co m b in a tio n (7 -5 )

i j
-  L o re n tz  co m b in a tio n (7 -6 )

w h ere ,

a  “  any c o n s ta n t  In  th e  s e m l-e m p lr lc a l  e q u a t io n s  o f 

s t a t e .

I n  th e  ca se  o f  th e  v l r l a l  e q u a t io n ,  th e  com bining  o f  th e  I n t e r ­

a c t io n  c o n s ta n t s  I s  acco m p lish ed  by th e  fo llo w in g  r u l e s  :

' I f 1 /2  (*11 +  O jj) (7 -7 )

'ij (^ii "jj)
1/2

(7-8)

w h ere ,
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« s e p a r a t io n  betw een a  m o le c u le  o f  th e  i t h  k in d  and 

th e  j t h  k in d .

= p o t e n t i a l  en erg y  betw een  a  m o lecu le  o f  i t h  k in d  and 

th e  j t h  k in d .

A summary o f th e  more p o p u la r  p s e u d o c r i t i c a l  o r  co m b in a tio n  

r u l e s  a r e  shown in  T ab le  HI o f  A ppendix H. T hese co m b in a tio n  r u l e s  

w ere dev elo p ed  f o r  n o n -p o la r  g a se s  and gas  m ix tu re s  a n d , as  a  r u l e ,  

have been  y sed  s a t i s f a c t o r i l y  on l i g h t  h y d ro ca rb o n  sy stem s i n  con­

ju n c t io n  w ith  K a tz ’ s g e n e r a l iz e d  c o m p r e s s ib i l i ty  c h a r t s .

I f  one w ere to  exam ine th e  c o m p o sitio n  d a ta  f o r  th e  g as  m ix­

tu r e s  shown in  Appendix F , and th e n  com pare th e  ta b u la te d  p se u d o - 

c r i t i c a l  p r e s s u r e s  and te m p e ra tu re s  f o r  th e  v a r io u s  m ethods shown in  

A ppendix H, one would o b se rv e  t h a t  f o r  th e  l i g h t  h y d ro ca rb o n  m ix tu re s  

th e r e  i s  t r i v i a l  d i f f e r e n c e s  betw een th e  v a r io u s  m e thods. However, f o r  

m ix tu re s  c o n ta in in g  com plex h y d ro ca rb o n s  (h e p ta n e s  p lu s )  o r  p o la r  com­

pounds, th e  d i f f e r e n c e s  betw een th e  c a l c u la te d  p s e u d o c r i t i c a l  v a lu e s  o f 

th e  v a r io u s  m ethods g e t  g r e a t e r  a s  th e  m ix tu re s  become more com plex.

In  an e f f o r t  to  im prove th e  a p p l i c a b i l i t y  o f  th e  v a r io u s  " r u le s "  

to  com plex m ix tu r e s ,  v a r io u s  i n v e s t i g a t o r s  have  a p p l ie d  c o r r e c t io n s  to  

th e  c r i t i c a l  c o n s ta n ts  o f  th e  " o f fe n d in g '*  com ponents. I n  p r a c t i c e ,  

th e s e  c o r r e c t io n s  work w e ll  o n ly  f o r  th e  m ix tu re s  from  w hich th e y  w ere 

g e n e ra te d . I t  i s  r e a s o n a b le  to  co n c lu d e  t h a t  th e  e x i s t i n g  two p a ra m e te r  

p s e u d o c r i t i c a l  ap p ro ac h es  can n o t a d e q u a te ly  a c c o u n t f o r  th e  co m p le x ity  

o f  e f f e c t s  b ro u g h t ab o u t by in te r m o le c u la r  f o r c e s  betw een  m o le c u le s  o f 

d i f f e r e n t  s i z e s  and m o le c u la r  s t r u c t u r e  -  a s  in  a  h y d ro ca rb o n  m ix tu re  

c o n ta in in g  h e p ta n e s  p lu s  f r a c t i o n s  a lo n g  w ith  H^S, CO  ̂ and N^.
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In  t h i s  w ork, on th e  b a s i s  o f  s t r u c t u r e  and o p t i c a l  p r o p e r t i e s ,  

each  m ix tu re  was a r b i t r a r i l y  d iv id e d  i n t o  g ro u p s . The r e l a t i o n s h i p  

betw een  th e  c r i t i c a l  p r o p e r t i e s  o f  th e  p u re  com ponents o f each  g roup  

and th e  Eykman M o le c u la r  R e f r a c t io n  fo rm u la , c o n s t i t u t e d  th e  m ix in g  

r u l e  a p p ro ac h .

F ig u re s  7 -1 , 7 -2 ,  7-7 and 7 -8  a r e  g r a p h ic a l  s o lu t i o n s  o f  th e  

v a r io u s  m ix ing  r u l e s  t r i e d  in  t h i s  s tu d y .  F ig u re s  7 -1  and 7-2  a r e  

th e  recommended c o m b in a tio n s  to  be u sed  in  c o n ju n c t io n  w ith  M ethod 1 .
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CHAPTER VIII

CONSTRUCTION OF GENERALIZED 

LIQUID DENSITY CHART

I t  h as  b een  found  t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  betw een  th e  

Eykman d im e n s io n le s s  r e f r a c t i v e  in d e x  fu n c t io n  and d e n s i t y ,  f o r  th e  

n o rm al h y d ro c a rb o n s  and t h e i r  m ix tu re s  i n  th e  l i q u i d  s t a t e  ( s e e  F ig u re  

8- 1) .

At t h i s  p o in t  i t  i s  to  be r e c a l l e d  t h a t  th e  c o n s ta n c y  o f  th e  

Eykman M o le c u la r  R e f r a c t io n  e q u a t io n  a t  e le v a te d  te m p e ra tu re s  and 

p r e s s u r e s  and i n  b o th  th e  g aseo u s  and l i q u i d  p h a se s  have been  e s ta b ­

l i s h e d .  U t i l i z i n g  d e n s i ty  d a ta  from  th e  API P r o je c t  4 4 , th e  Eykman 

d im e n s io n le s s  r e f r a c t i v e  in d e x  f u n c t io n  and r e f r a c t i v e  i n d i c i e s  w ere 

c a l c u l a t e d  a t  e l e v a te d  te m p e ra tu re s  by means o f  th e  fo llo w in g  r e l a t i o n ­

s h ip s .

L e t ( n ^ -1 ) / (n + 0 .4 )  « (8 -1 )

th e n .

b u t

Sg -  (EMR) p/MW (8-2)

EMR » 2.185 +  0.7357 MW (6-4)

Sg -  p[(2.185/MW) + 0.7357] (8-3)

E q u a tio n  (8 -1 )  can  be w r i t t e n  a s :

74
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-  nCg - 0 . 4  -  1 = 0 (8 -4 )

Solving for n by meant» ol the simple quadratic equation we have:

6 + 4 .0
” ' ------------------- — ---------   (S -5 )

Values for normal heptane to normal dodecane can be found tabulated in 

Appendix Kl.

F ig u re  8-2 i s  a p lo t  o f th e  Eykman d im e n s io n le s s  r e f r a c t i v e  

in d ex  fu n c tio n  v e rs u s  te m p e ra tu re  in  d e g re e s  c e n t ig r a d e  f o r  v a r io u s  

l i q u i d  h y d ro ca rb o n s  and t h e i r  m ix tu re s .  The l i n e s  o f c o n s ta n t  EMR (o r  

MW) w i l l  each develop  some c u rv a tu re  and app ro ach  a v a lu e  o f a p p ro x i­

m a te ly  0.177 a t  t h e i r  r e s p e c t iv e  c r i t i c a l  p o in t  — s in c e  n^ = 1 .1 2 7 .

N ext th e  d a ta  o f D o o l i t t l e  (25) f o r  d e n s i t i e s  o f norm al l i q u id  

h y d ro ca rb o n s  a t  e le v a te d  te m p e ra tu re s  and p r e s s u r e s  w ere used to  con­

s t r u c t  a g e n e ra l iz e d  d e n s i ty  c h a r t  ( s e e  F ig u re  8 - 3 ) .  A sam ple c a lc u ­

l a t i o n  i s  g iv e n  in  A ppendix K2. A d d it io n a l  iso th e rm s  in  F ig u re  8-3  may 

be c o n s tru c te d  in  a s im i l a r  manner to  t h a t  o u t l in e d .

A. P ro ced u re  fo r  th e  A p p lic a tio n  o f  th e  P roposed  Method

Find the density of a pure liquid paraffin hydrocarbon component 

at some elevated temperature and pressure.

1. I f  th e  p u re  component i s  unknown i d e n t i f y  by u s in g  

any of th e  fo llo w in g  f i g u r e s :  6 -3 , 6 -4 ,  6 -5 ,  6 -6 ,

8—1 or 8—2.

2 . I f  th e  p u re  component i s  known, th e n  P ^ , EMR 

and MW a re  known.
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3 . From F ig u re  8 -2  e v a lu a te

4 . From F ig u re  8 -3  o b ta in  p/5g*

5 . S o lve f o r  p a t  th e  r e q u ir e d  te m p e ra tu re  and p r e s s u r e .

F ind  th e  d e n s i ty  o f an  unknown norm al h y d ro c a rb o n  l i q u i d  m ix tu re  

a t  some e le v a te d  te m p e ra tu re  and p r e s s u r e .

1 . M easure th e  d e n s i ty  a t  a tm o sp h e ric  c o n d i t io n s .

2 . O b ta in  EMR from  F ig u re  6 -4 .

3 . G et red u ce d  te m p e ra tu re  and p r e s s u r e  from  e i t h e r

F ig u re s  7 -1  and 7 -2 ,  o r  F ig u re s  7-7 o r  7 -8 .

2 24 . From F ig u re  8-2  o b ta in  (n  - l ) / ( n  + 0 .4 )  by i n t e r ­

p o la t in g  betw een  th e  EMR o r  MW v a lu e s  o f  th e  

p e r t i n e n t  p u re  compounds.

5 . E n te r  F ig u re  8 -4  and com pute th e  v a lu e  o f p a t

th e  r e q u ir e d  c o n d i t io n s .

A sam ple c a l c u l a t i o n  i s  g iv e n  in  A ppendix K2.

U sing p u re  h y d ro ca rb o n  d a ta  th e  c u rv e s  in  F ig u re s  7 -1 , 7 -2 , 7-7  

and 7 -8  can  be e x te n d e d . W ith th e  a p p r o p r ia te  d a t a ,  a d d i t i o n a l  i s o ­

th e rm s may be c o n s tru c te d  in  F ig u re  8 -3 .

B. Summary

C u rre n t l i q u i d  d e n s i ty  c o r r e l a t i o n s  f o r  p u re  com ponents o r 

m ix tu re s  w i l l  a llo w  no b e t t e r  th a n  a c ru d e  a p p ro x im a tio n . i n  th e  m a jo r ­

i t y  o f  c a s e s  th e s e  m ethods u t i l i z e  th e  c o rre sp o n d in g  s t a t e s  co n ce p t and 

a s  su ch  u se  a  r e f e r e n c e  d e n s i ty  to  e v a lu a te  a  red u ce d  d e n s i t y .  The 

r e f e r e n c e  d e n s i ty  i s  f o r  th e  m ost p a r t  th e  c r i t i c a l  d e n s i t y ;  a p ro p e r ty  

n o t  e a s i l y  o b ta in e d  f o r  p u re  com ponents and  o b ta in e d  w ith  c o n s id e ra b ly  

l e s s  a s s u ra n c e  f o r  t h e i r  m ix tu re s .
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The f a c t  i s  t h a t  any  g e n e r a l iz e d  l i q u i d  d e n s i ty  c o r r e l a t i o n  

th a t  u t i l i z e s  a c o n s ta n t  d e n s i ty  datum in  o rd e r  to  o b ta in  red u ce d  

d e n s i t i e s  w i l l  i n e v i t a b l y  r e s u l t  i n  e r ro n e o u s  n u m e ric a l  v a lu e s  f o r  

d e n s i ty .  What i s  needed  i s  a  " V a r ia b le  da tum ", w h ich  w ould make 

a llo w a n c e s  f o r  in t e r m o le c u la r  b e h a v io r  and changes  i n  s t r u c t u r e .  The 

Eykman d im e n s io n le s s  r e f r a c t i v e  in d e x  r a t i o ,  i s  su ch  a datum .
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CHAPTER IX

POTENTIAL APPLICATIONS FOR 

EYKMAN MOLECULAR REFRACTION

T h is  s tu d y  h a s  a l s o  r e v e a l e d  t h a t  EMR i s  a  good c o r r e l a t i n g  

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

t u r e s  a t  a tm o s p h e r ic  p r e s s u r e  and d i f f e r e n t  t e m p e r a t u r e s .  The 

c o r r e l a t i o n  t a k e s  t h e  form o f a  f a m i ly  o f  s t r a i g h t  l i n e s  on a s e m i- lo g  

p l o t  a s  s e e n  i n  F ig u re  9 - 1 ,  and can  be  m a th e m a t ic a l ly  w r i t t e n  a s :

y = io[a+b(EMR)] (9-1)

where a and b a r e  te m p e ra tu r e -d e p e n d e n t  c o n s t a n t s  o f  t h e  g iv e n  s e r i e s .  

S im i l a r  c u rv e s  can  be  drawn f o r  o t h e r  homologous s e r i e s .

M oreover,  t h e r e  h ave  been  p u b l i s h e d  s e v e r a l  g e n e r a l i z e d  c o r r e ­

l a t i o n s  o f  v i s c o s i t y  b ased  on t h e  c o n c e p t  o f  c o r re s p o n d in g  s t a t e s .  A l l  

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

v i s c o s i t i e s .  The r e f e r e n c e  used  i s  e i t h e r  t h e  c r i t i c a l  v i s c o s i t y  o r  

th e  v i s c o s i t y  a t  t h e  t e m p e ra tu r e  i n  q u e s t i o n  b u t  a t  a tm o s p h e r ic  

p r e s s u r e .  S in c e  t h e  v i s c o s i t y  o f  a  f l u i d  m ix tu re  a t  th e  c r i t i c a l  p o in t  

i s  g e n e r a l l y  unknown o r  e a s i l y  e s t i m a t e d ,  t h i s  ap p ro ach  becomes h ig h l y  

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

t o  i t s  v a lu e  a t  t h e  same t e m p e ra tu r e  b u t  a t  a tm o s p h e r ic  p r e s s u r e  as  a
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f u n c t i o n  o f  red u ced  te m p e ra tu re s  and p r e s s u r e s ,  h a v e ,  on o c c a s io n s ,  

g iv e n  a c c e p ta b l e  r e s u l t s .  N e v e r th e l e s s ,  t h e r e  i s  a  g r e a t  d e a l  o f  room 

f o r  im provement. The a u th o r  b e l i e v e s  t h a t  a more r e l i a b l e  g e n e r a l i z e d  

v i s c o s i t y  c u rv e  ( f o r  g a se s  and l i q u i d s )  u t i l i z i n g  th e  d im e n s io n le s s  

Eykman r e f r a c t i v e  in d e x  f u n c t i o n ,  c o u ld  be c o n s t r u c t e d  a s  was done 

in  th e  c a s e  o f  th e  p ro p o sed  g e n e r a l i z e d  l i q u i d  d e n s i t y  c u rv e .  T h e re ­

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

te m p e ra tu re s  and p r e s s u r e s  be u t i l i z e d  f o r  t h i s  p u rp o s e .

E xam ina tion  o f  th e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p u re  h y d ro c a rb o n s  

would r e v e a l  t h a t  t h e r e  i s  an o r d e r l y  b e h a v io r  betw een  th e  Eykman 

M o lecu la r  R e f r a c t i o n  fo rm u la  and s u r f a c e  t e n s i o n ,  l a t e n t  h e a t s  o f  

v a p o r i z a t i o n ,  th e rm a l  c o n d u c t i v i t y ,  h e a t  c a p a c i t y ,  and s o n ic  v e l o c i t y .  

T h e re fo re  i t  i s  r e a s o n a b le  t o  assume t h a t  s i m i l a r  c o r r e l a t i o n s  cou ld  

e x i s t  betw een EMR and th e  m ix tu re  o f  t h e  compounds i n  q u e s t i o n .

The r e s u l t s  o f  t h i s  work, a long  w i th  th e  s u g g e s te d  i d e a s ,  co u ld  

p ro v id e  a good fo u n d a t io n  f o r  f u t u r e  s t u d i e s  o f  t h e  i n t e r r e l a t i o n s h i p  

o f  th e  Eykman M o lecu la r  R e f r a c t i o n  fo rm u la  and t h e  b e h a v io r  o f  h y d ro ­

carb o n  m ix tu r e s .



CHAPTER X

CONCLUSIONS

An im proved e q u a t io n  o f  s t a t e  h a s  been  dev e lo p ed  f o r  complex gas  

m ix tu r e s  c o n ta in in g  b o th  h ig h  m o le c u la r  w e ig h t  non p o l a r  g a s e s ,  h e p ta n e s  

p l u s ,  and one o r  more p o l a r  compounds.

The improved e q u a t io n  o f  s t a t e  makes u s e  o f  Eykman M o le c u la r  

R e f r a c t i o n  (EMR) a s  a t h i r d  p a ra m e te r  and can be f u n c t i o n a l l y  

r e p r e s e n t e d  th u s :

Z = <(> (P%,T^,EMR)

T h is  form of th e  e q u a t io n  o f  s t a t e  h a s  t h e  f o l lo w in g  a d v a n ta g e s  

o v er  th o s e  now i n  u s e .

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

e q u a t io n ,  th e  g e n e r a l i z e d  Z c h a r t  number 1 ,  i s  

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

c h a r t s  i n  e x i s t e n c e .

2 . The p roposed  m ix ing  r u l e  t e c h n iq u e ,  whereby th e  

components o f  a  g iv e n  h y d ro ca rb o n  m ix tu r e  

( c o n ta in in g  o th e r  compounds) a r e  s p l i t  i n t o  two 

g roups  -  HgS, Ng, COg, nC^ and nCg*^ -  i s  s im p le r  

and more r e l i a b l e  th a n  any c u r r e n t  two c o n s t a n t  

pseudo  c r i t i c a l  app roach  w h e th e r  b a sed  on th e

84
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s e m i - e m p i r i c a l  e q u a t io n s  o f  s t a t e  o r  th e  L en n a rd -  

J o n es  P o t e n t i a l  F u n c t io n .

3 .  The p ro p o sed  t h i r d  p a r a m e te r ,  EMR, i s  an e a s i l y  

m e a su ra b le  c h a r a c t e r i z a t i o n  p a ra m e te r  f o r  t h e  

h e p ta n e s  p l u s .

4 .  The v a lu e  o f  EMR v a r i e s  o v e r  a  w ide r a n g e .  From 

13 .984  f o r  Methane (MW = 16 .042) to  127 .499  f o r  

Dodecane (MW = 170.328) making a c c u r a t e  i n t e r ­

p o l a t i o n  p o s s i b l e .

5 . T h is  c h a r a c t e r i s t i c  p a r a m e te r ,  EMR, r e c o g n iz e s  

b o th  i n t e r m o l e c u l a r  f o r c e s  and m o le c u la r

. s t r u c t u r e .

The l i n e a r  r e l a t i o n s h i p  betw een  EMR and m o le c u la r  w e ig h t  f o r  

p u re  components a s  w e l l  a s  t h e i r  m ix tu r e s  ( i n  a  g iv e n  homogenous s e r i e s ) , 

t h e  c o n s ta n c y  o f  EMR w i th  change i n  te m p e ra tu r e  and p r e s s u r e ,  and th e  

f a c t  t h a t  a l l  s u b s ta n c e s  have a p p ro x im a te ly  t h e  same r e f r a c t i v e  in d ex  

a t  th e  c r i t i c a l  p o i n t ,  have l e d  to  c h o ic e  o f  t h i s  p r o p e r ty  as  a 

c h a r a c t e r i z a t i o n  p a ra m e te r  i n  t h i s  improved e q u a t io n  o f  s t a t e .

A new g e n e r a l i z e d  l i q u i d  d e n s i t y  c h a r t  was a l s o  p ro p o s e d .  T h is  

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

l a t i o n  u t i l i z e s  a  " v a r i a b l e "  datum t o  e v a l u a t e  d e n s i t y  a t  new 

te m p e r a tu r e s  and p r e s s u r e s .  The re m a rk a b le  t h i n g  a b o u t  t h i s  v a r i a b l e  

datum i s  th e  f a c t  t h a t  i t  makes a l lo w a n c e s  n o t  o n ly  f o r  i n t e r m o l e c u l a r  

b e h a v i o r ,  as  o t h e r  a p p ro ac h es  do , b u t  i t  a l s o  makes a l lo w a n c e s  f o r  

changes  i n  s t r u c t u r e .
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TABLE Al 

NOMENCLATURE

a = van  d e r  Waal i n t e r m o l e c u l a r  f o r c e  c o r r e c t i o n  c o n s t a n t

a ’ = C o n s ta n t  i n  D i e t e r i c i ’ s  e q u a t io n  o f  s t a t e

a ' '  = C o n s ta n t  i n  B e r t h e l o t ’s e q u a t io n  o f  s t a t e

a = Any c o n s t a n t  i n  th e  s e m i - e m p i r i c a l  e q u a t io n s  o f  s t a t e

b = van  d e r  Waal volume c o r r e c t i o n  c o n s t a n t

b ' = C o n s ta n t  i n  D i e t e r i c i ' s  e q u a t io n  o f  s t a t e

b ’ ' = C o n s ta n t  i n  B e r t h e l o t ' s  e q u a t io n  o f  s t a t e

B(T) = Second v i r i a l  c o e f f i c i e n t  o f  th e  v i r i a l  e q u a t io n  e x p re s s e d
i n  th e  form o f  power s e r i e s  i n  s p e c i f i c  volume

B '(T )  = Second v i r i a l  c o e f f i c i e n t  o f  t h e  v i r i a l  e q u a t io n  e x p re s s e d
i n  t h e  form o f  power s e r i e s  i n  p r e s s u r e

c = C o n s ta n t  i n  e q u a t io n s  o f  s t a t e  o f  p u re  g a se s

c ’ = C o n s ta n t  i n  e q u a t io n s  o f  s t a t e  of g a s  m ix tu r e s

C = C o n s ta n t  i n  e q u a t io n  (4 -14)

C(T) = T h i rd  v i r i a l  c o e f f i c i e n t  o f  t h e  v i r i a l  e q u a t io n  e x p re s s e d
i n  t h e  form  o f  power s e r i e s  i n  s p e c i f i c  volume

C '(T )  = T h i rd  v i r i a l  c o e f f i c i e n t  o f  t h e  v i r i a l  e q u a t io n  e x p re s s e d
i n  th e  form o f  power s e r i e s  i n  p r e s s u r e

D(T) = F o u r th  v i r i a l  c o e f f i c i e n t  o f  th e  v i r i a l  e q u a t io n  e x p re s s e d
i n  t h e  form o f  power s e r i e s  i n  s p e c i f i c  volume

D '(T )  = F o u r th  v i r i a l  c o e f f i c i e n t  o f  t h e  v i r i a l  e q u a t io n  e x p re s s e d
i n  t h e  form  o f  power s e r i e s  i n  p r e s s u r e

e = E x p o n e n t ia l

F = D im e n s io n le s s  m o le c u la r  p a ra m e te r  a s  d e f in e d  i n  e q u a t io n  (7 -2 )

°F = D egree  F a h r e n h e i t

f  = F u n c t i o n a l  n o t a t i o n
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f '  = F i r s t  d e r i v a t i v e  o f  f u n c t i o n

h = P l a n k ' s  c o n s ta n t

i  = S u b s c r ip t  d e n o t in g  i t h  component o r  m o lecu le

j  = S u b s c r ip t  d e n o t in g  j t h  component o r  m o lecu le

"K = D egree K e lv in

k = B o ltzm an n 's  c o n s ta n t

kT = Energy p e r  m o le c u le

L = Length  o f  a m o le c u le

MW = M o lecu la r  w e ig h t

m = Mass of a m o lecu le

N = Number of m o le c u le s  i n  a system

N = A vogad ro 's  number

n = Number o f  components i n  a  system

n = R e f r a c t i v e  in d ex

n = C r i t i c a l  r e f r a c t i v e  indexc

n^ = Number of m oles o f  gas

P = A b so lu te  p r e s s u r e

P^ = S u g d en 's  p a ra c h o r

P^ = C r i t i c a l  p r e s s u r e
*

P^ = P s e u d o c r i t i c a l  p r e s s u r e

Pg = S a t u r a t i o n  p r e s s u r e

P^ = Reduced p r e s s u r e

R = U n iv e r s a l  gas  c o n s t a n t

Rp = L o re n tz -L o re n z  m o le c u la r  r e f r a c t i o n  m easured  by th e  D - l in e
of sodium

°R = Degree Rankine

r  = D is ta n c e  betw een two m o le c u le s

I  = A b so lu te  thermodynamic te m p e ra tu re
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T_ = Reduced te m p e ra tu re

= C r i t i c a l  t e m p e ra tu r e
*

= P s e u d o c r i t i c a l  te m p e ra tu r e  

U (r)  = 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

V = T o t a l  volume o f  a  system

V = M olar volume (v = V/n^)

V = S p e c i f i c  m o la r  volume o f  a  component a t  t h e  p r e s s u r e  and
te m p e ra tu r e  o f  a m ix tu r e

V = C r i t i c a l  volumec

= Reduced volume 

W = A b so lu te  w e ig h t  o f  a  m o le c u le

X = Mole f r a c t i o n  o f  a  component i n  a  m ix tu r e

X = "Pseudo" mole f r a c t i o n  o f  a  component i n  a  m ix tu re

Z = C o m p r e s s ib i l i t y  f a c t o r

Z“ = C o m p r e s s ib i l i t y  f a c t o r  o f  an  i d e a l  s u b s ta n c e  w i th  z e ro
a c e n t r i c  f a c t o r

= S lope  o f  t h e  c o m p r e s s i b i l i t y  f a c t o r  v s  a c e n t r i c  f a c t o r  
c u rv e  a t  a g iv e n  red u ce d  te m p e ra tu r e  and p r e s s u r e

= C r i t i c a l  c o m p r e s s i b i l i t y  f a c t o r

e x p t  = E x p e r im e n ta l

EMR = Eykman M o lecu la r  R e f r a c t i o n

mix = M ix tu re

EMRI = Eykman M o le c u la r  R e f r a c t i v i t y  I n t e r c e p t

a = A f u n c t i o n  o f  t e m p e r a tu r e  and p r e s s u r e

y ( p )  = a  d e n s i t y  f u n c t i o n

Y = S u r fa c e  t e n s i o n

E = M agnitude o f  t h e  p o t e n t i a l  e n e rg y  minimum
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e = D i e l e c t r i c  c o n s t a n t

= C r i t i c a l  d e n s i t y  

Pg = D e n s i ty  o f  v ap o r

p^ = D e n s i ty  o f  l i q u i d

a = C o l l i s i o n  d ia m e te r  o f  low v e l o c i t y  c o l l i s i o n  b e tw -e n  two
m o le c u le s

(f) = F u n c t i o n a l  n o t a t i o n

Hi = A c e n t r i c  f a c t o r

0)’ = P s e u d o a c e n t r i c  f a c t o r  o f  a m ix tu r e

Hg = E l e c t r o n i c  p o l a r i z a t i o n  m easured  by t h e  D - l i n e  o f  sodium

Ug = E l e c t r o n i c  p o l a r i z a b i l i t y

Ç = D im e n s io n le s s  r a t i o  (L o re n tz -L o re n z )

Ç = D im e n s io n le s s  r a t i o  (Eykman)

y = V i s c o s i t y

Pg = L iq u id  v i s c o s i t y

X = R e c ip r o c a l  o f  B a t t e r ' s  d im e n s io n le s s  p a ra m e te r  F
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TABLE El

PHYSICAL CONSTANTS

Compound
M o lecu la r

Weight

C r i t i c a l
T em pera tu re

°R

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

P s i a

nCi 16.042 343.30 673 .10

nC^ 30.068 549.77 708 .30

nCg 44.094 665.95 617 .40

nC^ 58.120 765 .31 550 .70

iso -C ^ 58.120 734.65 529 .10

nC3 72.146 845.60 489 .50

iso -C ^ 72.146 829.80 483 .00

nCô 86.172 914.20 439 .70

iso -C g 86.172 896.60 440 .14

100.198 972 .31 396 .90

■nCg 114.224 1024.31 362 .10

nCg 128.250 1073.00 345 .00

*ClO 142.276 1114.70 306 .00

n C i i 156.302 1153.70 282 .00

nCi2 170.378 1187.70 263 .00

«2 28.016 227.20 492 .00

CO2 44.010 548.00 1073 .00

HgS 34.076 672.70 1306.00

°2 32.000 278.00 730.00
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TABLE Cl

EYKMAN MOLECULAR REFRACTION (EMR), AND w DATA

Sim ple Almost S p h e r i c a l  N o n -P o la r  M o lecu les

Compound

Eykman
M o le c u la r
R e f r a c t i o n Zc 0)

H 1 .117 0 .300e
N 2 .136 0 .307 _

e

«2 4 .365 0 .304 -0 .3 5 4 0

A 8 .837 0 .291 -0 .0 0 2 0

X 21 .828 0 .293 0.0020e

^2 9 .407 0 .292 0 .0350

°2 8 .495 0 .292 -0 .0 1 6 9

CO2 15 .750 0 .275 0.2250

nCi 13 .984 0 .290 0.0130
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TABLE Cl —  Continued

H ydrocarbons

Compound

Eykman
M o lecu la r
R e f r a c t io n Zc w

nC^ 23.913 0 .288 0.0150

nCg 34.316 0 .278 0.1520

nC^ 44.243 0 .274 0.2010

is o -C 44 .741 0 .283 0.1918

“S 55.267 0 .268 0.2520

iso -C ^ 55.302 0 .269 0.2060

nCg 65.575 0 .264 0.2899
iso -C g - - 0 .2824

nCy 75.875 0 .260 0.3520

nCg 86.193 0 .256 0.3992

96.529 0 .250 0.4439

"'=10 106.859 0 .246 0.4869

"<=11 117.173 0 .243 0.5009

nCi2 127.499 0.237 0.5394

P o l a r  M olecu les

HgS 1 9 . 8 2 8  0 . 2 8 4  0 . 1 0 6 0
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TABLE D1 

PURE COMPONENTS 

T em pera tu re  = 25°C

Component
M o lecu la r

Weight
P

( d e n s i t y )

n
( r e f r a c t i v e

index )
n ' - l
n+0.4

n ^ -1  1 
n+0 .4  p p  -

Methane 16.042 13.984

E thane 30.068 23.913

Propane 44 .094 0 .4928 34.316

Butane 58 .120 0.5730 1.32920 0.44342 0.77385 44.9767

P en tan e 72.146 0.6214 1.35472 0.47602 0.76604 55.2667

Hexane 86.172 0.6548 1.37226 0.49829 0.76098 65.5752

H eptane 100.198 0.6795 1.38511 0.51455 0.75725 75.8749

Octane 114.224 0 .6985 1.39505 0.52709 0.75460 86.1934

Nonane 128.250 0.7138 1.40311 0.53725 0.75266 96.5286

Decane 142.276 0.7263 1.40967 0.54550 0.75107 106.8592

Undecane 156.302 0.7366 1.41500 0.55220 0.74966 117.1733

Dodecane 170.328 0.7452 1.41949 0.55782 0.74855 127.4990

o



TABLE D1 —  Continued

Temperature = 20“C

Component
M o lecu la r

Weight
P

( d e n s i t y )

n
( r e f r a c t i v e

index )
n ? - l
n+0 .4

2
n -1  1 

n+0 .4  p n « . 4  p -

Methane

E thane

Propane

16.042

30.068

44.094 0.5005

Butane 58.120 0.5788 1.33260 0.44778 0.77363 44.9634

P e n ta n e 72.146 0 .6262 1.35748 0.47952 0.76576 55.2465

Hexane 86.172 0.6594 1.37486 0.50158 0.76066 65.5476

H eptane 100.198 0 .6838 1.38765 0.51775 0.75716 75.8659

O ctane 114.224 0.7025 1.39743 0.53009 0.75488 86 .1911

Nonane 128.250 0 .7176 1.40542 0.54016 0.75273 96.5376

Decane 142.276 0.7300 1.41189 0.54828 0.75107 106.8592

Undecane 156.302 0.7402 1.41716 0.55490 0.74966 117.1733

Dodecane

Iso -B u ta n e

170.328 0.7487 1.42160 0.56047 0.74859 127.5058

44 .741

o
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TABLE E l

COMPOSITION OF EXPERIMENTAL LIQUID MIXTURES

Components
M ix tu re

1
M ix tu re

2
M ix tu re

3
M ix tu re

4
M ix tu re

5

nCy 0.5508 0.4748 0.4319 0.5555

nCg 0.3038 0.3496 0.4922

nCg 0.2900 0 .2619 0.5078

*^10 0.1454 0.1756 0 .2781

n C ii

"^12 0.1826

M ix tu re M ix tu re M ix tu re M ix tu re M ix tu re
6 7 8 9 10

nCy 0.5325

nCg 0.4868 0.5666 0.3446

n e , 0.1915 0.3086 0.5645

*Cio 0.1810

0.3217 0 .4334 0.3468 0.4355

nC12 0.2865
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TABLE E l — C on tinued

M ix tu re M ix tu re M ix tu re
Components 11 12 13

nC^

nCg

" S 0.5529 0.5417

^^10 0 .2241

n C i i 0 .4471 0.4583 0 .4501

n C i2 0 .3258



TABLE E2

EXPERIMENTAL RESULTS -  MIXTURES 

T em pera ture  -  25°C

Sample
No.

M olecu la r
Weight

P
( d e n s i ty )

n
( r e f r a c t i v e

index )
n ^-1
n+ 0 .4

n ^-1  1 
n + 0 .4  p n'o.l p  -

I 110.578 0.6930 1.39271 0.5241 0.7563 83.6301

2 112.495 0.6955 1.39404 0.5258 0.7560 85.0462

3 120.042 0.7054 1.39862 0.5316 0.7536 90.4636

4 120.346 0.7064 1.39874 0.5317 0.7527 90.5844

5 121.346 0.7069 1.39958 0.5328 0.7537 91.4585

6 127.906 0.7127 1.40281 0.5369 0.7533 96.3516

7 130.449 0.7155 1.40436 0 .5388 0 .7530 98.2281

8 132.462 0.7174 1.40537 0.5401 0.7529 99.7306

9 133.145 0.7198 1.40566 0.5405 0.7510 99.9919

10 140.468 0.7247 1.40898 0.5446 0.7515 105.5617

11 140.791 0.7255 1.40898 0.5446 0.7507 105.6918

12 141.105 0.7259 1.40918 0.5449 0.7507 105.9275

13 157.729 0.7363 1.41551 0.5528 0 .7508 118.4229
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TABLE F I

COMPOSITION DATA FOR CAS COMPRESSIBILITY CHART

M ix tu re  1

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

^2 0 .0046 492.00 227 .20 0 .2920

CO2 0.0050 1073.00 548.00 0 .2750

H2S 0.2260 1306.00 672.70 0 .2840

"1 0 .7561 673.10 343.30 0 .2900

S 0 .0071 708.30 549.77 0 .2880

S 0.0008 617.40 665.95 0 .2780

0 .0 0 0 2 529 .10 734.65 0 .2830

n e , 0 .0 0 0 2 550 .10 765 .31 0 .2770
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TABLE FI —  Continued
Mixture 2

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

^2 0 .0046 492 .00 227 .20 0 .2920

COg 0 .0030 1073.00 548 .00 0 .2750

H2S 0 .1438 1306.00 672 .70 0 .2840

0 .8414 673 .10 343 .30 0 .2900

^2 0 .0059 708 .30 549.77 0 .2880

0 .0008 617 .40 665.95 0 .2780

0 .0003 529 .10 734.65 0 .2830

nC^ 0 .0 0 0 2 550 .70 765 .31 0 .2770
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TABLE F I — C ontinued

M ix tu re  3

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om pressi­

b i l i t y
F a c to r

^2 0.0052 492 .00 227.20 0.2920

CÛ2 0 .0131 1073.00 548.00 0.2750

H2S 0.0570 1306.00 672.70 0.2840

"1 0.9151 673.10 343.30 0.2900

"2 0.0084 708.30 549 .77 0.2880

S 0.0008 617.40 665.95 0.2780

0 .0 0 0 2 529 .10 734.65 0.2830

nC . 4 0 .0 0 0 2 550.70 765 .31 0.2770
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TABLE FI —  Continued
Mixture 4

Component
Mol

F r a c t i o n

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
T em p era tu re

C r i t i c a l
C o m p ress i­

b i l i t y
F a c t o r

0 .8977 673.10 343.30 0 .2900

0.0464 708.30 549.77 0 .2880

^2 0.0053 492.00 227.20 0 .2920

CO2 0.0506 1073.00 548 .00 0 .2750
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TABLE FI —  Continued

Mixture 5

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C o m p re ss i­

b i l i t y
F a c t o r

" l 0 .8520 673 .10 343 .30 0 .2900

0 .0410 708 .30 549 .77 0 .2880

^2 0.0057 492 .00 227 .20 0 .2920

CO2 0 .1013 1073.00 548 .00 0 .2 7 5 0 '
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TABLE FI —  Continued

Mixture 6

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C o m p ress i­

b i l i t y
F a c t o r

" l 0 .7458 673.10 343 .30 0 .2900

"2 0.0474 708.30 549.77 0 .2880

0.0052 492 .00 227 .20 0 .2920

CO- 0.2016 1073.00 5 48 .00 0 .2750
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TABLE FI —  Continued
Mixture 7

Component
Mol

F r a c t i o n

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

( P s ia )

C r i t i c a l
T em pera tu re

CR)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

CO,

0.7593

0.1316

0.1091

673.10

617.40

1073.00

343.30

665.95

548.00

0.2900

0 .2780

0.2750
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TABLE FI —  Continued
Mixture 8

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

CO,

0 .5841

0.2867

0.1292

673.10

708.30

1073.00

343 .30

549.77

548.00

0 .2900

0 .2880

0.2750
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TABLE FI —  Continued
Mixture 9

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em p era tu re

C&)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

H 2 S

0 .8710

0 .0640

0.0650

673 .10

708 .30

1306.00

343 .30

549 .77

672.70

0 .2900

0 .2880

0.2840
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TABLE Fi —  Continued

Mixture 10

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

H 2 S

0 .8310

0.0710

0.0980

673.10

708 .30

1306.00

343.30

549.77

672.70

0.2900

0.2880

0.2840
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TABLE Fi —  Continued

Mixture 11

C r i t i c a l
C r i t i c a l C r i t i c a l C om presa i-

Mol P r e s s u r e T em p era tu re b i l i t y
Component F r a c t i o n (P s ia ) (*R) F a c t o r

H,s

0.8360

0.1170

0.0470

673.10

708.30

1306.00

343 .30

549.77

672.70

0 .2900

0 .2880

0.2840
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TABLE FI —  Continued

Mixture 12

Component
Mol

F r a c t i o n

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
T em p era tu re

C R)

C r i t i c a l
C o m p ress i­

b i l i t y
F a c t o r

HgS

0 .8000

0.1070

0.0930

673 .10

708.30

1306.00

343 .30

549.77

672.70

0 .2900

0 .2880

0.2840
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TABLE El —  Continued

Mixture 13

Component
Mol

F r a c t i o n

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
T em pera tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

H 2 S

0 .7130

0 .0900

0.1970

673 .10

708.30

1306.00

343 .30

549.77

672.70

0 .2900

0 .2880

0.2840
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TABLE FI —  Continued

Mixture 14

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

^1 0.9388 673.10 343 .30 0 .2900

s 0.0395 708.30 549.77 0.2880

s 0 .0 1 2 2 617 .40 665.95 0.2780

i^ 4 0.0091 529 .10 734.65 0.2830

C3S 0.0030 486 .25 837.70 0.2685

C,S 0 .0 0 1 0 439.92 905.35 0.2640
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TABLE Fl —  Continued

Mixture 15

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

" l 0 .9080 673.10 343 .30 0.2900

S 0.0423 708.30 549.77 0.2880

s 0 .0198 617 .40 665.95 0.2780

0 .0138 529 .10 734.65 0.2830

C3 S 0.0063 486.25 837.70 0.2685

0.0043 439.92 905.35 0.2640

0.0055 396.90 972 .31 0.2600
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TABLE Fl —  Continued

Mixture 16

Component
Mol

F r a c t i o n

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
T em p era tu re

(*R)

C r i t i c a l
C o m p re ss i­

b i l i t y
F a c t o r

^2 0 .0 7 5 0 4 9 2 .0 0 227 .20 0 .2920

" l 0 .6007 673 .10 343 .30 0 .2 9 0 0

S 0 .1477 708 .30 549.77 0 .2880

S 0 .1342 617 .40 665.95 0 .2780

iC4 0 .0144 529 .10 734.65 0 .2830

nC^ 0.0237 550 .70 765.31 0 .2770

C,S 0 .0043 486 .25 837 .70 0.2685
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TABLE El '—  Continued
Mixture 17

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

^2
0.0375 492 .00 2 27 .20 0 .2920

^1 0 .5904 673 .10 343 .30 0 .2900

^2 0.2037 708 .30 549.77 0 .2880

S 0 .1403 617 .40 665.95 0 .2780

0 .0081 529 .10 734.65 0 .2830

nC^ 0.0176 550 .70 765 .31 0 .2770

C,S 0.0024 486.25 837 .70 0 .2685
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TABLE Fl —  Continued
Mixture 18

Component
Mol

F r a c t i o n

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

( P s ia )

C r i t i c a l
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

0 .6742

0.1675

0.1584

673.10

708.30

617.40

343 .30

549.77

665.95

0 .2900

0 .2880

0 .2780
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TABLE Fl ’—  Continued
Mixture 19

Component
Mol

F r a c t i o n

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
T em p era tu re

C R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

^2
0 .0584 492 .00 227 .20 0 .2920

^1
0.5435 673 .10 343.30 0 .2900

S 0.1632 708 .30 549.77 0 .2880

S
0 .1620 617 .40 665.95 0 .2780

0.0587 529 .10 734.65 0 .2830

C3S 0 .0091 486.25 837.70 0.2685

CeS
0.0018 439 .92 905.35 0 .2640
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TABLE Fl —  Continued

Mixture 20

Component
Mol

F r a c t i o n

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
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

^1
0 .9148 673 .10 343 .30 0 .2900

"2
0 .0371 708 .30 549 .77 0 .2880

S 0.0247 617 .40 665.95 0 .2780

0 .0208 529 .10 734 .65 0.2830

C3S 0 .0026 486 .25 837 .70 0.2685
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TABLE Fl —  Continued

Mixture 21

Component
Mol

F r a c t i o n

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
T em pera tu re

(°R)

C r i t i c a l
C om pressi­

b i l i t y
F a c to r

" l 0 .8984 673 .10 343.30 0 .2900

^2 0.0507 708.30 549.77 0 .2880

^3 0 .0251 617 .40 665.95 0 .2780

0 .0176 529 .10 734.65 0 .2830

C5 S 0.0062 486.25 837.70 0.2685

0 .0014 439 .92 905.35 0.2640

C7+ 0 .0008 396 .90 972 .31 0.2600
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TABLE Fl —  Continued

Mixture 22

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om pressi­

b i l i t y
F a c to r

«2 0 .0081 492 .00 227.20 0 .2920

CO2 0.0180 1073.00 548.00 0 .2750

"1 0.8499 673 .10 343 .30 0.2900

S 0.0664 708.30 549.77 0 .2880

S 0.0267 617 .40 665.95 0 .2780

0.0107 529 .10 734.65 0.2830

nC^ 0.0091 550 .70 765 .31 0 .2770

0.0082 829 .80 483 .00 0.2690

0.0019 439.92 905.35 0.2640

C7+ 0 .0 0 1 0 396 .90 972 .31 0 .2600
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TABLE Fl —  Continued

Mixture 23

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em p era tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c to r

" l 0 .9463 673 .10 3 4 3 .3 0 0 .2900

S 0 .0254 708.30 549 .77 0 .2880

S 0.0146 617 .40 665 .95 0 .2780

0.0046 529 .10 734 .65 0 .2830

0 .0038 550 .70 76 5 .3 1 0 .2770

" S 0.0036 829 .80 483 .00 0 .2690

CeS 0.0017 439 .92 905 .35 0 .2640
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TABLE Fl —  Continued

Mixture 24

Component
Mol

F r a c t i o n

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

( P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om press i­

b i l i t y
F a c t o r

CO2 0 .0061 1073.00 548 .00 0 .2750

^1 0 .8500 673 .10 3 43 .30 0 .2900

" 2
0 .0600 708.30 549 .77 0 .2880

^3 0.0332 617 .40 665.95 0 .2780

^ " 4
0.0085 529.10 734.65 0 .2830

nC^ 0.0129 550 .70 765 .31 0 .2770

nC^ 0 .0066 829 .80 483 .00 0 .2690

0 .0109 439 .92 905.35 0 .2640

C 7 +
0.0062 396 .90 972 .31 0 .2600
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TABLE Fl —  Continued

Mixture 25

Component
Mol

F r a c t i o n

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

(P s ia )

C r i t i c a l
T em pera tu re

(°R)

C r i t i c a l
C om pressi­

b i l i t y
F a c to r

CO2 0.0040 1073.00 548.00 0 .2750

"1 0.9432 673 .10 343 .30 0 .2900

S 0 .0390 708 .30 549.77 0 .2880

S 0.0117 617 .40 665.95 0 .2780

i c , 0 .0008 529 .10 734.65 0 .2830

nC,4 0.0013 550 .70 765.31 0 .2770
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TABLE G1
EXPERIMENTAL COMPRESSIBILITY FACTORS 

M ix tu re  1

P r e s s u r e
P s i a

Z

40°F 100°F 175°F

600 0 .8470 0 .8946 0.9325

1000 0 .7476 0 .8380 0.9000

1500 0 .6 3 9 0 0 .7785 0.8654

2000 0 .5877 0 .7305 0.8394

2500 0 .5 9 5 0 0 .7131 0.8260

3000 0 .6 3 2 1 0 .7221 0.8250

4000 0 .7320 0 .7833 0 .8560

5000 0 .8 4 5 1 0 .8700 0 .9138
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TABLE G1 —  Continued

M ix tu re  2

P r e s s u r e
P s i a

Z

40°F 65 “F 100° F 135°F 175°F

625 .5 0 .8658
847.6 0 .8199

1022 .1 0 .7868
1521.3 0 .7058
2021.0 :  6616
2520 .8 0 .6626
3020 .8 0 .6903
4020.7 0 .7810
5020 .6 0 .8874
2021 .0 0.6617

623.9 0 .8887
822 .8 0 .8585

1022.2 0 .8278
1521.4 0 .7630
2021.4 0 .7222
2521.6 0 .7156
3021 .8 0 .7320
4022 .0 0 .8068
5022 .1 0 .9025
3021.9 0 .7320

607.3 0 .9106
624.7 0 .9088
823.5 0 .8863

1022.7 0 .8638
1521.7 0 .8152
2021.2 0 .7828
2521.0 0 .7731
3020.8 0 .7813
3520.7 0 .8046
4020.7 0 .8374
4520.6 0 .8761
5020.6 0 .9191
3020.8 0 .7809

654 .8
823.7

1022.9
1521.8
2021.3
2521 .0

0 .9256
0 .9106
0.8937
0 .8582
0 .8338
0 .8255
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TABLE G1 — C ontinued

P r e s s u r e
Z

P s i a 40°F 65°F 100°F 135°F 175°F

3020 .9  0 .8299
4020 .9  0 .8734
5020.5  0 .9412

564 .8  0 .9459
823 .3  0 .9295

1022.6  0 .9183
1521.7  0 .8911
2021 .2  0 .8736
2521 .0  0 .8668
3020 .8  _ 0 .8694
4020 .6  '  0 .9026
5020 .5  0 .9579
3020 .8  0 .8687
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TABLE G1 —  Continued
Mixture 3 Mixture 4

P r e s s u r e
P s l a

Z

P r e s s u r e
P s l a

Z

60°F 100°F 175°F 100°F 130°F 160°F

600 0 .8920 0.9125 0.9505 1026 0.8805 0 .9044 0 .9246

1000 0 .8194 0.8826 0.9290 1526 0.8437 0 .8752 0 .8993

1500 0 .7510 0 .8426 0 .9088 2026 0.8183 0.8547 0 .8847

2000 0.7106 0 .8161 0 .8960 2526 0.8108 0 .8508 0 .8793

2500 0.7074 0.8075 0.8915 3026 0.8223 0 .8574 0 .8845

3000 0.7304 0.8145 0 .8970 3526 0.8455 0 .8771 0 .9007

4000 0.8144 0 .8674 0 .9320 4026 0 .8778 0 .9041 0 .9225

5000 0 .9180 0 .9450 0 .9860 4526 0.9166 0.9373 0 .9537

5026 0 .9591 0 .9741 0 .9 8 8 1

6026 1.0502 1.0562 1 .0640

7026 1.1456 1 .1430 1 .1428
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TABLE Gl —  Continued

Mixture 5 Mixture 6

re s s u re
P s i a 100°F 130°F 160°F 100°F 130°F 160°F

1026 0 .8813 0 .9040 0 .9234 0.8652 0.8887 0.9095

1526 0 .8 3 7 8 0.8715 0 .8987 0.8141 0.8519 0 .8818

2026 0 .8117 0 .8 5 0 1 0 .8824 0.7783 0 .8251 0.8600

2526 0 .8043 0 .8443 0.8766 0.7676 0 .8136 0.8499

3026 0 .8 1 4 8 0.8509 0.8825 0.7783 0 .8196 0 .8549

3526 0.8377 0.8697 0.8985 0.8037 0 .8393 0 .8704

4026 0 .8708 0 .8968 0 .9210 0.8380 0 .8669 0.8933

4526 0 .9096 0 .9304 0 .9492 0.8787 0 .9022 0 .9239

5026 0 .9520 0 .9688 0 .9832 0 .9231 0 .9408 0.9562

6026 1 .0445 1 .0516 1 .0583 1.0178 1 .0261 1.0339

7026 1 .1397 1 .1392 1 .1385 1.1156 1 .1158 1 .1154
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TABLE Gl —  Continued
Mixture 7 Mixture 8

re s s u re
P s i a 100°F 130°F 160°F 100°F 130°F 160°F

1026 0 .8128 0 .8509 0.8739 0.8128 0.8509 0.8739

1526 0.7500 0.7985 0.8344 0.7500 0.7985 0.8344

2026 0.7142 0.7703 0 .8101 0.7142 0.7703 0 .8101

2526 0 .7140 0.7633 0.8037 0.7140 0.7633 0.8037

3026 0 .7369 0.7779 0 .8134 0.7369 0.7779 0 .8134

3526 0 .7754 0.8080 0.8361 0.7754 0.8080 0.8361

4026 0 .8206 0.8454 0.8665 0.8206 0.8454 0.8665

4526 0.8707 0.8892 0.9030 0.8707 0.8892 0.9030

5026 0.9226 0 .9361 0.9449 0.9226 0 .9361 0.9449

6026 1.0312 1.0350 1.0359 1.0312 1.0350 1.0359

7026 1.1408 1 .1361 1.1279 1.1408 1 .1361 1.1279
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TABLE Gl —  Continued
Mixture 9 Mixture 10

Z

P r e s s u r e
P s ia 1 0 1 .5°F 1 3 0 .9°F 160°F 1 0 1 .8°F 1 3 1 .7°F 1 6 1 .1°F

1026 0 .886 0 .907 0 .920 0 .872 0 .897 0 .915

2026 0 .811 0 .852 0 .883 0 .790 0.833 0 .863

3026 0 .813 0 .8 6 1 0 .880 0 .791 0 .827 0 .860

4026 0 .869 0 .898 0 .918 0 .851 0 .874 0 .898

5026 0 .951 0 .989 0 .982 0.937 0.947 0 .961

6026 1 .044 1 .053 1.056 1 .032 1.032 1.037

7026 1.141 1 .141 1 .138 1 .130 1 .122 1 .120
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TABLE Gl —  Continued

Mixture 11 M ix tu re  12

Z

P r e s s u r e
P s i a 1 0 1 .0°F 1 2 9 .7°F 1 6 0 .2°F 1 0 1 .7°F 1 3 0 .6°F 1 6 0 .3°F

1026 0 .865 0 .887 0 .9 1 1 0 .8 5 1 0 .874 0 .896

2026 0 .785 0 .825 0 .8 6 1 0 .761 0 .8 0 4 0 .840

3026 0 .789 0 .826 0 .859 0 .766 0 .803 0 .837

4026 0 .853 0 .876 0 .900 0 .833 0 .855 0 .800

5026 0 .942 0 .954 0 .967 0 .923 0 .934 0 .948

6026 1 .039 1.042 1.047 1 .022 1 .023 1 .029

7026 1 .141 1 .134 1 .1 3 1 1 .124 1 .116 1 .113
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TABLE Gl —  C on tinued

M ix tu re  13

P r e s s u r e
P s i a

Z

1 0 1 .8°F 1 3 0 .5°F 1 6 1 .0°F

1026 0.830 0 .856 0 .880

2026 0 .714 0 .762 0 .807

3026 0.717 0 .754 0 .794

4026 0.786 0 .808 0.835

5026 0 .882 0 .889 0 .905

6026 0.982 0 .979 0.985

7026 1.085 1 .072 1 .071
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TABLE Gl —  Continued
M ix tu re  14 M ix tu re  15

P r e s s u r e
P s i a

Z
P r e s s u r e

P s i a

Z

80°F 80°F 40°F

500 0.935 500 0 .921

1000 0 .874 1000 0 .843

1500 0.822 1500 0 .776

2000 0.790 2000 0 .738

2500 0 .741

3000 0 .763

3500 0 .798

4000 0 .847

4500 0 .898

5000 0 .946

5500 0 .998

6000 1 .051

0 .757
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TABLE Gl —  Continued
Mixture 16 Mixture 17

r e s su re
P s i a 20°F 80°F 140°F 20°F 80°F 140°F

500 0 .737 0 .845 0 .9 0 4 0 .641 0 .803 0 .880

1000 0 .559 0 .700 0 .813 0 .477 0 .638 0 .753

1500 0 .438 0 .603 0 .7 4 1 0 .6 5 1

2000 0 .489 0 .586 0 .707 0 .6 3 1

2500 0 .566 0 .620 0 .715 0 .657

3000 0 .645 0 .677 0 .745 0.706

3500 0.723 0 .738 0 .788 0 .762

4000 0 .802 0 .803 0 .837 0 .825

4500 0 .882 0 .869 0 .892 0 .888

5000 0 .962 0 .934 0 .949 0 .957

5500 1 .000 1 .007
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TABLE Gl —  Continued
Mixture 18 Mixture 19

r e s s u re
P s i a 80°F 140°F 30°F 80°F 140°F

500 0 .850 0 .906 0 .710 0 .822 0 .8 8 9

1000 0 .704 0 .8 1 8 0 .532 0 .651 0 .7 7 4

1500 0 .600 0 .743 0 .423 0 .537 0 .6 8 8

2000 0 .578 0 .7 0 8 0 .476 0 .543 0 .6 6 0

2500 0 .616 0 ,714 0 .557 0 .598 0 .6 7 9

3000 0 .670 0 .743 0 .650 0 .668 0 .7 2 3

3500 0 .732 0 .784 0 .722 0 .738 0 .7 7 4

4000 0 .794 0 .834 0 .803 0 .808 0 .8 3 2

4500 0 .862 0 .889 0 .886 0 .880 0 .8 9 3

5000 0 .928 0 .9 4 1 0 .968 0 .951 0 .9 5 8

5500 1 .0 1 1
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TABLE Gl —  Continued

M ix tu re  20 M ix tu re 21

P r e s s u r e
P s i a

Z

60°F 100°F 60°F 100°F

500 0 .909 0 .931 0 .901 0 .923

1000 0 .820 0 .864 0 .805 0 .852

1500 0 .750 0 .809 0 .734 0 .797

2000 0 .712 0 .784 0 .696 0.767

2500 0.712 0 .783 0 .697 0 .763

3000 0 .740 0 .799 0 .728 0 .779

3500 0 .780 0 .828 0 .771 0 .806

4000 0 .828 0 .864 0 .818 0 .844

4500 0 .881 0 .908 0 .870 0 .887

5000 0 .937 0 .951 0 .924 0 .932

5500 0 .991 0 .997 0 .976 0 .981
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TABLE Gl —  Continued
Mixture 22 M ix tu re  23

P r e s s u r e
P s i a

Z

200°F 1 1 3 .4°F 8 8 .3 °F  150“F 110°F 85°F

500 0 .960 0 .925 0 .902 0 .954 0 .9 4 0 0 .929

1000 0.927 0 .862 0 .823 0 .913 0 .889 0 .869

1500 0 .900 0 .811 0 .756 0 .879 0 .845 0 .819

2000 0 .884 0 .775 0 .725 0 .867 0 .823 0 .789

2500 0 .882 0 .772 0 .728 0 .870 0 .822 0 .787

3000 0 .891 0 .797 0 .755 0 .881 0 .834 0 .802

3500 0 .910 0 .821 0 .787 0 .898 0 .854 0 .827
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TABLE Gl —  Continued

Mixture 24 Mixture 25

1 9 9 .7°F 1 5 2 .4°F 81°F 150°F 110°F 9 0 .6 °F

500 0 .960 0.947 0 .918 0 .958 0 .939 0 .929

1000 0 .929 0 .903 0 .842 0 .925 0 .895 0 .875

1500 0 .906 0 .868 0 .777

2000 0 .892 0.848 0 .742

2500 0 .890 0 .843 0 .739

3000 0 .889 0 .853 0 .765

3500 0 .916 0.877 0 .802
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TABLE Hi

SUMMARY OF OTHER COMBINATION RULES 

EXAMINED

V l r l a l  Approach I n t e r m e d ia t e  Between van d e r  W a a l 's  and B e r t h e l o t  

E q u a t io n s  :

n
"mix

■ I  -  ='1
C . . 1mix 1=1 " i

c .mix;

"mix

5 /4

1/2

5 /4

1/2
i = l

V i r i a l  Approach Based on B e r t h e l o t  E q u a t io n :

, ,1 /3n n
"mix 1

I I
"mix i = l  j = l \ ^ i

/T 1/3  ■

_ f i
p

C . /
_

mix

mix
8

n n

I I
IT L/3 T 1/3  ■

V i + P
'  ji = l  j = l

V i r i a l  A pproach. E x te n s io n  o f  J o f f e ' s  P r e f e r r e d  Method

T T

T n  n T T 1 / 3 "

mix 1 V r * î 1
P "  8 ^ ^ %i*j —  + Pc . . . . .  mi x T .- l  ] - l
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T n T
 = y X ___1/2  L \  1/2

Cmix = i

K a y 's  Rule ( s e e  Page 1 3 ) ,

Lela n d  and M u e l le r  ( s e e  Page 16) .

c .
J  =

K =
c .mix

n T n / T 1 /2

1  y ^  + 2 
3 ^ i  P 3 I X.

" i
P

i = l  ^ i i = l c j

n T

c .mix

1/2 = I i  1 /2  
i = l

T = K / J  c . mix

P = T / J  c . c . mix mix

E m p ir ic a l  S t a t i s t i c a l  M ech an ica l  A pproach :

n  n

= 1 1  X X
1 .1  j - i

( I  ) (T
. i i  j j„>]

1/2

n

c .mix n n

i=l j=l

Z T c c
1 /3

+ 2
ii

Z T c c
1 /3

jj
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TABLE H2 

OF PSEUDO-CRITICAL METHODS

M ix tu re  1

C om bination  R ule Pc . Tc .mix mix

E m p ir ic a l  S t a t i s t i c a l 799 .05 4 10 .28

Van d e r  W a a l - B e r th e lo t 809 .06 415 .57
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 819 .68 420 .85

Kay 817.45 420 .12

L e lan d  and M u e l le r 808.47 415 .83

J o f  fe 799 .19 410 .58

S te w a r t ,  B u rk h a rd t  and Voo 800 .26 410 .85

T h is  S tudy :

Method I 789.52 404 .79

Method I I 819 .43 420 .12

Method I I I • 303 .95 296.85

Method IV 770 .84 430 .83
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TABLE H2 —  Continued

M ix tu re  2

C om bination  R ule mix mix

E m p i r i c a l  S t a t i s t i c a l

Van d e r  W a a l - B e r th e lo t  
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l )

Kay

L e lan d  and M u e l le r  

J o f  f e

S te w a r t ,  B u rk h a rd t  and Voo 

T h is  S tudy ;

Method I  

Method I I  

Method I I I  

Method IV

751 .53

758.77

766 .62  

764.57 

749 .09

751 .62

752.62

751 .20

765 .85

404 .90

782 .88

385 .40

389 .24

393 .11

392 .42  

384 .80

385 .66

385 .66

384 .92

392.42  

311 .78  

405 .88
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TABLE H2 —  Continued

M ix tu re  3

Com bination  R ule P
^mix

Tc .mix

E m p i r i c a l  S t a t i s t i c a l 707.33 362.79

Van d e r  W a a l -B e r th e lo t  
( I n t e r m e d i a t e  V i r i a l )

711.23 364.94

B e r t h e l o t  ( V i r i a l ) 715.62 367.03

Kay 713.67 366 .30

L e lan d  and M u e l le r 705.35 362 .40

J o f  fe 707.49 363.07

S te w a r t ,  B u rk h a rd t  and Voo 708.43 363 .31

T h is  S tudy ;

Method I 712.79 365 .66

Method I I 714.04 366.30

Method I I I 729 .99 364.58

Method IV 811 .90 381.14
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H2 — C on tinued

M ix tu re  4

C om bination  R ule Pc . Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 691 .31 360 .43

Van d e r  W a a l -B e r th e lo t 694.97 362 .88
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 699 .58 364.73

Kay 694 .00 362.62

L e lan d  and M u e l le r 691 .36 361.08

J o f  fe 693.51 361 .78

S te w a r t ,  B u rk h a rd t  and Voo 694 .40 362 .01

T h is  S tudy ;

Method I 726.47 370 .79

Method I I 710.46 362 .62

Method I I I 772 .84 375 .11

Method IV 707.64 362 .20
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H2 — C on tinued

M ix tu re  5

C om bina tion  R ule Pc , Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 709 .19 368 .82

Van d e r  W a a l - B e r th e lo t 713 .31 3 71 .44
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 718 .48 373.63

Kay 714 .02 371 .83

L e la n d  and M u e l l e r 708 .33 369 .00

J o f  f e 710 .92 369 .92

S te w a r t ,  B u rk h a rd t  and Voo 711 .85 370 .16

T h is  S tudy :

Method I 729.15 372 .16

Method I I 728 .51 371.83

Method I I I 805 .45 386 .20

Method IV 718 .22 369.07
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H2 — C on tinued

M ix tu re  6

C om bination  R ule Pc . ^c  .mix mix

E m p i r i c a l  S t a t i s t i c a l 745 .87 389.17

Van d e r  W a a l - B e r th e lo t 751 .19 392.52
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 758 .21 395.57

Kay 754.44 393.75

L e la n d  and M u e l le r 744 .24 388 .98

J o f  f e 747 ,63 390.28

S te w a r t ,  B u rk h a rd t  and Voo 748.59 390.53

T h is  S tudy :

Method I 746.83 381.55

Method I I 770 .70 393.75

Method I I I 902 .58 415.79

Method IV 763.77 389.01
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H2 — C on tinued

M ix tu re  7

Com bination  R ule Pc . Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 696 .28 400 .74

Van d e r  W a a l -B e r th e lo t 705.13 412.45
( I n t e r m e d ia t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 733.52 423.19

Kay 709.39 408 .09

L e lan d  and M u e lle r 710.27 409 .44

J o f  fe 711 .78 410 .84

S te w a r t ,  B u rk h a rd t  and Voo 712.50 411 .05

T h is  S tudy : •

Method I 887.82 460 .96

Method I I 786 .00 408 .09

Method I I I 574.15 381 .28

Method IV 680.05 408 .09
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H2 — C on tinued

M ix tu re  8

C om bination  R ule Pc . Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 725.97 423 .09

Van d e r  W a a l - B e r th e lo t 734.53 430 .75
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 749 .52 4 36 .60

Kay 734.85 4 2 8 .9 4

L e lan d  and M u e l le r 733.05 4 27 .90

J o f  f e 735.82 4 28 .94

S te w a r t ,  B u rk h a rd t  and Voo 736.59 429 .16

T h is  S tudy :

Method I 977 .39 488 .30

Method I I 858 .57 4 28 .94

Method I I I 683.43 418 .19

Method IV 727.77 4 28 .94
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H2 —  C ontinued

M ix tu re  9

C om bination  R ule Pc , Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 709 .53 373 .44

Van d e r  W a a l - B e r th e lo t 715 .48 377 .34
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 723 .19 380.62

Kay 716 .49 377.92

L e lan d  and M u e l le r 710.48 374.57

J o f  f e 712 .54 375 .23

S te w a r t ,  B u rk h a rd t  and Voo 713.45 375.47

T h is  S tu d y :

Method I 762.17 389.77

Method I I 738.99 377.92

Method I I I 812.92 388.46

Method IV 815 .31 388.49



166

TABLE H2 '—  Continued

M ix tu re  10

C om bination  Rule “mix "mix

E m p i r i c a l  S t a t i s t i c a l

Van d e r  W a a l -B e r th e lo t  
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l )

Kay

L e lan d  and M u e l le r  

J o f  f e

S te w a r t ,  B u rk h a rd t  and Voo 

T h is  S tudy :

Method I  

Method I I  

Method I I I  

Method IV

727 .51

734.65

744.09 

737.62 

728.42 

730.67 

731.60

781.05

762.04

871.10  

857.34

384 .30

388 .94

393.05

390.24

385.42  

386.19

386.43

399.97

390.24

403 .81

401.34
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H2 ’— C on tinued

M ix tu re  n

C om bination  R ule Pc , Tc ,mix mix

E m p i r i c a l  S t a t i s t i c a l 701.37 378 .38

Van d e r  W a a l - B e r th e lo t 708.50 383.59
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 718 .31 387.55

Kay 706.96 382.93

L e la n d  and M u e l le r 705 .10 381.02

J o f  fe 707.03 381.67

S te w a r t ,  B u rk h a rd t  and Voo 707 .89 381 .90

T h is  S tudy :

Method I 787.63 404.92

Method I I 744 .86 382.93

Method I I I 741 .31 385.76

Method IV 799 .34 397.66
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TABLE H2 ■—  Continued

M ix tu re  12

C om bination  R ule “mix “mix

E m p i r i c a l  S t a t i s t i c a l

Van d e r  W a a l - B e r th e lo t  
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l )

Kay

L e lan d  and M u e l le r  

J o f  f e

S te w a r t ,  B u rk h a rd t  and Voo 

T h is  S tudy :

Method I  

Method I I  

Method I I I  

Method IV

725 .60

733 .45

744 .53

735.72

728 .16

730.37

731.27

800 .62

770.02

880 .32

851.65

3 8 9 .8 1

395 .31

399 .99

396 .02

391 .84  

392 .60

392 .84

411 .76

396 .02

412 .43

407 .10
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H2 — C on tinued

M ix tu re  13

C om bination  Rule Pc , Tc ,mix mix

E m p ir ic a l  S t a t i s t i c a l 782.35 417 .40

Van d e r  W a a l - B e r th e lo t 791 .74 423 .56
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 805 .25 429 .60

Kay 800 .94 426 .77

L e lan d  and M u e l le r 782 .71 418 .29

J o f  f e 785 .50 419 .30

S te w a r t ,  B u rk h a rd t  and Voo 785 .50 419 .30

T h is  S tu d y ;

Method I 835.67 429 .95

Method I I 829 .48 426.77

Method I I I 491 .92 359.39

Method IV 816 .13 440 .78
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H2 — C on tinued

M ix tu re  14

C om bination  R ule Pc , Tc .mix mix

E m p ir ic a l  S t a t i s t i c a l 670 .58 360 .96

Van d e r  W a a l -B e r th e lo t 671.97 364 .54
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 681 .82 368 .66

Kay 674.12 362.23

L e lan d  and M u e l le r 672.07 362.36

J o f  f e 670.94 362.97

S te w a r t ,  B u rk h a rd t  and Voo 673.35 363 .62

T h is  S tudy :

Method I 705 .81 360.17

Method I I 709 .84 362.23

Method I I I 378 .31 296 .71

Method IV 609.00 361.46
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H2 '— C on tinued

M ix tu re  15

C om bination  Rule P c , Tc ,mix mix

E m p i r i c a l  S t a t i s t i c a l 658 .52 368 .01

Van d e r  W a a l -B e r th e lo t 664 .17 378 .33
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 695 .56 389 .85

Kay 667 .79 372 .81

L e lan d  and M u e l le r 673 .16 376 .80

J o f  fe 673 .55 377 .70

S te w a r t ,  B u rk h a rd t  and Voo 674 .21 377 .89

T h is  S tudy :

Method I 751 .67 384 .78

Method I I 728 .29 372 .81

Method I I I 462 .05 333 .14

Method IV 622.36 375 .38
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H2 —  C o n tin u ed

M ix tu re  16

C o m b in a tio n  R ule P c . Tc ,mix mix

E m p i r i c a l  S t a t i s t i c a l 642 .99 4 1 4 .41

Van d e r  W a a l - B e r th e lo t 660 .13 436 .17
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 699 .57 452 .58

Kay 651 .46 426 .15

L e la n d  and  M u e l le r 670 .49 432 .78

J o f  f e 670.75 434 .08

S te w a r t ,  B u r k h a r d t  and Voo 671 .23 434 .24

T h is  S tu d y :

Method I 1014.75 545 .53

Method I I 792 .69 426 .15

Method I I I 572 .37 426 .60

Method IV 666 .80 453 .58
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H2 —  C on tinued

M ix tu re  17

C om bination  R ule Pc , Tc ,mix mix

E m p i r i c a l  S t a t i s t i c a l 654 .51 427.54

Van d e r  W a a l - B e r th e lo t 669.63 447.12
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 704 .34 461.62

Kay 661 .89 438.05

L e lan d  and M u e l le r 678 .98 444 .18

J o f  f e 679.35 445.40

S te w a r t ,  B u rk h a rd t  and Voo 679 .84 445.56

T h is  S tudy :

Method I 941.73 534.06

Method I I 772 .44 438.05

Method I I I 349 .26 356.51

Method IV 592.66 440 .60
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H2 —  C ontinued

M ix tu re  18

C om bination  R ule Pc , Tc .mix mix

E m p ir ic a l  S t a t i s t i c a l 664 .50 420 .53

Van d e r  W a a l -B e r th e lo t 677.55 436.83
( I n t e r m e d ia t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 707 .01 448 .79

Kay 670 .24 429 .02

L eland  and M u e l le r 685 .06 434 .20

J o f  fe 685.53 435.33

S te w a r t ,  B u rk h a rd t  and Voo 686.14 435 .52

T h is  S tudy:

Method I 931 .38 516 .08

Method I I 774 .26 429 .02

Method I I I 518.54 395 .80

Method IV 638.34 430 .22
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H2 — C on tin u ed

M ix tu re  19

C om bination  R u le Pc . Tc .mix mix

E m p ir ic a l  S t a t i s t i c a l 634 .41 435 .39

Van d e r  W a a l - B e r th e lo t 653.43 461 .63
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 701 .21 481 .64

Kay 646.45 449 .83

L e lan d  and M u e l le r 669.06 459 .82

J o f  f e 671.27 461 .21

S te w a r t ,  B u rk h a rd t  and Voo 670.12 460 .81

T h is  S tudy ;

Method I 904 .31 570 .58

Method I I 760 .23 449 .83

Method I I I 407 .01 389 .66

Method IV 604.17 456 .47
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H2 —  C ontinued

M ix tu re  20

C om bination  R ule P c , Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 664 .09 364.65

Van d e r  W a a l - B e r th e lo t 670.46 372.35
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 690.33 379 .54

Kay 669 .54 368 .35

L e la n d  and M u e l le r 674 .28 370 .86

J o f  f e 675.45 371 .55

S te w a r t ,  B u rk h a rd t  and Voo 676 .21 371 .76

T h is  S tu d y ;

Method I 804 .42 412 .99

Method I I 717.47 368 .35

Method I I I 495 .94 336 .94

Method IV 636.85 370 .11
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H2 —  C ontinued

M ix tu re  21

Combination, R ule Pc . Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 662.70 368.86

Van d e r  W a a l -B e r th e lo t 669.35 377 .91
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 693.40 386 .74

Kay 669.38 373.17

L e lan d  and M u e l le r 682.68 381.56

J o f  f e 683.88 382.44

S te w a r t ,  B u rk h a rd t  and Voo 684.61 382.64

T h is  S tudy :

Method I 734.92 375.62

Method I I 730.13 373.17

Method I I I 481 .08 335.92

Method IV 634.79 375.41
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H2 '— C on tinued

M ix tu re  22

C om bination  R ule Pc . Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 670.77 374 .30

Van d e r  W a a l - B e r th e lo t 678.45 383 .58
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 701.63 392.17

Kay 677.59 379 .23

L e la n d  and M u e l le r 682 .68 381.56

J o f  fe 683.88 382.44

S te w a r t ,  B u rk h a rd t  and Voo 684 .61 382 .64

T h is  S tudy ;

Method I 846.75 438 .19

Method I I 732 .81 379.23

Method I I I 529 .10 355.19

Method IV 643.86 384.29



TABLE

179

H2 —  C on tinued

M ix tu re  23

C om bination  R u le Pc . Tc .mxx mix

E m p i r i c a l  S t a t i s t i c a l 669 .29 355 .91

Van d e r  W a a l - B e r th e lo t 673 .31 360.47
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 685 .32 364 .75

Kay 672 .22 358 .11

L e lan d  and M u e l le r 6 74 .32 359 .19

J o f  f e 675 .66 359 .81

S te w a r t ,  B u rk h a rd t  and Voo 6 76 .48 360.02

T h is  S tudy :

Method I 766 .78 392 .05

Method I I 700 .39 358 .11

Method I I I 552 .66 335.97

Method IV 653 .26 359 .31



TABLE

180

H2 — C on tinued

M ix tu re  24

C om bination  R ule Pc , Tc .mix mxx

E m p i r i c a l  S t a t i s t i c a l 658 .74 381 .53

Van d e r  W a a l -B e r th e lo t 666 .03 395 .26
( I n t e r m e d i a t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 705 .26 410 .08

Kay 670 .74 388 .18

L e lan d  and M u e l le r 678 .09 393 .36

J o f  f e 678 .16 394.50

S te w a r t ,  B u rk h a rd t  and Voo 678.75 394.67

T h is  S tudy :

Method I 912 .51 478.52

Method I I 740 .24 388 .18

Method I I I 379 .04 325.59

Method IV 600 .74 391 .54
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TABLE H2 — C ontinued

M ix tu re  25

Com bination  Rule Pc , Tc .mix mix

E m p i r i c a l  S t a t i s t i c a l 673.77 355 .08

Van d e r  W a a l -B e r th e lo t 677.50 358.33
( I n t e r m e d ia t e  V i r i a l )

B e r t h e l o t  ( V i r i a l ) 360 .89

Kay 675.14 356 .80

L e lan d  and M u e lle r 676.43 357 .08

J o f  f e 677.99 357.63

S te w a r t ,  B u rk h a rd t  and Voo 357.85

T h is  S tudy :

Method I 743.88 380 .20

Method I I 698.10 356 .80

Method I I I 648.44 352.25

Method IV 669.81 356.93



APPENDIX I

1. EXPERIMENTAL CRITICAL PROPERTIES 

FOR VOLATILE HYDROCARBON MIXTURES

2. COMPOSITION OF MIXTURES

182



183 

TABLE I I

EXPERIMENTAL CRITICAL TEMPERATURES AND PRESSURES 

FOR VOLATILE HYDROCARBON MIXTURES

BINARY MIXTURES

E th a n e -n -B u ta n e  M ix tu re s ^

Eykman C r i t i c a l C r i t i c a l
M o le c u la r M o le c u la r T em pera tu re P r e s s u r e
R e f r a c t i o n W eight (°F) (P s ia )

4 1 .324 53 .2 2 8 3 .1 646 .1

35.585 4 5 .4 237 .4 780 .8

31.319 39 .6 191 .2 841 .6

27.935 35 .0 147 .6 827 .2

25 .360 31 .5 108 .4 759.2

E th a n e -n -H e p ta n e  M ix tu re s^

62 .071 8 1 .4 468 .2 6 8 2 .0

45 .518 58 .9 373.9 1106.0

36.027 4 6 .0 276 .8 1263 .0

3 0 .068 37 .9 189 .8 1132 .0

25.875 32 .2 120.3 850 .0

^Kay, I n d .  Eng. Chem.. 32, 353 (19401.

Kay, I b i d . 3 0 ,  459 (1 9 3 8 ) .
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TABLE II —  Continued

BINARY MIXTURES

P ro p a n e -n -B u ta n e Mixtures*^

Eykman C r i t i c a l C r i t i c a l
M o le c u la r M o lecu la r T em pera tu re P r e s s u r e
R e f r a c t i o n W eight (°F) ( P s ia )

42 .722 5 5 .1 290.4 588 .0

41 .398 5 3 .3 280.2 609 .0

39.559 5 0 .8 264 .4 630 .0

37 .646 48 .2 243.5 638 .0

36.027 4 6 .0 224 .4 631.0

P ro p a n e -n -P e n ta n e  M ix tu re s

47 .946

43 .678

38.823

38.234

62 .2

5 6 .4

4 9 .8

4 9 .0

339 .0

300.9

255 .8

250 .4

608.0

648.0

671.0

664 .0

^ y s e w a n d e r ,  Sage and Lacey , I n d . Eng. Çhem. ,  32 , 118 (1 940 ) .  

*^Sage and L acey , I b i d . . 32 , 992 (1 940 ) .
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TABLE II —  Continued

BINARY MIXTURES

n-P en tan e --n-H eptane M ixtures®

Eykman
M o lecu la r
R e f r a c t io n

M o lecu la r
W eight

C r i t i c a l
T em pera tu re

(°F)

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

(P s ia )

64 .278 84 .4 45 0 .0 422 .5

60.379 79 .1 42 7 .0 477.5

70.531 92 .9 488 .0 475.0

M ethane-Propane  M ix tu re s^

32.496 41 .2 196 .0 765.0

30.436 38 .4 178 .3 890 .0

28.376 35 .6 159.7 1020.0

26.316 32 .8 138 .8 1160.0

24.256 30 .0 115 .4 1293.0

22.196 27 .2 8 8 .0 1408.0

20.136 2 4 .4 50 .7 1469.0

0
Cummings, S tone  and V o la n te ,  I n d .  

^Sage, Schaafsma and L acey ,  I b i d . .

Eng. Chem., 25, 

26 , 214 (1 9 3 4 ) .

728 (1 9 3 3 ) .
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TABLE II —  Continued

BINARY MIXTURES

M ethane -n -B u tane M ixtures®

Eykman C r i t i c a l C r i t i c a l
M o le c u la r M o le c u la r T em p era tu re P r e s s u r e
R e f r a c t io n W eight (°F) (P s ia )

35 .954 4 5 .9 266 .0 1093 .0

30.142 3 8 .0 217 .7 1537 .0

26.022 3 2 .4 163 .9 1799 .0

23.005 2 8 .3 1 1 0 .1 1901 .0

20 .651 2 5 .1 5 9 .2 1924 .0

®Sage, H icks  and L acey , I n d .  Eng. Chem., 32 , 1085 (1 9 4 0 ) .
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TABLE I I  —  C on tinued
*

COMPLEX MIXTURES

Eykman
M o le c u la r
R e f r a c t i o n M ix tu re

M o le c u la r
Weight

C r i t i c a l
T em pera tu re

(°F)

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

( P s ia )

20 .578 S-2 2 5 .0 5 5 .0 2387 .0

23 .888 S-3 2 9 .5 109 .0 2574 .0

23 .594 S-4 2 9 .1 1 0 9 .0 2537 .0

28 .744 S-5 3 6 .1 169 .5 2615 .0

20 .210 T-1 24 .5 54 .0 2605 .0

20 .945 T-3 2 5 .5 65 .0 2675 .0

22 .490 T-4 27 .6 90 .0 2730 .0

29 .921 T-5 37 .7 189 .0 2900 .0

22 .343 B-1 2 7 .4 7 8 .0 1826 .0

23 .962 B-2 29 .6 116 .0 1797 .0

25.139 B-3 31 .2 142 .0 1796 .0

26 .169 B-4 3 2 .6 149.5 1706 .0

*
See C om posit ions and P r o p e r t i e s on Page
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TABLE II —  Continued

COMPOSITIONS AND PROPERTIES OF MIXTURES INVESTIGATED

Compound

M ix tu re  
S-2 

m ol. %

M ix tu re
S-3

mol.%

M ix tu re
S-4

mol.%

M ix tu re
S-5

mol.%

N i t ro g e n 0 .5 8 0 .5 3 0 .54 59 .70

Methane 78.80 62 .40 72.80 8 .90

E thane 5 .90 5 .42 5.46 8 .90

P ropane 3 .15 3 .0 0 3.02 5 .00

B utanes 2 .66 3 .1 0 2.07 4 .90

P e n ta n e s 4 .25 7 .10 6.88 9 .30

Hexanes 2 .52 4 .5 6 4 .38 12.20

H ep tanes  + 2 .1 4 3 .8 8 3.75

M ix tu re
T-1

mol.%

M ix tu re
T-3

mol.%

M ix tu re
T-4

mol.%

M ix tu re
T-5

mol.%

N it ro g e n 0 .3 8 0 .3 8 0 .36 0 .30

Carbon D iox ide 0 .45 0 .4 4 0 .43 0 .35

Methane 83.00 81 .5 78.40 64.30

E thane 3 .76 3 .72 3.55 2 .94

Propane 1 .4 4 1 .4 1 1.36 1 .1 1

B utanes 0 .89 1 .02 1.30 2 .52

P e n ta n e s 4 .36 5 .0 1 6 .31 12 .30

Hexanes 3 .08 3 .54 4.47 8 .71

H ep tanes  + 2 .63 3 .0 3 3 .82 7.47
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TABLE II —  Continued

COMPOSITIONS AND PROPERTIES OF MIXTURES INVESTIGATED

Compound

M ix tu re
B-1

mol.%

M ix tu re
B-2

mol.%

M ix tu re
B-3

mol.%

M ix tu re
B-4

mol.%

N i t ro g e n 0 .33 0 .3 0 0 .2 8 0 .27

Carbon D iox ide 0 .38 0 .35 0 .3 4 0 .3 2

Methane 70.65 65 .24 61 .30 58 .25

E thane 3 .23 2 .9 8 2 .8 0 2 .6 6

Propane 1 .22 1 .13 1 .06 1 .0 1

B utanes 24 .20 30 .00 34 .22 37 .50
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TABLE J

COMPRESSIBILITY CHART NO. 1

SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced P r e s s u r e ,  P = 2 .0

T Z Z P e r  Cent
^R (Exp.) ( C a lc . ) D e v ia t io n

0 .8590 0 .4632 0 .4743 2 .391
0.8800 0 .4 9 4 1 0.4935 -0 .1 1 4
0 .9460 0 .5372 0.5510 2 .578
0 .9900 0 .5869 0 .5868 - 0 .0 0 3
1 .0460 0.5762 0.6295 9 .260
1 .0520 0 .6606 0.6339 -4 .0 3 6
1.1000 0 .7064 0.6676 -5 .4 9 0
1.1240 0.6297 0.5835 8 .553
1 .1310 0 .7506 0.6880 -8 .3 2 7
1 .1470 0 .7154 0.6982 -2 .3 9 4
1.1630 0 .7130 0 .7081 -0 .6 7 5
1.2080 0 .7714 0.7346 -4 .7 6 7
1 .2150 0 .7286 0.7385 1 .365
1.2510 0.7393 0.7579 2 .518
1 .2590 0 .7386 0 .7620 3 .173
1.2700 0 .8111 0.7675 -5 .3 6 3
1.2800 0.7819 0.7725 -1 .1 9 6
1.2800 0 .8533 0.7725 -9 .4 6 4
1.3070 0 .7420 0.7853 5 .845
1.3090 0 .7944 0 .7862 -1 .0 2 0
1.3450 0.8207 0 .8021 -2 .2 6 1
1.3560 0 .8008 0.8067 0 .737
1.3640 0 .7861 0.8099 3 .034
1.3730 0 .7848 0.8135 3 .660
1.3790 0.8957 0.8158 -8 .9 1 3
1.3840 0 .7373 0.8177 10.915
1.3860 0 .8090 0.8185 1 .179
1.3900 0 .8162 0 .8200 0 .4 7 1
1.4030 0.7755 0 .8248 6 .360
1.4050 0 .8172 0.8255 1 .021
1.4340 0.8225 0.8355 1.582
1.4400 0 .8391 0 .8374 -0 .1 9 4
1.4440 0 .8243 0.8387 1 .753
1.4540 0.8427 0 .8418 -0 .0 9 7
1.4560 0 .8431 0.8424 -0 .0 7 1
1.4680 0 .8168 0.8460 3 .585
1.4790 0 .8543 0 .8492 -0 .5 9 0
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TABLE Jl —  Continued

Z
(Exp.)

Z
( C a lc . )

P e r  Cent 
D e v ia t io n

1.4910 0.7996 0.8525 6 .623
1.5050 0.8424 0.8562 1 .641
1.5070 0.8546 0.8567 0 .249
1.5080 0.8923 0.8569 -3 .9 5 7
1.5160 0.8714 0.8589 -1 .4 2 6
1.5190 0.8936 0.8596 -3 .7 9 4
1 .5320 0.8762 0 .8627 -1 .5 3 8
1.5460 0.8537 0.8657 1.416
1.5530 0.8799 0.8672 -1 .4 3 7
1.5560 0.8774 0 .8678 -1 .0 8 7
1.5850 0.8749 0.8732 -0 .1 8 6
1.6250 0.8831 0.8792 -0 .4 3 1
1.6660 0.9011 0.8837 -1 .9 2 7

Average e r r o r  = 0 .1829 p e r  c e n t  

Average a b s o lu t e  e r r o r  = 3 .0138  p e r  c e n t  

Z = 0 .7071  + 0 .18228 -  0 .52096
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TABLE J2

COMPRESSIBILITY CHART NO. 2
SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced P r e s s u r e ,  P = 2 .0

?R
Z

(Exp.)
Z

(C a lc . )
P e r  Cent 
D e v ia t io n

1 .190 0.6179 0 .6285 1 .722
1 .266 0.7809 0 .6801 -1 2 .9 0 9
1 .274 0 .7043 0 .6852 -  2 .710
1 .306 0 .7331 0 .7 0 5 1 -  3 .819
1 .316 0 .7432 0 .7111 -  4 .315
1 .333 0 .7631 0 .7212 -  5 .496
1 .334 0 .6856 0.7217 5 .2 7 1
1 .338 0 .7618 0 .7241 -  4 .954
1 .365 0 .7591 0 .7393 -  2 .605
1 .372 0.7457 0 .7432 -  0 .339
1.375 0.7853 0 .7448 -  5 .156
1 .384 0 .7858 0.7497 -  4 .598
1 .393 0.7384 0.7545 2 .174
1 .394 0 .7790 0 .7550 -  3 .083
1.399 0 .7375 0 .7576 2 .726
1 .408 0 .7320 0 .7623 4 .134
1 .412 0 .7574 0.7643 0 .913
1 .418 0 .7913 0 .7674 -  3 .026
1 .422 0.8127 0 .7694 -  5 .332
1 .427 0 .8142 0.7719 -  5 .200
1 .445 0.8237 0 .7806 -  5 .227
1 .446 0.7596 0 .7811 2 .834
1 .446 0 .7950 0 .7811 -  1 .745
1 .455 0 .8250 0 .7854 -  4 .800
1 .465 0 .8156 0 .7901 -  3 .131
1 .486 0.8427 0 .7996 -  5 .119
1 .491 0 .8263 0 .8018 -  2 .970
1 .4 9 1 0 .8333 0.8018 -  3 .785
1 .498 0 .8510 0.8048 -  5 .429
1 .501 0 .8005 0 .8061 0 .699
1 .506 0 .8424 0.8082 -  4 .057
1 .511 0 .8569 0 .8103 -  5 .434
1 .512 0 .8141 0.8108 -  0 .4 1 1
1 .516 0 .8566 0 .8124 -  5 .157
1 .516 0.8575 0 .8124 -  5 .257
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TABLE J2 —  Continued

Z Z P er  Cent
(E xp .) ( C a lc .) D e v ia t io n

1 .519 0 .8317 0.8137 -  2 .169
1 .5 2 0 0 .8146 0 .8141 -  0 .064
1 .5 2 2 0 .8278 0.8149 -  1 .559
1 .529 0 .8478 0.8177 -  3 .545
1 .540 0 .8482 0 .8221 -  3 .075
1 .544 0 .8494 0.8237 -  3 .027
1 .5 6 4 0 .8740 0 .8313 — 4 .886
1 .566 0 .8576 0.8320 -  2 .981
1 .575 0 .8811 0 .8353 -  5 .196
1 .578 0 .8 6 9 1 0 .8364 -  3 .763
1 .587 0 .8749 0.8396 -  4 .036
1 .5 9 2 0 .8818 0 .8413 -  4 .590
1 .618 0 .8906 0.8500 -  4 .558
1 .620 0 .8802 0.8506 -  3 .358
1 .627 0 .8798 0.8529 -  3 .062
1 .641 0 .8952 0 .8572 -  4 .249
1 .667 0 .9012 0.8647 -  4 .053
1 .699 0 .9067 0 .8731 -  3 .709
1 .703 0 .8843 0 .8741 -  1 .158
1 .710 0 .9032 0.8757 -  3 .040
1 .7 3 4 0 .9040 0 .8812 -  2 .524
1 .7 4 2 0 .9015 0.8829 -  2 .065

A verage  e r r o r  = 2 .9 2  p e r c e n t

A verage a b s o l u t e  e r r o r  = 3 .6 4  p e r c e n t

Z = 0 .8 6 7 2  + 1 .8008  -  0 .4570
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TABLE J3

COMPRESSIBILITY CHART NO. 3

SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced P r e s s u r e ,  P = 2 .0R

R
Z

(Exp.)
Z

(C a lc . )
P e r  Cent 
D e v ia t io n

1 .125 0.5148 0.5453 5 .930
1 .258 0.5822 0.6626 13.813
1 .266 0.6649 0.6690 0 .616
1 .339 0.7656 0.7235 -  5 .494
1 .347 0.7918 0 .7291 -  7 .916
1 .362 0.7746 0.7394 -  4 .546
1 .3 6 4 0 .6941 0.7407 6.719
1 .3 7 1 0.7562 0.7454 -  1 .427
1 .386 0 .7118 0.7552 6 .102
1 .3 9 1 0.8045 0.7585 -  5 .724
1 .4 0 6 0 .7894 0.7679 -  2 .722
1 .4 1 1 0.8116 0.7710 -  5 .002
1 .419 0.8359 0.7759 -  7 .179
1 .432 0 .8141 0.7837 -  3 .739
1 .445 0.8319 0.7912 -  4 .888
1 .4 5 0 0.8323 0 .7941 -  4 .591
1 .4 5 4 0 .8163 0.7964 -  2 .444
1 .465 0 .8446 0.8025 -  4 .987
1 .467 0.7927 0.8036 1 .372
1 .4 8 3 0.8438 0.8122 -  3 .747
1 .4 9 1 0 .8691 0 .8164 -  6 .068
1 .493 0.8426 0 .8174 -  2 .991
1 .5 0 4 0.8480 0.8230 -  2 .948
1 .516 0.8117 0.8289 2 .125
1 .5 2 1 0 .8664 0.8314 -  4 .043
1 .527 0.8673 0.8342 -  3 .811
1 .529 0.8488 0.8352 -  1 .603
1 .536 0.8459 0.8385 -  0 .878
1 .538 0 .8721 0 .8394 -  3 .750
1 .5 4 0 0 .8161 0.8403 2.967
1 .543 0.8213 0.8417 2.482
1 .5 4 4 0.8346 0.8435 1 .066
1 .547 0.8346 0.8435 1.066
1 .5 4 8 0.8117 0.8439 3 .973
1 .5 7 3 0.8743 0.8548 -  2 .230
1 .596 0.8907 0 .8641 -  2 .984
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TABLE J3 —  Continued

Z
(Exp.)

Z
( C a lc . )

P e r  Cent 
D e v ia t io i

1 .604 0 .8274 0.8672 4 .8 1 1
1 .605 0.8956 0.8676 -  3 .128
1 .6 0 8 0.8807 0.8687 -  1 .360
1 .614 0.8556 0 .8710 1 .795
1 .621 0.8545 0.8735 2 .226
1 .622 0 .8576 0.8739 1 .898
1 .626 0.8607 0.8753 1 .697
1 .653 0.8986 0 .8844 -  1 .576
1 .662 0.8776 0.8873 1 .104
1 .667 0.8569 0.8888 3 .726
1 .683 0.8305 0.8936 7.592
1 .684 0 .8604 0 .8938 3 .886
1 .697 0.8789 0.8974 2 .108
1 .742 0.9032 0.9083 0 .563
1 .796 0.8880 0 .9181 3 .386
1 .808 0.8991 0.9198 2 .298
1 .816 0 .9048 0.9208 1 .768
1 .860 0.9236 0.9251 0 .160
1 .881 0.9226 0.9263 0 .401
1 .886 0.8932 0.9265 3 .729
1 .908 0.9117 0 .9271 1 .687
2 .026 0.9423 0.9201 -  2 .355
2 .037 0 .9302 0.9186 -  1 .247
2 .139 0.9316 0.8976 -  3 .650

A verage e r r o r  = 0 .8 0  p e r  c e n t  

Average a b s o lu t e  e r r o r  = 4 .2 6  p e r  c e n t

Z = -1 .3 0 5 4  + 2 .3277 -  0 .6067  T_^
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TABLE J4

COMPRESSIBILITY CHART NO. 4

SAMPLE CURVE FIT AND ERROR ANALYSIS

Reduced P r e s s u r e ,  P = 2 .0
K

R
Z

(Exp. )
Z

( C a lc . )
P e r  Cent 
D e v ia t io n

1 .058 0 .4637 0 .4882 5 .281
1 .073 0.4749 0 .5068 6 .713
1 .161 0 .6322 0 .6073 -  3 .933
1 .183 0 .5913 0 .6302 6 .581
1 .191 0 .6271 0 .6383 1 .787
1 .232 0.6995 0 .6779 -  3 .088
1 .255 0 .6379 0 .6987 9 .537
1 .274 0 .7461 0 .7152 -  4 .142
1 .293 0.7582 0 .7310 -  3 .589
1 .299 0 .7738 0 .7358 -  4 .907
1 .305 0.7567 0 .7406 -  2 .126
1 .312 0 .7381 0 .7461 1 .084
1 .314 0 .7321 0.7477 2 .124
1 .323 0 .7617 0.7545 -  0 .940
1 .339 0 .7881 0 .7664 -  2 .752
1 .362 0.7082 0 .7826 10 .511
1 .372 0.7663 0 .7894 3 .012
1 .375 0.8040 0 .7914 -  1 .571
1 .379 0.8116 0 .7940 -  2 .169
1 .380 0.7785 0 .7946 2 .074
1 .382 0.8135 0 .7959 -  2 .158
1 .385 0 .7628 0 .7979 4 .5 9 8
1 .395 0 .7733 0 .8042 3 .994
1 .399 0 .8063 0 .8067 0 .045
1 .405 0 .7783 0 .8103 4 .114
1 .409 0 .8267 0.8127 -  1 .692
1 .411 0 .8074 0 .8139 0 .806
1 .427 0 .7818 0 .8231 5 .288
1 .438 0 .8078 0 .8292 2 .650
1 .439 0 .8140 0 .8298 1 .935
1 .444 0.8315 0 .8324 0 .111
1 .445 0 .8122 0 .8330 2 .556
1 .445 0 .8384 0 .8330 -  0 .649
1 .451 0 .8169 0 .8361 2 .349
1 .466 0 .8556 0 .8436 -  1 .398
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TABLE J4 —  Continued

Z
(Exp.)

Z
( C a l c . )

P e r  Cent 
D e v ia t io n

1 .469 0.8344 0 .8451 1 .283
1 .474 0.8628 0 .8475 -  1 .774
1 .474 0 .8460 0.8475 0 .177
1 .483 0.8419 0 .8517 1 .163
1 .492 0.8197 0.8557 4 .395
1 .492 0.8314 0 .8557 2 .926
1 .5 1 3 0 .8310 0 .8646 4 .039
1 .517 0.8440 0.8662 2 .625
1 .517 0.8518 0 .8662 1 .685
1 .517 0.8368 0 .8662 3 .508
1 .519 0.8442 0 .8669 2 .694
1 .519 0 .8661 0 .8669 0 .097
1 .524 0.8502 0 .8689 2 .196
1 .546 0.8498 0 .8768 3 .175
1 .547 0.8732 0 .8771 0 .449
1 .559 0.8752 0 .8810 0 .667
1 .564 0.8877 0 .8826 -  0 .575
1 .565 0 .8891 0 .8829 -  0 .698
1 .586 0.8603 0 .8889 3 .3 2 0
1 .5 9 4 0.8817 0 .8909 1 .046
1 .594 0.8905 0 .8909 0 .047
1 .5 9 9 0 .8761 0 .8921 1 .8 3 1
1 .6 2 9 0.8801 0 .8985 2 .0 9 1
1 .666 0.8930 0 .9040 1 .235
1 .679 0.9020 0 .9054 0 .373
1 .685 0.9189 0 .9059 -  1 .418
1 .6 9 8 0.8902 0 .9067 1 .858
1 .712 0.9035 0 .9073 0 .423
1 .719 0.9105 0.9075 -  0 .332

Average e r r o r  = 1 .26  p e r  c e n t  

A verage a b s o lu t e  e r r o r  = 2 .5 1  p e r  c e n t

Z = -  1 .8857 + 3 .2344  -  0 .9363  T_^
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TABLE Kl
CALCULATED REFRACTIVE INDICES AND DIMENSIONLESS 

REFRACTIVE INDEX FUNCTIONS UP TO THE CRITICAL POINT

T em pera tu re
°F

n-H ep tane

R e f r a c t iv e  Index  
n

D im en sio n less  
F u n c tio n

( n ^ - l ) / ( n + 0 .4 )

n -O ctan e

R e f r a c t iv e  Index  
n

D im e n sio n less
F u n c tio n

( n ^ - l ) / ( n + 0 .4 )

32 .00 1 .397803 0 .53056 1.407186 0.54237
5 0 .0 0 1.392636 0 .52405 1.402327 0.53626
68 .0 0 1.387716 0 .51784 1.397473 0.53015
77 .00 1.385138 0 .51458 1.395078 0.52713
86 .0 0 1.382622 0 .51140 1.392684 0 .52411

104 .00 1.377594 0 .50504 1.387960 0.51815
1 22 .00 1.372452 0 .49853 1.383062 0.51196
1 40 .00 1.367077 0.49171 1.378110 0.50569
1 58 .00 1.361412 0.48452 1.372926 0.49913
176 .00 1.355754 0.47732 1.367808 0.49264
194 .00 1.350045 0 .47005 1.362696 0.48615
2 12 .00 1.344284 0 .46271 1.357353 0.47936
230 .00 - - 1.351957 0.47249
248 .00 - - 1.346332 0.46532
512 .60* 1.127782 0.17796 - —

565.16* - - 1 .127326 0.17734

Refers to values at the critical point.



TABLE Kl —  Continued

n-Nonane n-D ecane

T em pera tu re
°F

R e f r a c t iv e  Index  
n

D im en sio n less
F u n c tio n

( n ^ - l ) / ( n + 0 .4 )
R e f r a c t iv e  Index  

n

D im e n sio n less
F u n c tio n

( n ^ - l ) / ( n + 0 .4 )

3 2 .0 0 1 .414895 0.55205 1.421077 0 .55981
50 .0 0 1.410040 0.54596 1.416405 0 .55395
68 .0 0 1.405370 0 .54009 1.416405 0.55395
77.00 1.403097 0.53723 1.409646 0 .72630
86 .00 1.400765 0.53429 1.407315 0.54253

104 .00 1.396164 0 .52850 1.402837 0.53690
122.00 1.391509 0.52263 1.398304 0.53119
140 .00 1.386739 0.51661 1.393716 0 .52541
158 .00 1.381797 0 .51036 1.389014 0 .51948
176 .00 1.377038 0.50434 1.384436 0 .51369
194 .00 1.372225 0.49824 1.379743 0.50776
212 .00 1.367240 0.49192 1.374997 0.50175
230 .00 1.362202 0.48552 1.370197 0 .49567
248 .00 1.356992 0.47890 1.365284 0 .48944
266 .00 1.351493 0.47190 1.360259 0.48305
284 .00 1.346179 0.46512 1.355299 0.47674
302 .00 1.340872 0.45835 1.350109 0.47013
320 .00 - - 1.344749 0.46330
338.00 - - 1.339162 0.45617
611.60* 1.127529 0.17762 - —

654.80* - - 1.127249 0.17724

N)O

Refers to values at the critical point.



TABLE Kl —  Continued

T em p era tu re  
°F

n-U ndecane n-D odecane

R e f r a c t iv e  Index  
n

D im en sio n less
F u n c tio n

( n ^ - 1 ) / (n+ 0 .4 )
R e f r a c t iv e  Index  

n

D im e n sio n le ss
F u n c tio n

(n ^ -1 ) / (n + 0 .4 )

32 .00 1.426208 0.56623 1.430542 0.57166
50 .00 1.421659 0.56054 1.426055 0 .56604
68 .00 1.417174 0.55491 1.421573 0.56043
77 .00 1.415023 0.55222 1.419483 0 .55781
86 .00 1.412754 0.54937 1 .417334 0 .55511

104 .00 1.408338 0.54382 1.413040 0.54972
122 .00 1.403926 0.53827 1.408690 0 .54426
140 .00 1.399519 0.53272 1.404344 0 .53880
158 .00 l [ 397938 0.52695 1.399883 0 .53318
176 .00 1.390480 0.52133 1.395428 0.52757
194 .00 1.385968 0.51563 1.391154 0 .52218
212 .00 1.381342 0.50978 1.386648 0.51649
230 .00 1.376721 0.50394 1.382147 0.51080
248 .00 1.371927 0.49786 1.377473 0.50489
266 .00 1.367139 0.49179 1.372863 0.49905
284 .00 1.362357 0.48572 1.368258 0 .49321
302 .00 1.357462 0.47950 1 .363540 0.48722
320.00 1.352455 0.47312 1.358711 0 .48108
338 .00 1.347278 0.46653 1.353827 0.47487
356 .00 1.341990 0 .45978 1.348891 0 .46858
374 .00 1.336533 0.45281 1.343785 0.46207
392 .00 - - 1.338452 0.45526
410.00 - - 1 .332774 0 .44800

N)oM



TABLE Kl —  Continued

n-U ndecane n—Dodecane

D im en sio n less D im e n sio n le ss

T em peratu re
°F

R e f r a c t iv e  Index  
n

F u n c tio n  

(n ^ -1 )/C n + 0 .4 )
R e f r a c t iv e  Index  

n

F u n c tio n  

(n ^ -1 ) / (n + 0 .4 )

692.60* 1.127569 0.17767 _ _
726.80* 1.127369 0.17740

R e fe rs  to  v a lu e s  a t  th e  c r i t i c a l  p o in t . N)
ow
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TABLE K2
DENSITY CORRELATION DATA

SAMPLE CALCULATION

F ind  th e  d e n s i ty  o f nonane a t  122°F (50°C) and 5000 p s i a .  

= 0 .542  

P ^ =  15 .11

EMR = 96.5376 

MW = 128.25

From F ig u re  8 -2 ,

(n ^ -1 ) / (n + 0 .4 )  = 0 .4 9 8  

From F ig u re  8 -3 ,

p / ( ( n ^ - l ) / ( n + 0 .4 ) )  = 1 .385  

p = 0 .6897  g/m l

F ind  th e  d e n s i ty  o f an unknown norm al h y d ro ca rb o n  l i q u id  m ix tu re  a t  

122°F (50°C) and 5000 p s i a .

(a ) M easure th e  d e n s i ty  a t  a tm o sp h e r ic  c o n d i t io n s .

(b) O b ta in  EMR from  F ig u re  6 -4 .

(c) Get red u ce d  te m p e ra tu re  and p r e s s u r e  from  e i t h e r

F ig u re s  7 -1  and 7 -2 , o r  F ig u re s  7-7  o r  7 -8 .

2 2(d) From F ig u re  8 -2  o b ta in  (n  - l ) / ( n  + 0 .4 )  by i n t e r ­

p o la t in g  betw een  th e  EMR o r  MW v a lu e s  o f  th e  

p e r t i n e n t  p u re  compounds.

(e ) E n te r  F ig u re  8 -3  and com pute th e  v a lu e  o f  p a t  

th e  r e q u ir e d  c o n d i t io n s .
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TABLE LI

CORRELATION SAMPLE 

Method 1

CALCULATIONS

Component %i
*

EMR (% !*)(EMR)

^2 0 .0046 0.0047 9 .407 0.0433

CO2 0 .0030 0 .0031 15.750 0 .0488

H2 S 0 .1438 0 .1448 19.828 2 .8704

nC i 0 .8414 0.8475 13.984 11.8514

0 .9928 1 .0000 14.8139

nC^ 0.0059 0 .8194 23.913 19.5943

nC3 0.0008 0 .1111 34.316 3.8125

^"4 0.0003 0.0417 44.741 1.8657

nC5 0.0002 0 .0278 44.243 1 .2300

0.0072 1 .0000 26.5025

EMR  ̂ = 14.8139

ENRg = 26.5025

(T /P  ) 0 .506c

(T /P  ) 0 .845
c c .

(F ig u re  7 -1 ) 

(F ig u re  7 -1)

T c/P c = (0 .9 9 2 8 )(0 .5 0 6 )  +  (0 .0 0 7 2 )(0 .8 4 5 )

T /P  = 0 .5124  c c
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TABLE LI —  Continued

T /P  = 0 .5124  c c

T ^ //P ^  = 14 .044  (F ig u re  7-2)

T = 384 .9  “R c

P = 751 .2  PSIA c

P = 2021 .3  PSIA P„ = 2 .690  exp R

T = 5 9 5 .0  “R = 1 .546exp R

Z = 0 .8338  exp

Z (F ig u re  7 -3 ) = 0 .8 4 0

Method 2

= 392 .42  °R (By K ay’s C om bination  R ule)

T^/P^ = 0 .5124  (As in  Method 1)

P = 765 .85  PSIA c

P = 2021 .3  P„ = 2 .639exp R

T = 595 °R = 1 .516exp R

Z = 0 .8338exp

Z (F ig u re  7 -3) = 0 .8 3 0
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TABLE LI —  Continued

Method 3

Component
*

%1 EMR (% !* )(EMR)

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

CO2 0 . 0 0 3 0 0 . 3 9 4 7 1 5 . 7 5 0 6 . 2 1 7

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

H2 S 0 . 1 4 3 8 0 . 1 4 6 0 1 9 . 8 2 8 2 . 8 9 5

nC i 0 . 8 4 1 4 0 . 8 5 4 0 1 3 . 9 8 4 1 1 . 9 4 2

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

nC2 0 . 0 0 5 9 0 . 8 1 9 4 2 3 . 9 1 3 1 9 . 5 9 4

nC3 0 . 0 0 0 8 0 . 1 1 1 1 3 4 . 3 1 6 3 . 8 1 3

"C4
0 . 0 0 0 2 0 , 0 2 7 8 4 4 . 2 4 3 1 . 2 3 0

0 . 0 0 0 3 0 . 0 4 1 7 4 4 . 7 4 1 1 . 8 6 6

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

EMR  ̂ = 11 .911

EMRg = 14 .837

EMR. = 26 .503

M o le c u la r  W eight

MŴ  = 3 3 .4

MWg = 18.7

(F ig u re  6 -2 ) 

Curve 1 

C urve 2
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TABLE LI —  Continued

MŴ  = 3 3 .0  Curve 3

^ m ix  "  (3 3 .4 )  (0 .0 0 7 6 ) + (1 8 .7 )  (0 .9 8 5 2 ) 

+ (3 3 .0 ) (0 .0 0 7 2 )  = 19 .3899

Æ 7   ̂ = 4 .4034mix

(F ig u re  7 -8 )

(T /P  = 3 8 . 2  Curve 1c c ^

(T /P  = 4 2 . 0  Curve 2
c c 2

(T /P  = 6 6 . 0  Curve 3c c 3

(T = (3 8 .2 )  (0 .0 0 7 6 ) + (4 2 .0 )  (0 .9 8 5 2 ) +
^ ^ mix

+ (6 6 .0 ) (0 .0 0 7 2 )  = 42 .1439  

Æ w/ 5 .6 6 5  P ^ l /3  (F ig u re  7 -7 )

= 1 3 .9  Curve 1

Xg = 12 .5  Curve 2

X3 = 2 2 .5  Curve 3

X ^lx = (1 3 .9 ) (0 .0 0 7 6 )  + (1 2 .5 ) (0 .9 8 5 2 )  + (2 2 .5 ) (0 .0 0 7 2 )

X ,  = 12 .583mix

p 1 /3  ^ ^ 5 /6  Æ w /(5 .6 6 5 )(X )

p 1 /3  ^ ^ 5 /6  (0 .0 5 8 5 ) 
c c
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TABLE LL —  Continued

p ^ T /4 2 .1 4 3 9c c

T = 2 .604c

T = 311 .78  °R c

P = 7 .398c

P = 404 .9  PSIA c

P = 2021 .3  P„ = 4 .992exp R

T = 595°R = 1 .908exp R

Z = 0 .8338  exp

Z (F ig u re  7 -5) = 0 .8451  

Method 4

U sing th e  same g ro u p in g  a s  in  Method 3 we o b ta in :

EMR  ̂ = 11 .911

EMRg = 14.837

EMRg = 26 .503

M o lecu la r  W eight (F ig u re  6-2)

MWĵ  = 3 3 .8  Curve 1

MWg = 18 .7  Curve 2

MWg = 3 3 .0  Curve 3

MW . = 19 .3899mix

MW . = 4 . 4 0 3 4mix
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TABLE LI —  Continued

T = 355°R

T = 405°R 
^2

T = 580°R 
^3

“mix

Curve 1 

Curve 2 

Curve 3

= (0 .0 0 7 6 )(3 5 5 )  + (0 .9 8 5 2 )(4 0 5 )

(F ig u re  7 -9)

+ (0 .0 0 7 2 )(5 8 0 )  = 405 .88°R

X = (T )5 /G  Æ w /(P  (5 .6 6 5 )
^mix

X = 12 .583

(P )^^ 3  = (0 .0 6 1 8  T
^ mix ^

P = 7 82 .88  PSIA c

P = 2021 .3  PSIAexp

T = 595°R exp

Z = 0 .8338exp , •—

Z (F ig u re  7 -6 )  = 0 .8200

Pj^ = 2 .582  

T„ = 1 .4 6 6K
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COMPUTER PROGRAM NO. 1

*C MOLECULAR WEIGHT-EMR CORRELATION

*C LEAST SQUARES FOR LINEAR EQUATIONS

*C X REPRESENTS EYKMAN MOLECULAR REFRACTION

*C Y REPRESENTS MOLECULAR WEIGHT

* DIMENSIONC(2,3)

*1 READ10,N

* D02I=1,2

* D 02J=1,3

*2 C ( I ,J ) = 0 .

* D03K=1,N

* READ20,X,Y

* D 03I=1,2

* C (I ,3 )= C (I ,3 )+ Y * X * * (I-1 )

* D03J=1,2

*3 C ( I ,J )= C ( I ,J )+ X * * ( I+ J -2 )

* D = C (1 ,1 )* C (2 ,2 )-C (1 ,2 )* C (2 ,1 )

* A = (C (1 ,3 )* C (2 ,2 ) -C (1 ,2 )* C (2 ,3 ) ) /D

* B = (C (1 ,1 )* C (2 ,3 ) -C (1 ,3 )* C (2 ,1 ) ) /D

* PRINT20,A,B

* SUM=0.

* SABS=0.

*C READ IN THE SAME SET OF DATA FOR AN ERROR ANALYSIS

* READIO.N

* D041=1,N 

READ20,X,Y

* YCALC=A+B*X

* ERR=(Y-YCALC)/Y*100.

* SUM=SUM+ERR

* SABS=SABS+ABS(ERR)

*4 PRINT30,I,X,Y,YCALC,ERR

* AN=N

* SUM=SUM/AN

* SABS=SABS/AN

*
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COMPUTER PROGRAM NO. 1 —  Continued

* PRINT20,SUM,SABS

* GOTOl

*10 FORMAT(15)

*20 F0RMAT(F9.3,F12.4)

*30 FORMAT( 1 5 ,F16. 5 , F16. 5 , F 16 . 5 ,F 1 6 .5 )

* STOP

* END
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COMPUTER PROGRAM NO. 2

G COMBINATION RULES -  THEOREM OF CORRESPONDING STATES

C PROGRAM WILFRED R MC LEOD

C C f*******A**COMPONENT IDENTIFICATION

c X a*********amol fraction  of component

C PC **********CRITICAL PRESSURE OF COMPONENT

C TC **********CRITICAL TEMPERATURE OF COMPONENT

C ZC **********CRITICAL COMPRESSIBILITY FACTOR OF COMPONENT

C N **********nUMBER of COMPONENTS

c SPK *********number of the mixture.

C ALL OTHER TERMS ARE SELF-EXPLANATORY

READ 2 6 ,P .T  

DEVS=0.

PUNCH 30

2 READ 2 7 ,SPK 

READ 2 9 ,N

DIMENSION C (1 2 ),X (1 2 ),P C (1 2 ),T C (1 2 ),Z C (1 2 )

PUNCH 3 2 ,SPK 

PUNCH 35 

PUNCH 36 

T=T+459.7 

DO 1 1= 1 ,N

READ 2 5 ,C ( I ) ,X ( I ) ,P C ( I ) ,T C ( I ) ,Z C ( I )

1 PUNCH 3 7 ,C ( I ) ,X ( I ) ,P C ( I ) ,T C ( I ) ,Z C ( I )

TCK=0.

PCK=0.

DO 6 1= 1 ,N 

TCK=TCK+X(I)*TC(I)

6 PCK=PCK+X(I)*PC(I)

S=(T*PCK)/(P*TCK)

I F ( S - 1 .9 0 )3 ,3 ,5

3 I F ( S - .5 ) 7 ,7 ,8  

5 A L P H = (7 .-S )/5 .

GO TO 9
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COMPUTER PROGRAM NO. 2 —  Continued

7 A L P H = (2 .07-S )/.714  

GO TO 9

8 A L P H = (3 .2 8 -S )/(1 .3 5 )

9 IF (A L P H -1 .)1 1 ,1 1 ,1 3

11 ALPH=1.0 

13 SUMJA=0.

SUMJB=0.

SUMSB=0.

SUMSC=0.

SUMK=0.

SUMZ=0.

SUML=0.

DO 12 1 = 1 ,N

SUMJA=SUMJA+X(I)*TCCI)/PC(I)**.5

SUMSB=SUMSB+X(I)*TC(I)/PC(I)

SUMSC=SUMSC+X(I)*(TC(I)/PC(I))**.5

A =X (I)* (Z C (I)* T C (I)* * (ALPH+1. ) /P C ( I ) )* * .5

D = .5 * (Z C (I)* T C (I)/P C (I))* * .3 3 3

D J= (T C (I) /P C (I))* * .3 3 3

DO 10 J=1,N

B=X(J ) * (Z C(J)*T C (J ) * * (ALPH+1. ) /PC (J ) )* * .5  

F = .5 * (Z C (J )* T C (J )/P C (J))* * .3 3 3  

F J= (T C (J ) /P C (J ))* * .3 3 3  

SUMK=SUMK+A*B

SUMJB=SUMJB+X(I)*X(J)* (D J+ FJ)* * 3 ./ 8 .

10 SUML=SUML+X(I)*X(J)*(D+F)++3.

12 SUMZ=SUMZ+ZC(I)*X(I)

B=(SUMSB+2. *SUMSC**2. ) / 3 . 

TCM=(SUMK/SUML)**(1./ALPH)

PCM=TCM*( SUMZ/SUML)

TCJ=( SUMJA) * * 2 ./SUMJB

PCJ=TCJ/SUMJB

TCS=SUMJA**2./B
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COMPUTER PROGRAM NO. 2 —  Continued

PCS=TCS/B 

PUNCH 42 

PUNCH 53,TCK 

PUNCH 54,TCM 

PUNCH 55,TCJ 

PUNCH 56,TCS 

PUNCH 52 

PUNCH 43,PCK 

PUNCH 4 4 ,PCM 

PUNCH 45,PCJ 

PUNCH 4 6 ,PCS

25 FO R M A T (A 3,F6.4 ,F8.2 ,F8.2 ,F6.4)

26 FORMAT(F8.2,F8.2)

27 FORMAT(A3)

29 FORMAT(13)

30 FORMAT(9X,52HCOMBINATION RULES FOR PSEUDO-CRITICAL 
TEMPERATURE AN, llOHD PRESSURE)

32 FORMAT(9X,30HGAS IDENTIFICATION MIXTURE N 0-,A 3/)

35 FORMAT( lOX, 4HC0MP, 5X, 3HM0L, 4X, 8HCRITICAL, 5X, 8HCRITICAL, 
4X,5HCRITI,13HCAL)

36 FORMAT( IIX , 2HN0, 5X, 4HFRAC, 3X, lOHPRESS PSIA,3X,10HTEMP 
DEG R,13X,11HC0MP FACTOR/)

37 FORMAT( lOX,A 3 ,FIG. 4 , FIG . 2 , F13. 2 , F13.4 )

42 FORMAT(9X,36HPSEUDO-CRITICAL TEMPERATURES -  DEG R/)

43 FORMAT(9X,43HKAY **************************************,F 8 .2)

44 FORMAT(9X,43HLELAND AND MEULLER ***********************,p 8 .2)

45 FORMAT(9X,43HZrOFFE ************************************,F 8 .2)

46 FORMAT( 9X, 43HSTEWART, BURKHARDT AND VOO ****************, f 8 . 2)

52 FORMAT(9X,32HPSEUD0-CRITICAL PRESSURES -  PSIA /)

53 FORMAT(9X,43HKAY **************************************,P 8 .2)

54 FORMAT(9X,43HLELAND AND MEULLER ***********************,F 8 .2)

55 FORMAT( 9X, 43HJOFFE ************************************,P 8 .2)

56 FORMAT( 9X, 43HSTEWART, BURKHARDT AND VOO ****************,F 8 .2)
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COMPUTER PROGRAM NO. 2 —  C on tinued

GO TO 2

STOP

END
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COMPUTER PROGRAM NO. 3

DIMENSION C (1 2 ),X (1 2 ),P C (1 2 ),T C (1 2 ),Z C (1 2 ),W (1 2 )

DEVS=0.

PUNCH 30 

2 READ 2 7 ,SPK

READ 2 6 ,N 

PUNCH 3 2 ,SPK 

PUNCH 35 

PUNCH 36 

T=T+459.7 

DO 1 1 = 1 ,N

READ 2 5 ,C ( I ) ,X ( I ) ,P C ( I ) ,T C ( I ) ,Z C ( I )

1 PUNCH 3 7 ,C ( I ) ,X ( I ) ,P C ( I ) ,T C ( I ) ,Z C ( I )

SUMJA=0.

SUMSC=0.

SUMV1=0.

SUMV2=0.

SUMB1=0.

SUMB2=0.

SUMSO=0.

SUMSN=0.

SUMSM=0.

DO 10 1= 1 ,N

SUMJA=SUMJA+X(I)*TC(I)/PC(I)* * .5  

SUM SC=SUM SC+X(I)*(TC(I)/PC(I))**.5 

D J= (T C (I) /P C (I))* * .3 3 3  

W (I)= Z C (I)* T C (I)/P C (I)

SUMSO=SUMSO+X(I)*ZC(I)

SUMV1=SUMV1+X(I)*TC(I)/PC(I)

10 SUM V2=SUMV2+X(I)*TC(I)**1.25/PC(I)**.5

DO 12 1= 1 ,N 

DO 12 J=1,N  

FJ=(TC( J ) /P C (J ) )* * .3 3 3  

SUMSM=SUMSM+X(I)*X(J)* (T C (I)*T C (J ) )* * .5

Q = X (I)*X (J)* ( (T C ( I ) /P C ( I ) ) * * .3333+(TC(J ) /P C ( J ) )* * .3 3 3 3 )* * 3 ./8 .
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COMPUTER PROGRAM NO. 3 —  Continued

SUMB1=SUMB1+Q 

SUMB2=SUMB2+Q*TC(I)*TC(J )

12 SUMSN=SUMSN+X(I)*X(J)*(W(I)* * .3333+W (J)**.3 3 3 3 )* * 3 ./ 8 .

B=(SUMVl+2. *SUMSC**2. ) / 3 .

TCSM=SUMSM

PCSM=TCSM*SUMSO/SUMSN

TCVD=(SUMV2**2/SUMVI)**.66667

PCVD=TCVD/SUMV1

TCB=( SUMB2/ SUMBl)* * .5

PCB=TCB/SUMB1

TCS=SUMJA**2./B

PCS=TCS/B

PUNCH 42

PUNCH 57,TCSM

PUNCH 58-TCVD

PUNCH 59,TCB

PUNCH 52

PUNCH 47,PCSM

PUNCH 48,PCVD

PUNCH 49,PCB

25 FO R M A T (A 3,F6.4 ,F8.2 ,F8.2 ,F6.4)

26 FORMAT(13)

27 FORMAT (A3)

30 FORMAT( 9X,5 2HC0MBINATION RULES FOR PSEUDO-CRITICAL TEMPERATURE
AN, IIOHD PRESSURE)

32 FORMAT(9X,30HGAS IDENTIFICATION MIXTURE N 0-.A 3 /)

3 5 FORMAT( lOX, 4HC0MP, 5X, 3HM0L, 4X, 8HCRITICAL, 5X, 8HCRITICAL, 4X,
5HCRITI,I3HCAL)

36 FORMAT( IIX , 2HN0, 5X, 4HFRAC, 3X, lOHPRESS PSIA,3X,I0HTEMP DEG R, 
I3X, IIHCOMP FACTOR/)

37 F O R M A T (IO X ,A 3 ,F I0 .4 ,F I0 .2 ,F I3 .2 ,F I3 .4 )

42 FORMAT(9X,36HPSEUD0-CRITICAL TEMPERATURES -  DEG R /)

47 FORMAT(9X,43HEMPIRICAL STATISTICAL MECHANICS ***********,F 8 ,2)
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COMPUTER PROGRAM NO. 3 — C ontinued

48 FORMAT(9X,43HVAN DER WAAL-BERTHELOT(INT. VIRAL APPROACH)*,F8.2)

49 FORMAT(9X,43HBERTHELOT (VIRAL APPROACH) ****************,F S .2 )

52 FORMAT(9X,32HPSEUDO-CRITICAL PRESSURES -  PSIA/)

57 FORMAT( 9X,43HEMPIRICAL STATISTICAL MECHANICS ***********,F S .2)

58 FORMAT(9X,43HVAN DER WAAL-BERTHELOT(INT.VIRAL APPROACH)*,F8.2)

59 FORMAT( 9X, 43HBERTHEL0T (VIRAL APPROACH) ****************,f 8 . 2) 

GO TO 2

STOP

END
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COMPUTER PROGRAM NO. 4

*C PUTTING DATA FOR SPLINE INPUT IN THE CORRECT FORM

*C N=NUMBER OF PRESSURES FOR A GIVEN TR

*C M=MIXTURE NUMBER

*1 READ100,M,TR,PC,N

* PUNCHS0,N

* D 02I=1,N ,1

* READ200,P,Z

* PR=P/PC

* PUNCH300,TR,PR,Z

*2 CONTINUE

* GO TO 1

*50 FORMAT(13)

*100 FORMAT( 1 3 ,7X ,F6. 3 , 3X ,F8. 2 , 2X ,13)

*200 FORMAT(F8.2,2X,F7.4)

*300 FO RM A T(F6.3,4X ,F7.3,3X ,F7,4)

* END
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COMPUTER PROGRAM NO. 5 

*C GENERAL SPLINE CURVE ROUTINE

*C FOURTH PROGRAM IN THE COMPRESSIBILITY CHART SERIES

*C MATRIX SOLVED BY ORDINARY GAUSSIAN ELIMINATION

*C NOTE THAT THE SECOND DERIVATIVE AT THE END OF THE CURVE IS ZERO

* D IM E N S IO N X (35),Y (35),A L (35),A (35 ,36),S (35),W (35),G (35)

* PUNCH99

* D 0 2 I-1 ,3 5

* D 02J=1,36

*2 A ( I ,J ) = 0 .0

*1 READ33,SPK

* READIO.N

* PUNCH102,SPK

* PUNCHIOO

* PUNCHlOl

* D03I=1,N

*3 READ20,TR,X(I) ,Y (I)

* Y IP = (Y (1 )-1 .0 ) /X (1 )

* N1=N-1

* D04I=2,N

*4 A L (I)= X (I) -X (I-1 )

* A ( l , l ) = A L ( 2 ) /3 .0

* A ( l ,2 )= A L (2 ) /6 .0

* A (1 ,N + I)= (Y (2 )-Y (1 ))/A L (2 )-Y IP

* A (N ,N -l)= A L (N )/6 .0

* A (N ,N )=A L(N )/3.0

* D05K=2,N1

* A (K ,K -l)= A L (K )/6 .0

* A (K ,K )=(A L (K )+A L (K +l))/3 .0

* A(K,K+l)==AL(K+l)/6.0

*5 A(K,N+1)= (Y (K+1)-Y (K )) /AL(K+1)- (Y (K )-Y (K -1)) /AL(K)

* W ( 1 ) = A ( 1 , 1 )

* G (1)=A (1,N +1)/W (1)
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COMPUTER PROGRAM NO. 5 —  Continued

* D06I=2,N

* W ( I ) = A ( I ,I ) - A ( I ,I - 1 ) * A ( I - 1 ,I ) /W ( I - 1 )

*6 G (I )= (A ( I ,N + 1 ) -A ( I ,I -1 )* G ( I -1 ) ) /W (I )

* S(N)=G(N)

* D07I=2,N

* J=N +1-I

*7 S (J )= G (J )-S (J+ 1 )* A (J ,J+ 1 ) /W (J )

* XX=0.25

*8 XX=XX+0.25

* K=0

* D09I=1,N

* K=K+1

* IF (X (I)-X X )9 ,1 1 ,1 1
*9 CONTINUE

* GO TO 1

*11 IF (K -1 )1 2 ,8 ,1 2

*12 YY=S(K-1)*(X(K)-XX)* * 3 /6 .0/AL(K)

* YY=YY+S(K)* (X X -X (K -l)) * * 3 /6 .0/AL(K)

* YY=YY+(Y(K)-S(K)*AL(K)/6. 0 ) * (X X -X (K-l))

* YY=YY+(Y(K-1)/AL(K)-AL(K)*S(K-1)/6. 0 ) * (X(K)-XX)

* Y P=-S(K -1)* (X(K)-XX)* * 2 / ( 2 .0*AL(K))

* YP=YP+S(K)* (XX-X(K-1)) * * 2 / ( 2 .0*AL(K))

* YP=YP+(Y(K)-Y(K-1)) /AL(K)

* Y P= Y P-((S (K )-S (K -1))*A L (K ))/6 .C

* YPP=S(K-1)* (X (K)-X X)/AL(K )+(S(K)* (XX-X(K-1)) /AL(K))

* PUNCH30, TR,XX,YY,YP,YPP

* GO TO 8

*10 FORMAT(13)

*20 F0R M A T (F6.3,4X ,F7.3,3X ,F7.4)

*30 F 0R M A T (4X ,F 6 .3 ,4X ,F 7 .3 ,4X ,F 7 .4 ,4X ,F 9 .4 ,4X ,F 9 .4 )

*33 FORMAT(A3)

*99 FORMAT(5X,19HSPLINE CURVE OUTPUT)
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COMPUTER PROGRAM NO. 5 — C ontinued  

*100 FORMAT (5X, 2 6HRED RED COMP)

*101 FORMAT(5X,52HTEMP PRESS FACTOR DZ/DPR DZ2/,

*102 FORMAT(5X,30HGAS MIXTURE IDENTIFICATION N 0-.A 3/)

* STOP

* END


