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CHAPTER I  

THE PROBIEM

Q u a n ti ta t iv e  in fo rm a tio n  co ncern ing  th e  b e h av io r o f  w a ter-hyd rocarbon  

m ix tu re s , u n d er th e  c o n d it io n s  found in  n a tu r a l  r e s e r v o i r s ,  i s  o f  prim e im

p o rtan ce  to  th e  petro leum  e n g in e e r . The p re sen ce  o f w a te r in  a l l  s te p s  o f  

hydrocarbon g a s  h an d lin g  p ro c e sse s  p o in ts  o u t th e  need f o r  a  tho rough  u n d e r

s ta n d in g  o f  h y d ro carb o n -w ater sy stem s.

The re p o r te d  ex p e rim en ta l o r  t h e o r e t i c a l  in v e s t ig a t io n s  have been more 

e x te n s iv e  in  re g a rd  to  th e  fo rm a tio n  o f  gas h y d ra te s  and amount o f  gas 

w a te r c o n te n t th an  th e  d e te rm in a tio n  o f  hydrocarbon  s o l u b i l i t y  in  w a te r . 

S o lu b i l i ty  o f  pure l i g h t  hydrocarbons and n a tu r a l  g a s , a t  wide p re s su re  

and te m p e ra tu re  ra n g e s , in  w a te r have been p u b lis h e d . However, th e  in fo rm a

t io n  a v a i l a b le  concern ing  th e  s o l u b i l i t y  o f  b in a ry  hydrocarbon m ix tu re s  i s  

frag m en ta ry  and th e re  a re  few s o l u b i l i t y  d a ta  r e p o r te d  f o r  a  te r n a r y  h y d ro 

carbon m ix tu re .

At p re s e n t  a  r e l i a b l e  t h e o r e t i c a l  o r  e m p ir ic a l  method, by which s o lu 

b i l i t i e s  o f  m ix tu re  hyd rocarbons in  w a te r can be d e te rm in ed , does n o t ex 

i s t .  The la c k  o f  ex p e rim en ta l and t h e o r e t i c a l  in fo rm a tio n  r e l a t i n g  to  

t h i s  f i e l d  h as  prompted t h i s  in v e s t ig a t io n .

In  t h i s  work th e  fo llo w in g  e x p e rim en ta l d a ta  were o b ta in e d ;

1. S o lu b i l i ty  o f  m ethane-e thane  m ix tu res  in  w a te r  a t  tem pera

tu r e s  o f  100, 130 , 160 , 190 , 220 F and p re s s u re s  o f  700 to  

8000 p s ia .
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2 . S o lu b i l i ty  o f  m ethane-propane m ix tu res  in  w a te r  a t  a  tem pera

tu re  o f  220 F and p re s s u re s  o f  700 to  8000 p s ia .

3. S o lu b i l i ty  o f  e th an e -p ro p an e  m ix tu res  in  w a te r  a t  a  tem pera

tu r e  o f 220 F and p re s s u re s  o f  700 to  8000 p s ia ,

4 .  S o lu b i l i ty  o f  m ethane-e thane-p ropane  m ix tu re s  in  w a te r  a t  

l6 0 , 190, 220 F and p re s s u re s  o f  700 to  5000 p s ia .

S in ce  on ly  th e  s o l u b i l i t y  o f  g aseo u s hydrocarbons in  w a te r was d e s i r e d ,  

th e  te m p e ra tu re s  were chosen such t h a t  on ly  two p h ases  would be p re s e n t .

The two phases in  e q u ilib r iu m  c o n s is te d  o f : ( l )  g aseo u s hydrocarbon mix

t u r e  and (2 ) th e  l iq u id  w a te r w ith  hydrocarbon d is s o lv e d  in  i t .

The e f f e c t  o f  m ix tu re  com position  on th e  s o l u b i l i t y  has been s tu d ie d .  

Based on th e  ex p erim en ta l d a ta  o b ta in e d  in  t h i s  work, a  c o r r e la t io n  has 

been developed  from which s o l u b i l i t y  o f  gaseous hydrocarbon m ix tu res  o f 

any com position  a t  any p re s su re  and tem p e ra tu re  in  w a te r  can be de term ined  

(p ro v id e d  on ly  two phases a re  p r e s e n t ) .

A new method f o r  ta k in g  l iq u id  and vapor sam ples a t  h ig h  p re s su re s  

h as  been in tro d u c e d . Sam pling v a lv e s  o f  a  sim p le  d e s ig n  were used to  ob

t a i n  th e  sam ples f o r  ch rom atograph ic  a n a ly s is .



CHAPTER I I

GEîiERAL CONSIDERATION OF PHASE EQUILIBRIA AND

LITERATURE

F or a  c lo se d  system  c o n s is t in g  o f  a  pure  component and s u b je c t  to  no 

e x te r n a l  fo rc e s  o th e r  th an  p re s su re  th e  c r i t e r i a  o f  e q u ilib r iu m  i s  t h a t  

th e  change in  Gibbs f r e e  energy  o f th e  system , a t  c o n s ta n t tem p era tu re  

and p re s s u re , be eq u al to  z e ro . T h is  i s  ex p re ssed  by th e  fo llo w in g  f o r 

mula:

dGf^p = 0 ( I I - l )

where G = t o t a l  Gibbs f r e e  energy  o f th e  s in g le  component system .

C onsider a  c lo se d  system  to  be c o n s t i tu te d  o f  more th an  one phase 

and each phase c o n s is t in g  o f one o r  more com ponents. Each in d iv id u a l  

phase w i l l  be an open system  whose mass o r  com position  may change. For

a  com plete e q u ilib r iu m  to  e x i s t ,  a l l  phases w ith in  th e  system  shou ld  be

in  e q u ilib r iu m  w ith  each  o th e r .

I f  th e  components a r e  d is t in g u is h e d  by means o f s u b s c r ip ts  and phases 

by s u p e r s c r ip t s ,  th e  G ibbs f r e e  energy  o f th e  p o ly p h as ic  system  i s

G = Ĝ  + G  ̂ + . . .  ( I I -2)

In  each phase th e  v a r ia t io n  o f th e  f r e e  energy  w ith  r e s p e c t  to  T, P, and 

th e  q u a n t i ty  v a r ia b le s  i s

3



o r

dG = (dG /aT )p ,n idT  + (aG /dP)T ,n idP  + (a G /a n i)T ,p ,n j^ ^ d n i

( I T - 3)

dG = -  SdT + VdP + I / /  id n i  ( I I - 4 )

in  which S i s  th e  e n tro p y , V th e  volume, n i  th e  m oles o f  component i ,  and 

JU A i s  d e fin e d  a s

1 = G lG l/an^)^  p _  ( H - 5 )

where s u p e r s c r ip t  1 in d ice -. vîv- p ia se  one pnd i s  c a l le d  th e  chemlu&l 

p o te n t i a l  o f  component i  in  phase one.

E x p ress io n s  s im i la r  to  E quation  (lX -3 ) can be w r i t te n  f o r  th e  d i f f e r 

e n t i a l  changes o f  i n t e r n a l  energy , U, e n th a lp y , H, and Helm holtz f r e e  

en erg y . A, and i t  can be shown th a t

= (au  /aOj^)y = (an  / a n i ) g ,p  /^ " iV ,V ,n y j^

( I I - 6 )

From d e f in i t i o n  o f  p a r t i a l  m olal q u a n t i t i e s  and Equation  ( I I - 5 ) i t  i s  

e v id e n t t h a t  th e  chem ica l p o te n t i a l  o f  a  component in  each phase i s  th e

same a s  th e  p a r t i a l  m olal f r e e  energy  in  t h a t  p h ase , i . e .

/ / j  = c j  ( I I - 7 )

H ere, G  ̂ d e s ig n a te s  th e  p a r t i a l  m olal f r e e  energ y  o f  component i  i n  phase j .  

For a  r e v e r s ib le ,  e q u ilib r iu m  change a t  c o n s ta n t  T and P, in  each  phase ,

dG^ = = ^G^dn^ = 0 ( I I - 7 )

which i s  th e  c o n d itio n  f o r  homogeneous e q u ilib r iu m  a t  c o n s ta n t T and P.
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F o r th e  heterogeneous e q u ilib r iu m  o f  th e  p o ly p h asic  system  a t  c o n s ta n t T 

and P,

dG = IdG-^ = I ( - f / / ^ d n ^ )  = 0 ( H - 8 )

For a  r e v e r s ib le  change o r  t r a n s f e r  o f  components between th e  phases a t  

c o n s ta n t  T and P, E quation  ( lX -8 ) must be s a t i s f i e d .  I f  th e re  were no 

r e l a t i o n s  between th e  q u a n t i ty  v a r ia t io n s  ( d n 's ) ,  th e  e q u a tio n  would be 

s a t i s f i e d  only  when a l l  ) U ’s  were z e ro . However, th e  t o t a l  number o f 

m oles o f  each component In  th e  c lo se d  system  rem ains c o n s ta n t;  hence

dn^ = -  dn^ -  dn^ -  . . .  ( I I -9)

S u b s t i tu t i n g  ( I I - 9 )  In  ( lX -8 ) one can show th a t

^ ^ ^ = . . .  1 = 1, 2 , 3. •••  (XX-IO)

In  thermodynamics th e  fu g a c i ty  o f  a  component i  a t  c o n s ta n t tem pera

tu r e  I s  d e f in e d  a s

(dCL = R T dlnf^)^  ( H - l l )

where f .  I s  th e  f u g a c i ty  o f  component i  in  a  m ix tu re . S u b s t i tu t in g  (IX -?) 

in  ( I X - l l )  g iv e s

d / / ^  = RTdlnf^ ( 11- 12)

I n te g r a t in g  E quation  (11 -1 2 ) between two phases a t  e q u ilib r iu m  g iv e s

f l  = fZ = f3  = . . .  (11-13)



In  g e n e ra l ,  a  m ulticom ponent system  would be in  e q u ilib r iu m  when th e  

T and P a re  c o n s ta n ts  and chem ica l p o te n t i a l s  o r  f u g a c i t i e s  o f  a l l  compo

n e n ts  in  a l l  phases a re  th e  same.

Each phase o f  th e  p o ly p h a s ic  system  w i l l  be co m ple te ly  s p e c i f ie d  when 

T, P, and com position  o f  t h a t  phase i s  known. G ibbs ' phase r u l e  g iv e s  th e  

answ er to  th e  fo llo w in g  q u e s t io n  ( ? ) ;  when th e  system  i s  in  e q u ilib r iu m , 

how many in te n s iv e  v a r ia b le s  can be f ix e d  a r b i t r a r i l y ? .

A. Gibbs Phase Rule 

The famous G ibbs phase r u l e  has been d e s c r ib e d  in  numerous t e x t s  and 

p ap ers  ( l ,  7 , 8 , 11) and i t  can be s ta t e d  a s  fo llo w s :

D egrees o f  freedom  = (number o f  in d ep en d en t components) -

(number o f  p h ase s) + 2 (11-14)

where d e g re e s  o f  freedom  a r e  th e  number o f  in te n s iv e  p r o p e r t ie s  t h a t  can 

be v a r ie d  w ith o u t changing  th e  number o f  p h ases  o r  th e  number o f  compo

n e n ts  in  any phase .

B, S in g le  Component System s 

For one component th e  d e g re e s  o f freedom  would depend on th e  number 

o f  phases e x i s t in g  in  e q u il ib r iu m .

A pure su b s ta n c e  can e x i s t  in  a  s o l id ,  l i q u id ,  o r  gaseous form  depend

in g  on th e  tem p e ra tu re  and p re s s u re .  When a  s in g le  component e x i s t s  in

one, two, o r  th r e e  d i f f e r e n t  p h ases , th e  d e g re e s  o f  freedom  would be two,

one, and z e ro , r e s p e c t iv e ly .  —

The s t a t e  o f  e q u ilib r iu m  w ith  two c o e x is t in g  phases o f  a  one-component 

system  i s  commonly c a l l e d  th e  vapor p re s s u re  cu rve  o f  pure su b s ta n c e s .

The vapo r p re s su re s  o f  pu re  su b s ta n c es  used  in  t h i s  in v e s t ig a t io n
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have been re p o r te d  by numerous i n v e s t ig a to r s .  However, in  t h i s  work th e  

d a ta  p rov ided  by Hamblin (3) have been u sed .

C. B inary  Systems

S o lu b i l i ty  o f  a  pure hydrocarbon g as  in  w a te r  in v o lv e s  two compo

n e n ts ,  th e  gas and th e  w a te r . A d d itio n  o f  a n o th e r  component in c re a s e s  

th e  p o s s ib le  number o f  phases t h a t  cou ld  e x i s t  in  e q u ilib r iu m . Prom 

E q u a tio n  ( I I -1 4 )  f o r  a  ze ro  d eg ree  o f freedom  th e r e  would be fo u r  phases 

p re s e n t  in  e q u il ib r iu m .

S ince t h i s  work was an a tte m p t in  d e te rm in in g  s o l u b i l i t i e s  o f  hydro 

carb o n  g ases  in  l iq u id  w a te r , th e  tem p era tu re  and p re s su re  would be 

s p e c i f ie d  such t h a t  on ly  two phases c o e x is t  in  e q u ilib r iu m . The d e g re e s  

o f  freedom  would be tw o. T h is  would mean th a t  th e  vapor and l i q u id  com

p o s i t io n s  a t  e q u ilib r iu m  would be a  fu n c tio n  o f  th e  tem p era tu re  and p re s 

s u re  o f  th e  system .

S o l u b i l i t i e s  o f  pure hydrocarbons in  w a te r  have been re p o r te d  by 

numerous in v e s t ig a to r s .  F ro l ic h ,  e t  a l . ,  have in v e s t ig a te d  th e  s o l u b i l i t y  

o f  methane in  w a te r a t  25 C up to  p re s su re s  o f  140 a tm ospheres. S o lu b i l i ty  

o f  methane in  w a te r h as  a ls o  been re p o r te d  by M ichels (44) and C ulberson  

( 1 3 . 26 ) a t  wide te m p e ra tu re  and p re s su re  ra n g e s . O ld s , Sage, and Lacey 

(4 6 ) have re p o r te d  th e  com position  o f dew p o in t g a s  f o r  th e  m ethane-w ater 

system  a t  te m p e ra tu re s  to  460 F and p re s su re s  to  10,000 p s i .

S o lu b i l i ty  o f  e th an e  in  w a te r  h as  been re p o r te d  by C ulberson ( 13 . 2 5 ) 

f o r  te m p e ra tu res  o f  100, I 6 0 , 220, 280, and 340 F and p re s su re s  o f  up to

10,000 p s i .  D ata on e th a n e -w a te r  system  have a ls o  been re p o r te d  by Reamer, 

e t  a l . , (4 8 ) .

Chaddock (12) h as  de term ined  th e  phase e q u i l i b r i a  d a ta  f o r  th e  system
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p ro p an e -w a te r in  both th e  tw o-phase and th re e -p h a se  r e g io n s .  The th r e e -  

phase re g io n  was s tu d ie d  o v er a  tem p e ra tu re  ra n g e , from room tem p era tu re  

to  t h a t  tem p era tu re  a t  which one o f  th e  phases  d is a p p e a re d . The two- 

phase re g io n  was s tu d ie d  a t  v a r io u s  te m p e ra tu re s  up to  300 F and p re s su re s  

up to  3000 p s i .  The propane-w aL er system  was a l s o  s tu d ie d  oy Kobayashi

(1 4 ) .

O th er pure p a r a f f in  h y d ro carb o n -w ater system s have a l s o  been s tu d ie d .  

Normal b u tan e -w a te r system  h as  been s tu d ie d  by Reamer, e t  a l . ,  (49) and 

S c h e f fe r  (50 , 51) has s tu d ie d  th e  h ex ane-w ater and p e n tan e -w a te r  system s 

up to  t h e i r  r e s p e c tiv e  th re e -p h a s e  c r i t i c a l  c o n d i t io n s .

D. T e rn a r /  System s 

In  th e  three-com ponent system  each phase w i l l  in v o lv e  two c o n c e n tra 

t io n  v a r i a b le s .  A p re s su re - te m p e ra tu re  cu rv e  f o r  a  th ree-com ponent system  

im p lie s  c o e x is te n c e  o f  f o u r  phases s in c e  a  l i n e  co rre sp o n d s  to  one d eg ree  

o f  freedom . S ince c o e x is te n c e  o f  on ly  two phases i s  d e s i r e d  in  t h i s  

s tu d y , th r e e  deg rees  o f  freedom  w i l l  be a v a i l a b le .  The system  w i l l  be 

c o m p le te ly  d e fin e d  when th e  T, P, and com position  o f one phase a re  f ix e d .

The on ly  s o l u b i l i t y  d a ta  in  a  te rn a ry  system  has been re p o r te d  by 

McKetta ( 15) .  McKetta h a s  de te rm in ed  th e  phase e q u i l i b r i a  d a ta  f o r  m ethane- 

n -b u ta n e -w a te r  system  in  b o th  th e  tw o- and th re e -p h a se  r e g io n s .  Both 

p h ases  were s tu d ie d  o v e r a  te m p e ra tu re  ran g e  o f  100 to  280 F . The p re s 

s u re  i n  th e  th re e -p h a se  re g io n  was vsiried  from  5OO p s i  to  th e  th re e -p h a se  

c r i t i c a l  p re s su re  where th e  l iq u id  and gaseo u s hydrocarbon  phases became 

i d e n t i c a l .  The tw o-phase re g io n  was s tu d ie d  o n ly  a t  2000 and 3OOO p s i .

E. M ulticom ponent System s 

A n a ly s is  o f v a p o r - l iq u id  e q u i l i b r i a  becomes ex trem ely  com plicated
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when more th a n  th re e  components a r e  in v o lv e d . E xperim en ta l d a ta  co ncern 

in g  th e  s o l u b i l i t y  o f  th r e e  p a r a f f in  o r  u n s a tu ra te d  hydrocarbon m ix tu res  

in  w a te r a r e  n o n e x is te n t. However, s o l u b i l i t y  o f  n a tu r a l  g as  in  w a ter 

and w a te r c o n te n t o f  n a tu r a l  g as  have been re p o r te d  by many in v e s t ig a to r s .  

Dodson and S tand ing  (28) have re p o r te d  th e  s o l u b i l i t y  o f  n a tu r a l  g as  in  

pure  and s a l t  w ater a t  te m p e ra tu re  ran g es  o f  100 to  250 F and p re s s u re s  

o f  500 to  5000 p s i .

A ll o f  th e  in v e s t ig a t io n s  d is c u s s e d  in  t h i s  c h a p te r  have shown th a t :  

(a )  s o l u b i l i t y  o f  hydrocarbons in  w a te r in c r e a s e s  w ith  in c re a s in g  p re s 

s u re ;  (b ) th e  s o l u b i l i t y  shows a  minimum a t  a  c e r t a in  te m p e ra tu re , depend

in g  on th e  n a tu re  o f  th e  hydrocarbon , f o r  a  c o n s ta n t  p re s s u re ;  (c )  s o lu 

b i l i t y  i s  d ec reased  by th e  p re sen ce  o f d is s o lv e d  s o l id s  in  w a te r ; and (d) 

s o l u b i l i t y  o f  u n s a tu ra te d  hyd rocarbons i s  g r e a t e r  th an  th e  s o l u b i l i t y  o f  

p a ra iff in  hydrocarbons hav in g  th e  same number o f  c a rb o n s .



CHAPTER I I I

NATURE OF SOLUTIONS

M ix tu res o f  two o r  more components w hether in  th e  g a s , l iq u id ,  o r  

s o l i d  phase have been r e f e r r e d  to  a s  s o lu t io n s .  However, P r ig o g in e  (? )  

d e f in e s  a  s o lu t io n  a s  a  condensed phase ( l i q u id  o r  s o l id )  composed o f 

s e v e r a l  com ponents. He h as  s t r e s s e d  t h a t :  "even in  v e ry  d i l u t e  s o lu 

t i o n s ,  i t  i s  in c o r r e c t  to  compaire th e  s t a t e  o f tn e  d is s o lv e d  components

w ith  t h a t  o f m olecu les in  th e  gas s t a t e .  Each d is s o lv e d  m olecule i s  su b 

j e c t  to  s tro n g  fo r c e s  e x e r te d  on i t  by th e  so lv e n t m o lecu les . T his p o in t 

i s  c l e a r ly  i l l u s t r a t e d  by th e  f a c t  t h a t  th e  h e a t o f  s o lu t io n  o f  a  s o l id  

i s  u s u a l ly  v e ry  c lo se  to  th e  h e a t o f  fu s io n , and d i f f e r s  c o n s id e ra b ly  

from  h e a t  o f  v a p o r iz a t io n ."

Denbigh ( l )  has s t a t e d  t h a t  s o l u b i l i t y  i s  n o t due to  m o lecu lar f o r c e s ,  

b ecause  two g a se s  can mix in  a l l  p ro p o r tio n s  and have i n f i n i t e  m utual 

s o l u b i l i t y .  The m ixing i s  due, n o t to  any in t e r a c t io n ,  but to  th e  m otion 

o f  m o lecu les and to  th e  f a c t  t h a t  a  mixed s t a t e  i s  more p ro b ab le  th an  th e

unmixed one. However, in  condensed p h ases, th e  m o le c u la r  fo r c e s  have a

d e f i n i t e  in f lu e n c e  on th e  tendency  tow ard m ixing.

Any s a t i s f y in g  in t e r p r e t a t i o n  o f  l iq u id s  and s o lu t io n s  must be a  

m o le c u la r  th e o ry  and must in v o lv e  m o lecu la r p a ra m e te rs . However, th e  

o v e r s im p l i f ic a t io n s  n e c e ssa ry  in  d ev e lo p in g  th e  th e o ry  o f condensed s t a t e  

and e v a lu a tio n  o f m o lecu la r p a ram ete rs  l im i t s  i t s  u s e . F or p r a c t i c a l

10
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p u rp o ses , i t  i s  p re fe r re d  to  r e l a t e  th e  p r o p e r t ie s  o f  l i q u id  s o lu t io n s  to  

th o se  o f  pure  l iq u id s .

Thermodynamic p r in c ip le s  a re  e q u a lly  a p p l ic a b le  to  pure components 

and s o lu t io n s  o f  f ix e d  co m p o sitio n . Where v a r i a t io n s  in  com position  

o ccu r , th e  fu n c tio n a l  r e l a t i o n s  f o r  a l l  thermodynamic p r o p e r t ie s  r e q u ire  

one a d d i t io n a l  term  f o r  each  a d d i t io n a l  component p re s e n t .

S o lu t io n s  can be c l a s s i f i e d  on th e  b a s is  o f  t h e i r  thermodynamic 

p r o p e r t i e s .  On t h i s  b a s i s  a  d i s t i n c t io n  can be made between id e a l  s o lu 

t io n s  and n o n -id e a l s o lu t io n s .

A. Id e a l  S o lu tio n s  

The concept o f i d e a l  s o lu t io n s  i s  a s  v a lu a b le  in  a  condensed phase 

a s  th e  concep t o f  id e a l  g a s  i s  in  a  vapor p h ase . Even though an id e a l  

s o lu t io n  i s  a s  n o n e x is te n t a s  an id e a l  g a s , th e  law s o f id e a l  s o lu t io n ,  

s im i la r  to  id e a l  gas law f o r  g a se s , p ro v id e  a  d e s c r ip t io n  o f  a c tu a l  s o lu 

t io n s  w ith in  c e r ta in  l i m i t s .  A s o lu t io n  i s  c o n s id e re d  id e a l  when th e  

change o f  volume on m ixing i s  n e g l ig ib ly  sm a ll. The change o f  volume on 

m ixing , can be ex p re ssed  a s

AV . = V . ,  -  V + ( I I I - l )mix m ix tu re  components

F or a  m ix tu re  o f  components A and B

* " b ' b  ̂ -  (“ a' a + " b' b >

where = (dV /dn^)^ p ig  = p a r t i a l  m o la l volume o f  component A

n^ = number o f  m oles o f  component A

v^ = s p e c i f ic  volume p e r mole o f  component A



12

E quation  ( I I I -2 ) can be r e w r i t te n  a s

■  " a ( ’ a  -  "  "b < 'b  -  "B>

For an id e a l  s o lu t io n ,  A = 0 which means

' 'b " ' b '  ®

o r ,  in  g e n e ra l ,  a  re q u ire d  c o n d itio n  f o r  id e a l  s o lu t io n  i s

The fu g a c i ty  o f a  component in  id e a l  s o lu t io n  i s  g iven  a s

RTln(f^/x^f^) = - v^)dp (H I-5 )

From th e  d e f in i t io n  o f  i d e a l  s o lu t io n ,  -  v\ = 0 , i t  fo llo w s  th a t

f^ = x^f^ (H I-6 )

E q u a tio n  ( H I - 6 ) i s  r e f e r r e d  to  a s  th e  L ew is-R andall r u l e .

The L ew is-R andall r u l e  a l s o  im p lie s  th e  fo llo w in g  f a c t s ;

E n thalpy  o f m ixing = “ ^^) ~ 0; ( l l l - 7 a )

E ntropy o f  m ixing = A S^^^ = -  ]Tn^Rlnx^; ( I I I - 7 b )

and F ree  energy o f  m ixing = AG^^^^ = ]^n^RTlnx^ ( l l l - 7 c )

For an i d e a l  s o lu t io n ,  i t  can  a ls o  be shown t h a t  th e  chem ical p o ten 

t i a l  o f  any component " i "  in  th e  m ix tu re  i s
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M \ ^ U  i^ (T .P )  + RTlnx^ ( I I I - 8 )

w h e r e j^(T,P)  i s  th e  chem ical p o te n t i a l  o f  pure  i  a t  T and P.

Most d i l u t e  s o lu t io n s  c o n s is t in g  o f m o lecu la r s p e c ie s  s im i la r  in  

t h e i r  a t t r a c t i v e  fo r c e s  a re  c o n s id e re d  to  behave i d e a l l y .  The f a m i l i a r  

Henry and R a o u l t 's  law s govern th e  b eh av io r o f  such  s o lu t io n s .

1 . H en ry 's  Law

Assuming an id e a l  l i q u id  s o lu t io n  in  e q u ilib r iu m  w ith  i t s  vapo r which 

behaves a s  an id e a l  g as  m ix tu re ; th e n  acco rd in g  to  E quation  ( I I - IO )

w here s u p e r s c r ip ts  1 and g d e s ig n a te  l iq u id  and g a s  p h ases , r e s p e c t iv e ly .

For am id e a l  g a s  m ix tu re , th e  chem ical p o t e n t i a l  o f  any component i s

g iv e n  a s

u f = u  r° (T ) + RTlnp^ ( I I I - I O )

w h e r e / /  ^(T) i s  th e  chem ical p o te n t i a l  o f  pure i  a t  u n i t  p re s su re , and p^ 

i s  th e  p a ir t ia l  p re s su re  o f  component i  in  th e  g a s  p h ase . S u b s t i tu t in g  

f o r  / /  ^  a n d / /® ,  acco rd in g  to  E q u a tio n s  (X II -8 ) and ( I I I - I O ) ,  r e s p e c t iv e ly .

w i l l  g iv e

/ /* ^ ( T ,P )  + RTlnx^ = / /^ ® (T )  + RTlnp^ ( l l l - l l )

E q u a tio n  ( l l l - l l )  can be w r i t t e n  in  a  sim ple  form  a s

p^ = k^x. ( H I - 12)

w here k^ = expf(//j^^ - / /^ ® ) /R T )  (IIX -13)
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E quation  ( I I I - 1 2 )  i s  known a s  H enry’s  law and g iv en  by E quation  

( I I I - I 3)» i s  known a s  th e  c o e f f ic ie n t  o f  H en ry 's  law . The c o e f f ic ie n t  

i s  n o t a  c o n s ta n t b u t a  fu n c tio n  o f  b o th  T and P. The tem p e ra tu re  and 

p re s s u re  dependence o f  k̂  ̂ a r e ,  r e s p e c t iv e ly ,

h f  -  H
(a in k ./0 T )p  =    ( H I - 1 4 )

^ ^  RT2

(aink^/0P)^ = vJ/RT ( H I - 15)

F or a  sm all change in  p re s s u re , (d ln k ^ /d P )^  i s  n e g l ig ib le  because V^/RT 

i s  v e ry  sm a ll,

2 . R a o u lt '8  Law

F o r a  d i l u t e  s o lu t io n  where th e  mole f r a c t io n  o f  th e  s o lv e n t ,  x^, 

i s  n e a r ly  u n ity  E quation  ( H I - 1 2 )  re d u c e s  to

P° = ( H I - 1 6 )

w here P? i s  th e  vapor p re s su re  o f  th e  pure  s o lv e n t .  S u b s t i tu t in g  f o r  k̂  ̂

i n  E quation  ( lH - 1 2 )  g iv e s

p^ = P°x. ( H I - 17)

E q u a tio n  ( H I - l ? )  i s  known a s  R a o u l t 's  law . R a o u lt’s  law can a ls o  be 

deduced from th e  L ew is-R andall r u l e ,  E q u a tio n  ( I I I - 6 ) ,  when p̂  ̂ and P° 

a r e  s u b s t i t u te d  f o r  f ^  and f ^ ,  r e s p e c t iv e ly .

B. N on-Ideal S o lu tio n s  

H ildeb rand  c l a s s i f i e s  l iq u id  s o lu t io n s  on th e  b a s i s  o f  m o lecu lar
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s t r u c tu r e  and in te rm o le c u la r  fo rc e s  a s :  i d e a l ,  a th e rm ai s e m i- id e a l ,  reg u 

l a r ,  a s s o c ia te d  and s o lv a te d  ( 4 ) .

1. A therm ai S em i-Idea l S o lu t io n s  

For th e s e  s o lu t io n s ,  th e  change in  volume and e n th a lp y  on m ixing i s  

z e ro , b u t th e  en tro p y  o f  m ix ing  i s  g iven  a s

( I I I - 1 8 )

0i  -

and th e  f r e e  volume, v^, i s  d e f in e d  a s  th e  e f f e c t iv e  space occup ied  by 

in d iv id u a l  m olecules p e r  m ole. The e n tro p y  o f  m ixing f o r  a th e rm a i s o lu 

t i o n s  i s  alw ays g r e a te r  th a n  th a t  f o r  id e a l  s o lu t io n s .  However, th e  f r e e  

energy  o f  m ixing i s  s m a lle r  th an  th a t  f o r  i d e a l  s o lu t io n s .  In  a l l  c a se s , 

a th e rm a i s o lu t io n s  show n e g a tiv e  d e v ia t io n s  from R a o u l t 's  law .

2 .  R egular S o lu t io n s  

These s o lu t io n s  show a  p o s i t iv e  h e a t o f  m ixing, zero  o r  n e g l ig ib le  

volume o f  m ixing and an e n tro p y  o f  m ixing e q u a l to  t h a t  o f  i d e a l  s o lu t io n s .  

R egu lar s o lu t io n s  show a  p o s i t iv e  d e v ia t io n  from  R a o u l t 's  law . P o s i t iv e  

e n th a lp y  o f m ixing would cau se  th e  f r e e  energ y  o f  m ixing f o r  r e g u la r  s o lu 

t io n s  to  be g r e a te r  th an  t h a t  f o r  id e a l  s o lu t io n s .

3. A ssociated , and S o lv a te d  S o lu tio n s  

These s o lu t io n s  d e v ia te  from i d e a l i t y  w ith  r e s p e c t  to  bo th  en tro p y  

and h e a t  o f  s o lu t io n .  A sso c ia ted  s o lu t io n s  show a  p o s i t iv e  e n th a lp y  o f 

m ixing (endo therm ie) and an  en tro p y  o f  m ixing g r e a te r  th an  t h a t  o f  id e a l  

b e h a v io r .
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S o lv a ted  s o lu t io n s  a r e  reco g n ized  w ith  a  n e g a tiv e  h e a t o f  m ixing 

(exo th erm ic) and an e n tro p y  o f  m ixing s m a lle r  th an  th a t  o f  id e a l  s o lu 

t i o n s .

The chem ical p o te n t i a l  f o r  n o n - id e a l s o lu t io n s  i s  g iv en  a s

= / / * ( T ,P )  + RTln f  ̂ x^ ( lH - 1 9 )

where f ^  i s  th e  a c t i v i t y  c o e f f i c i e n t  o f  component i .  The v a lu e s  o f

/ i j^ (T ,P )  and i   ̂ depend on th e  ch o ice  o f  i d e a l  re fe re n c e  system . A c tiv 

i t y  c o e f f i c i e n t s  a re  o f  p a r t i c u l a r  i n t e r e s t  because th ey  en ab le  one to  

u se  e q u a tio n s  f o r  n o n - id e a l  s o lu t io n s  which have th e  same form a s  th e  

e q u a tio n s  f o r  i d e a l  s o lu t io n s .

E quation  (X II-1 9 ) a s  i t  s ta n d s  does n o t p ro v id e  a  com plete d e f i n i 

t io n  o f  i  b e c a u se /% ^ (T ,P )  i s  a l s o  an unknown. The d e f in i t i o n  o f  bo th

i   ̂ and JU  ̂ becomes com plete a s  soon a s  a  r e f e r e n c e  s t a t e  i s  chosen . A 

re fe re n c e  o r  s ta n d a rd  s t a t e  s p e c i f i e s  th e  c o n d it io n s  under which li^

becomes eq u a l t o  u n i ty .  For s o lu t io n s  in  which a l l  o f  th e  com ponents,

in  t h e i r  pure s t a t e s ,  a r e  l iq u id s  a t  th e  te m p e ra tu re  and p re s s u re  o f  th e  

s o lu t io n ,  th e  a c t i v i t y  c o e f f i c i e n t  i s  tak en  a s  app roach ing  u n i ty  a s  mole 

f r a c t i o n  ap p ro ach es  u n i ty .  Thus,

/J^ = + RTln f^ x ^
( I I I -20)

^  ^ — 1 a s  x^ - -  1

For s o lu t io n s  i n  which some o f  th e  components a re  g a se s  o r  s o l id s  a t  th e

T and P o f th e  s o lu t io n ,  one shou ld  d is t in g u is h  between th e  s o lv e n t  and 

th e  s o lu te s .
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S o lv en t: I l  -  U. RTln (  x and 9 — I a s  x 1O GO O O

S o lu te s  : + RTln and f —- 1 a s  x^ -» 0

( I I I - 2 1 )

The p roduct o f a c t i v i t y  c o e f f i c i e n t  and mole f r a c t i o n  i s  d e fin e d  a s  

th e  a c t i v i t y .  Thus,

A c tiv i ty  = a^ s  i f (lIX -2 2 )

F o r id e a l  s o lu t io n s  where = 1, th e  a c t i v i t y  w i l l  be th e  same a s  

th e  mole f r a c t i o n .  However, f o r  n o n - id e a l s o lu t io n s  th e  a c t i v i t y  w i l l  be 

l e s s  th a n  th e  mole f r a c t i o n  f o r  r e g u la r  and a s s o c ia te d  s o lu t io n s  and 

g r e a t e r  th an  th e  mole f r a c t i o n  f o r  th e  a th e rm ai and s o lv a te d  s o lu t io n s .

The a c t i v i t y  c o e f f i c i e n t  o f  any component i  in  a  s o lu t io n ,  9^, i s  

a  f u n c t io n  o f T, P, and com position  o f  th e  s o lu t io n .

The e f f e c t  o f  te m p e ra tu re  on th e  a c t i v i t y  c o e f f i c i e n t ,  a t  c o n s ta n t 

p re s s u re  eind com p o sitio n , i s  g iven  a s

( a in ^ /a T ) p ^ ^  = (h^ -  H^)/RT^ f o r  T  -  1 a s  x^ -  1 

and ( id ln ^ /d T )p  ^  = (H° -  H^)/RT^ f o r  ^  — 1 a s  x̂  ̂ — 0

( m - 2 3 )

where i s  th e  p a r t i a l  m olal e n th a lp y  o f  component i  a t  i n f i n i t e  d i l u 

t i o n .

The e f f e c t  o f  p re s s u re  on th e  a c t i v i t y  c o e f f i c i e n t ,  a t  c o n s ta n t T 

and x ^ , i s  g iven  a s
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(d ln Jj^ /dP )^  ^  = (V^ -  v^)/RT f o r  — 1 a s  —  1 

and = (V^ -  V°)/RT f o r  1 a s  _  0

( I I I - 2 4 )

where V° i s  th e  p a r t i a l  m o la l volume o f  component i  a t  i n f i n i t e  d i l u t i o n .

The e f f e c t  o f  co m position  on th e  a c t i v i t y  c o e f f i c i e n t ,  a t  a  c o n s ta n t

T and P, i s  g iv en  a s

p = 0 (lIX -2 5 )

E quation  ( I I I -25) i s  known a s  th e  Gibbs-Duhem e q u a tio n . For a  s o lu t io n  

composed o f two components A and B, E quation  ( lIX -2 5 ) re d u c es  to

x^ (a in i^ /ax^ )pp  = Xg(8lnd^/3xg) (XII-26)

knowing th a t

dx. = -  dxB

C onsider component A a s  th e  s o lv e n t  whose a c t i v i t y  c o e f f i c i e n t  i s  

a lre a d y  known. The a c t i v i t y  c o e f f i c i e n t  o f  th e  s o lu te ,  component B, can 

be d e term ined  from E q u a tio n  (XXX-26).

S o lu b i l i ty  o f a  g a s  o r  m ix tu re  o f  g a se s  in  a  l i q u id  can be de term in ed  

i f  th e  in d iv id u a l  a c t i v i t y  c o e f f i c i e n t s  can be c a lc u la te d .

The in d iv id u a l  a c t i v i t y  c o e f f i c i e n t s  in  a  g e n e ra l  m ulticom ponent 

system  i s  r e l a t e d  to  th e  ex ce ss  m o la l f r e e  energy  a s

I n ^  = (8n^G^_jj/dn^)p^Y ( I I I - 2 ? )
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where + ng + . . .

N = number o f components 

E , 1 M N
and

J

( I I I - 2 8 )

The c o n s ta n ts  C ^j, and D^j a r e  known a s  th e  R e d lic h -K is te r  c o n s ta n ts .  

In  th e  developm ent o f  E q u a tio n s  ( I I I -2 ? ) and ( i l l -28) th e  te r n a r y  and 

h ig h e r  c o n s ta n ts  p lu s  some o th e r  c o r r e c t io n  f a c to r s  have been n e g le c te d .

One can se e  t h a t  d e te rm in a tio n  o f  s o l u b i l i t y  a s  o u tl in e d  above would 

be ex trem ely  com plica ted  even f o r  a  te rn a ry  sy stem . B esid es  th e  com pli

c a t io n  in v o lv ed  in  ap p ly in g  E q u a tio n s  (111-2?) and ( I I I - 2 8 ) ,  th e  c o n s ta n ts  

B ^j, C ^j, and ^ cannot be d e te rm in ed  a c c u ra te ly .  B efore su g g e s tin g  

c o r r e la t io n s  f o r  o b ta in in g  s o l u b i l i t y  o f  hydrocarbon gaseous m ix tu res  in  

w a te r , a  d is c u s s io n  o f b e h av io r o f  gaseous m ix tu re s  i s  in  o rd e r .  The f o l 

low ing c h a p te r  w i l l  c o n ta in  p e r t in e n t  in fo rm a tio n  co ncern ing  th e  eq u a tio n s  

o f  s t a t e  g o v ern in g  gaseous m ix tu re s .



CHAPTER IV 

GASEOUS MIXTURES

A. E q u a tio n s  o f  S ta te  f o r  Pure G ases;

I .  E m p irica l E q u a tio n s  o f  S ta te  

S ince  th e  c l a s s i c a l  work o f van d e r  Waals in  1873, a  la rg e  number 

o f  e q u a tio n s  o f  s t a t e  have appeared  in  th e  l i t e r a t u r e  ( 52) .  The number 

o f  e q u a tio n s  o f  s t a t e  p roposed  to  d a te  exceeds one hundred . Most o f  th e s e  

e q u a tio n s  have a  t h e o r e t i c a l  b a s is ,  b u t some a re  s t r i c t l y  e m p ir ic a l  bu t 

a b le  to  p re d ic t  P, V, T v a lu e s  in  re a so n a b ly  good agreem ent w ith  e x p e r i 

m en ta l d a ta  used  to  p re p a re  th e  c o r r e l a t i o n s .  Among th e  numerous equa

t i o n s  o f  s t a t e  a v a i l a b le  o n ly  a  few have found e x te n s iv e  a p p l ic a t io n s .

Some o f  th e se  a r e  g iv en  i n  T able ( i V - l ) ,  A d e t a i l e d  and com prehensive 

acco u n t o f  e q u a tio n s  o f  s t a t e  f o r  pu re  components h as  been g iv en  by 

S a t t e r  ( l ? )  and Shah (5 2 ) .

2 . Theorem o f C orresponding  S ta te s  

Tîie co rre sp o n d in g  s t a t e  p r in c ip le  was in tro d u c e d  by van d e r  Waals 

b e fo re  I 9OO. Today i t  i s  c o n s id e re d  one o f  th e  most u s e f u l  b y -p ro d u c ts  

o f  van d e r  Waals e q u a tio n . A ccording to  t h i s  p r in c ip le ,  a l l  pu re  f l u i d s  

have th e  same c o m p re s s ib i l i ty  f a c t o r  a t  th e  same reduced  p re s s u re  and 

te m p e ra tu re . The reduced  c o n d it io n s  o f  d e n s i ty ,  p re s s u re , te m p e ra tu re , 

and volume a re  d e f in e d  a s

20
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f  -  P/P^, -  T/T^. and = V/V  ̂ (IV-12)

where P^, T^, and a r e  th e  c r i t i c a l  d e n s i ty ,  p re s su re , tem p era tu re ,

and volume, r e s p e c t iv e ly .  A ccording to  E q u a tio n  ( iV - l l )  and th e  c o r re 

sponding  s t a t e s  p r in c ip le ,  th e  c r i t i c a l  c o m p re s s ib i l i ty  f a c t o r  f o r  a l l  

pure f l u i d s  should  be th e  sam e. However, th e  v a lu e s  ran g e  from 0 .20  

to  0 . 3 0 . T h e re fo re , th e  p r in c ip le  o f c o rre sp o n d in g  s t a t e s  i s  on ly  an 

a p p ro x im a tio n .

T here have been many a tte m p ts  to  r e f in e  th e  p re d ic t io n  o f  gas com

p r e s s i b i l i t y  f a c to r  by c o r r e c t in g  T^ and o r  in tro d u c in g  t h i r d ,  fo u r th , 

and even f i f t h  p a ram eters  o th e r  th an  P^ and T^.

Some o f th e  t h i r d  p a ram ete rs  proposed a re  H e issn e r and S e fe r ia n ’s

Z , P i t z e r ' s  a c c e n tr ic  f a c t o r ,  and S arem 's m o le c u la r  r e f r a c t io n  ( 16) .  c
In  a  r e c e n t  work McLeod ( 16) has su g g ested  u s in g  th e  Eykman m o lecu lar 

r e f r a c t io n  a s  a  th i r d  p a ram ete r r a th e r  th a n  th e  L oren tz-L orenz  m o lecu lar 

r e l a t io n s h ip  used by Sarem.

One o f th e  most r e c e n t  e x te n s io n s  o f  co rre sp o n d in g  s t a t e s  which con

t a in s  more th an  th re e  p a ram ete rs  i s  g iven  by S t i e l  (53)

z = f ( * T / e ,  p d ^ / E  , a / d ^ .  X ^ / e 6 ^, h p /d ^ ( m e ) ^ )  ( iv -13)

2 3where th e  d im en sio n less  g roup  a / ( f ^  r e p r e s e n ts  shape e f f e c t s ,  \  / c d g  

th e  e f f e c t s  o f d ip o le -d ip o le  in te r a c t io n s ,  and h p /  (J^CmE quantum e f f e c t s  

which a r e  p re se n t in  c e r t a i n  m olecu les such  a s  hydrogen and helium  a t  low 

te m p e ra tu re s . In  E q u a tio n  (IV -13) th e  sym bols A', € ,  d ^ ,  X , hp, and m 

d e s ig n a te  B oltzm ann 's c o n s ta n t ,  maximum energy  o f i n t e r a c t io n ,  s h o r te s t  

d is ta n c e  between m o lecu la r c o re s  when th e  p o t e n t i a l  energy i s  z e ro , d ip o le  

moment o f  m olecule, and P la n c k 's  c o n s ta n t ,  r e s p e c t iv e ly .



22

E quation  ( IV - l3) would be c o r r e c t  f o r  s im p le  m o lecu les such a s  argon , 

k ry p to n , and xenon, when on ly  th e  f i r s t  two g roups a re  u sed . The c o r r e 

sponding  p o te n t i a l  fu n c tio n  in  t h i s  case  would be t h a t  o f  L ennard -Jones. 

In c lu s io n  o f  th e  th i r d  and fo u r th  group would make E quation  (IV -13) a p 

p l ic a b le  f o r  n o n -p o la r  g a se s  and p o la r  f l u i d s .  F in a l ly ,  th e  in c lu s io n  o f 

th e  f i f t h  group would a llo w  f o r  th e  quantum c o r r e c t io n s  to  th e  v a r io u s  

in te rm o le c u la r  p o t e n t i a l s .

A rev iew  o f th e  c u r re n t  th e o ry  and p r a c t ic e  o f  th e  co rre sp o n d in g  

s t a t e s  p r in c ip le  has been p re se n te d  by Le lan d  and C happelear (4 2 ) . They 

have c r e d i te d  th e  co rresp o n d in g  s t a t e s  p r in c ip le  a s  th e  most pow erfu l to o l  

a v a i l a b le  f o r  q u a n t i t a t iv e  p re d ic t io n  o f th e  p h y s ic a l  p r o p e r t ie s  o f  pure 

f l u i d s  and t h e i r  m ix tu re s .

B. E q u ations o f  S ta te  f o r  M ixture o f  G ases;

1. E m p irica l E quations o f  S ta te

The v a r io u s  e q u a tio n s  o f  s t a t e  f o r  pure f l u i d s ,  g iv en  in  T ab le  ( iV - l ) ,  

may be ex tended  to  m ix tu res  o f  f l u i d s  by com bination  o f c o n s ta n ts  f o r  th e  

s e p a ra te  pure com ponents. I t  can be shown t h a t  A raagat's r u le  o f  a d d i t iv e  

volumes and D a lto n 's  law o f a d d i t iv e  p a r t i a l  p re s s u re s  h o ld  e x a c t ly  f o r  

m ix tu re  o f  id e a l  g a se s .

F o r o th e r  e m p ir ic a l  r e l a t i o n s ,  th e  pure  component c o n s ta n ts  may be 

combined in  one o f  th e  fo llo w in g  ways;

L in ea r com bination ; K ~ Y y±^- ( IV -14)m ^ 1 1

where r e p re s e n t  th e  c o n s ta n ts  in  e q u a tio n s  o f  s t a t e  f o r  pure com ponents, 

y^ th e  mole f r a c t i o n s ,  and th e  c o n s ta n t in  th e  e q u a tio n  o f  s t a t e  f o r  

m ix tu re .



23
”  2Square ro o t com bina tion : = (]Ty^K^2)

Cube ro o t  com bina tion :

(IV-15)

Lorentz com bina tion : K = ( l / 8 ) ^  ? y , y  .(K.
® X J  1  J  1  J

(lV -16)

F or van d e r  Waals e q u a tio n  o f s t a t e ,  th e  l i n e a r  com bination  i s  used f o r  

c o n s ta n t b and th e  sq u are  ro o t  r u le  f o r  c o n s ta n t a .  For o th e r  e q u a tio n s  

o f  s t a t e ,  c o n s id e ra b le  work has been done to  d e term ine  th e  b e s t  com bining 

r u l e  f o r  th e  c o n s ta n ts .  F o r example, i t  a p p ea rs  t h a t  f o r  Bendict-W ebb- 

Rubin e q u a tio n  o f  s t a t e ,  c o n s id e ra b le  accu racy  i s  ach iev ed  by u s in g  a  

l i n e a r  com bination f o r  c o n s ta n t B^, sq u a re  r o o t  com bination  f o r  c o n s ta n ts  

A^, C^, and Jf, and cube r o o t  com bination  f o r  c o n s ta n ts  a , b , c , and ® . 

The com bination  r u le s  f o r  d i f f e r e n t  c o n s ta n ts  a r e  n o t s t r i c t .  They may 

be changed to  o b ta in  a  b e t t e r  f i t  to  e x p e r im en ta l d a ta .  A v asth i and 

Kennedy (19) have developed  an e q u a tio n  o f  s t a t e  f o r  gaseous hydrocarbon 

m ix tu re s . Ih e  eq u a tio n  p r e d ic ts  m olal volumes w ith  an av erag e  a b so lu te  

d e v ia t io n  o f  l e s s  than  1 p e r  c en t when a p p lie d  to  264 n a tu r a l  g as  and 

co n d en sa te  system s in c lu d in g  over 2000 PVT p o in ts .  In  t h i s  e q u a tio n  th e  

r e s id u a l  volume, i . e . ,  th e  d i f f e r e n c e  between th e  m olal volume and a  

r e f e re n c e  volume, i s  r e l a t e d  to  P, T, amd com position  by u se  o f  22 em

p i r i c a l  c o n s ta n ts .  The e q u a tio n  and i t s  c o n s ta n ts  f o r  a  wide T and P 

ra n g e  a re  g iv en  in  Appendix C.

The p re s su re  o r  volume e x p l i c i t  form  o f  th e  v i r i a l  e q u a tio n  o f  s t a t e  

may a ls o  be used f o r  m ulticom ponent m ix tu re s  c o n ta in in g  bo th  n o n -p o la r  

and p o la r  components. The second and t h i r d  v i r i a l  c o e f f i c i e n t s  f o r  a
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m ix tu re  o f  N components i s  g iv en  a s

i= l  j= l

where Bgg, and ^222 second and th i r d  v i r i a l  c o e f f ic ie n t s

o f pu re  components 1 and 2 , r e s p e c t iv e ly .  The second v i r i a l  c o e f f ic ie n t

c h a r a c te r iz in g  th e  i n t e r a c t i o n  between one i  m olecule and a  j  m olecule,

B ^ j, i s  d i r e c t l y  r e l a t e d  to  th e  in te rm o le c u la r  p o te n t ia l  The th i r d

v i r i a l  c o e f f i c i e n t  c h a r a c te r iz in g  th e  i n t e r a c t io n  between two i  m olecules

and a  j  m o lecu le , CL^j, o r  between one i  m o lecu le  and two j  m o lecu les,

C. . can be c a lc u la te d  from  s t a t i s t i c a l - m e c h a n ic a l  fo rm ula  once th e  th r e e  
i J J

p o te n t i a l  fu n c tio n s  > '2 2 ’ ^ 1 2  s p e c i f ie d  ( 15) .

Ih e  c o m p re s s ib i l i ty  f a c t o r  e q u a tio n . E q u a tio n  ( i V - l l ) ,  f o r  a  m ix tu re

o f  r e a l  g a se s  may a ls o  be w r i t te n  in  te rm s o f  an average c o m p re s s ib i l i ty

f a c t o r  Z . Thus, m

Pv = Z RT ( lV -19)lU

The averag e  c o m p re s s ib i l i ty  f a c to r ,  Z^, i s  a  fu n c tio n  o f  T, P, and com posi

t i o n  o f th e  m ix tu re . Where volumes a re  a d d i t iv e  a t  c o n s ta n t T and P, Z^ 

i s  an a d d i t iv e  p ro p e r ty  o f  c o m p re s s ib i l i ty  f a c t o r s  o f  th e  in d iv id u a l  f l u i d s .

2 . Theorem o f C orresponding  S ta te s  

In  o rd e r  to  ap p ly  th e  co rre sp o n d in g  s t a t e s  p r in c ip le  to  a  m ix tu re  o f 

f l u i d s ,  a  scheme sh o u ld  be d e v ise d  f o r  c a lc u la t in g  th e  reduced  p ro p e r t ie s  

o f  th e  m ix tu re . The red u ced  p ro p e r t ie s  o f  a  m ix tu re  based  on th e  t ru e
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c r i t i c a l  P, V, and T o f  th e  m ix tu re  do n o t g iv e  th e  same f u n c t io n a l  r e 

l a t i o n s  f o r  th e  c o m p re s s ib i l i ty  f a c t o r  a s  f o r  pu re  com ponents. There have 

been many a tte m p ts  to  f in d  p s e u d o c r i t ic a l  c o n s ta n ts  such th a t  th e  com

p r e s s i b i l i t y  f a c to r  f o r  th e  m ix tu re  would fo llo w  th e  r e la t io n s h ip

Zm = / ( T ^ ,  (lV -20)

w here T = T/T r  c

P = p /p  r  ' o

= p s e u d o c r i t i c a l  tem p era tu re

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

The p s e u d o c r i t i c a l  c o n s ta n ts  may be de term ined  by means o f  e m p ir ic a l  r u l e s .  

One such  r u le  su g g es ted  by Kay (3 ? ) g iv e s

‘’c ■

(lV -21)

and /  -

S in c e  th e  p io n e e r in g  work o f Kay, many o th e r  r e l a t io n s h ip s  f o r  p re d ic t in g  

P^ and T^ have been p roposed . Based on th e  van d e r  Waals e q u a tio n  o f 

s t a t e ,  J o f f e  (35) proposed th e  fo llo w in g  r e l a t io n s h ip s :

N N

1=1 J - I

(IV-23)
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U sing s t a t i s t i c a l  m echanics approach , Leland and M uelle r ( 4 l )  a r r iv e d  a t
• •

a  more le n g th y  r e l a t io n s h ip  f o r  and which depends on e m p ir ic a lly  

e v a lu a te d  f a c to r s .

P i t z e r  and H u ltg ren  (4 ? ) used ex p e rim en ta l v o lu m e tr ic  d a ta  f o r  12 

b in a ry  g as  m ix tu res  a t  s e v e r a l  co m positions to  e s t a b l i s h  v a lu e s  o f  th e
t  I

T^, P^, and a c c e n tr ic  f a c to r s  ;.*hich p e rm it P i t z e r 's  t a b le s  f o r  th e  com

p r e s s i b i l i t y  f a c to r  to  be used  f o r  m ix tu re s . For th e  b in a ry  m ix tu res  

c o n s id e re d , th ey  found t h a t  q u a d ra tic  te rm s  in  th e  mole f r a c t i o n s  were 

s u f f i c i e n t  to  r e l a t e  c o n s ta n ts  to  co m p o sitio n . R ec e n tly , J o f f e  and 

Z udkev itch  ( 36) have ex tended  P i t z e r  and H u ltg re n 's  r u l e s  to  m ulticom po

n e n t m ix tu res  a s  fo llo w s :

where T P ., and W . ( i  /  j )  a re  i n t e r a c t io n  te rm s which a r e  d e t e r -
t ï i j  C I J  I J

mined from  th e  e x p e rim en ta l v o lu m e tric  d a ta  f c r  th e  b in a ry  m ix tu re  and

1,1 i s  th e  a c c e n tr ic  f a c t o r  o f  th e  m ix tu re .m
Depending on th e  n a tu re  o f  th e  g a s  o r  gaseous m ix tu re , one shou ld  be 

a b le  t o  p re d ic t  i t s  p r o p e r t ie s  by u s in g  one o f th e  e q u a tio n s  p ro v id ed  in  

t h i s  c h a p te r .

Now th a t  th e  thermodynamic p r in c ip le s  govern ing  th e  s o lu t io n  and gas 

in  e q u ilib r iu m  w ith  each o th e r  has been d is c u s se d  s e p a r a te ly ,  a  c o r r e l a 

t io n  by which th e  s o l u b i l i t y  o f  a  m ix tu re  o f g a se s  in  a  l iq u id  s o lu t io n
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can be c a lc u la te d  would be in  o rd e r .  However, s in c e  any c o r r e la t io n  f o r  

d e te rm in a tio n  o f  s o l u b i l i t y  o f  g a se s  needs to  be checked a g a in s t  some 

e x p e r im e n ta lly  determ ined  v a lu e s , th e  fo llo w in g  c h a p te r  w i l l  c o n ta in  th e  

a p p a ra tu s  and te ch n iq u e  by which th e  ex p e rim en ta l d a ta  o f  t h i s  s tu d y  

were o b ta in e d .



28

TABLE IV -l

A LIST OF EQUATIONS OF STATE FOR PURE COMPONENTS

1 . Id e a l  Gas E quation

PV = RT ( I V - l )

2 . van d e r  Waials;

(P + a /v ^ ) ( v  - b) = RT (IV -2 )

3 . C ia s iu s :

(P + a /T (v  + c )^ ) ( v  -  b) = RT ( IV -3)

4 .  B e r th e lo t:

(P  + a/TV ^)(v  -  b) = RT (IV -4 )

5 . D ie t i r i c i s

P(v -  b )e x p (-  a/RTv) = RT (IV -5 )

6 . Mohl;

(P + a /T v (v  -  b) -  c /T ^ v ^ )(v  -  b) = RT (IV -6 )

7 . R ed li ch-Kwong:

(P + a/T*^v(V  + b ))(V  -  b) = RT (IV -?)

8 . B ea ttie -B ridgem an :

P = (R T /v ^ )(l -  c /v T ^ )(v  + B ^(l -  b /v ) )  -  (A ^ v ^ )

(1 -  a /v )  (lV -8 )

9 . Benedict-W ebb-Rubin:

P = RT/v + (RTB^ -  Ag -  C /T ^ )/v ^  + (RTb -  a ) /v ^  +



29

TABLE I V - l—C ontinued

aCC/v^ + (c /v ^ T ^ ) ( l  + f / v ^ ) e x p ( -  f/w^)  (lV -9 )

10. V i r i a l  Equation o f  S ta te :

A, P re ssu re  E x p l i c i t  Form

Pv/RT = 1 + B (T )/v  + C (T )/v^ + . . .  (IV-lOA)

B. Volume E x p l ic i t  Form

IV/RT = 1 + B '( T ) /P  + 0 '(T ) /P ^  + . . .  (iV-lOB)

11. C o m p re ss ib ility  F a c to r  E quation :

Pv = ZRT ( I V - l l )



CHAPTER V

EXPERIMENTAL INVESTIGATION

S o lu b i l i ty  o f  m eth an e-e th an e , m ethane-propane, e th an e -p ro p an e , and 

m ethane-e thane-p ropane  m ix tu re s  in  pure l i q u id  w a te r  was e x p e r im e n ta lly  

d e te rm in ed . The r e l i a b i l i t y  o f th e  equipm ent and th e  ex p e rim en ta l p ro 

ced u re  was determ ined  by o b ta in in g  th e  s o l u b i l i t y  o f  pure methane in  

w a te r  and com paring i t  to  th o s e  re p o r te d  in  th e  l i t e r a t u r e .  The e x p e r i 

m ental in v e s t ig a t io n  w i l l  be p re se n te d  in  th e  fo llo w in g  o rd e r ;  A. Ex

p e r im e n ta l A pparatus; B. M a te r ia ls  Used; C. E x p erim en ta l P ro ce d u re ; D. 

P o s s ib le  Sources o f E x p erim en ta l Ebrror; E. E x p erim en ta l R e s u lts ;  and F. 

Method o f  C a lc u la tin g  th e  S o lu b i l i ty  Data from  th e  Measured V alues.

A. E xperim en ta l A pparatus 

A sch em atic  diagram  o f  th e  ap p a ra tu s  u sed  in  t h i s  in v e s t ig a t io n  i s  

g iv en  in  F ig u re  (V-l). The a p p a ra tu s  c o n s is te d  o f  th e  fo llo w in g  main s e c 

t io n s :

I . E q u ilib riu m  C e ll  

The e q u ilib r iu m  c e l l  was made o f s t a i n l e s s  s t e e l  and had a  r a te d  

t e s t  p re s su re  o f  37.500 p s ig  and a  volume o f  ap p ro x im a te ly  75 c c . S in ce  

th e  volume o f th e  c e l l  d id  n o t e n te r  in to  th e  c a lc u la t io n s ,  no a tte m p t 

was made to  m easure i t s  volume c lo s e r  th an  0 .5  c c . For re a so n s  t h a t  w i l l  

be m entioned in  th e  p ro ced u re  s e c t io n ,  t h i s  p re s s u re  c e l l  was o f  id e a l

30
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s i z e  f o r  th e  purposes o f  t h i s  in v e s t ig a t io n ,

A c i r c u l a r  s t e e l  clam p w ith  two ex ten d in g  su p p o r ts  f i t t e d  o v e r th e  

c e l l .  The su p p o rts  were round s t e e l  b a rs  which were c ra d le d  in  a  f ix e d  

s ta n d .  One su p p o rt was p a r t i a l l y  d r i l l e d  to  accommodate a  hand le  to  ro ck  

th e  c e l l  and was o p e ra ted  from o u ts id e  th e  c o n s ta n t tem p e ra tu re  a i r  b a th .

The c e l l  was equipped w ith  fo u r  o p t i c a l ly  ground q u a r tz  g la s s  w in

dows app ro x im ate ly  one in c h  th ic k .  S in ce  no v is u a l  o b se rv a tio n s  were 

n e c e ssa ry  and th e  window g la s s e s  developed  le a k s  a t  p re s s u re s  h ig h e r  th a n  

5000 p s ig , th ey  were re p la c e d  by c a r e f u l ly  machined s t a i n l e s s  s t e e l  p lu g s  

h av in g  th e  same d im ensions a s  th e  ground q u a r tz  g l a s s .

The c e l l  was equipped such t h a t  a  therm ocouple cou ld  be embedded 

a b o u t an in ch  in to  i t s  upper o u ts id e  f a c e .  The c e l l  was tapped  f o r  con

n e c tio n s  a t  th e  to p  and th e  bottom .

I I . A ir Bath

A c o n s ta n t tem p e ra tu re  a i r  b a th  was used to  house th e  e q u ilib r iu m  

c e l l ,  th e  vapor and th e  l iq u id  sam pling  v a lv e s . The a i r  b a th  was a  3* x 

3 ' X 3* box made o f plywood. The in s id e  o f th e  box was in s u la te d  w ith  

3 /4 "  in s u la t io n  board  and a  double  la y e r  o f  aluminum f o i l  which a ls o  

speeded up the  h e a tin g  p ro c e ss . The box cou ld  w ith s ta n d  te m p e ra tu re s  

up to  300 F. The s id e  of th e  box f a c in g . th e  o p e ra to r  cou ld  be removed 

w ith  ease  and had a  doub le  la y e r  o f  s a f e ty  g la s s  w ith  an in s u la t in g  a i r  

sp ace  in  betw een, to  p ro v id e  v is u a l  a c c e ss  to  th e  i n t e r i o r  o f  th e  b a th .

The b a th  wais h e a te d  by means o f  two th re e -h u n d re d -w a tt lam ps. Con

s t a n t  tem p era tu re  was m a in ta in ed  w ith  th e  a id  o f  a  th e rm o s ta t  and one o f 

th e  lamps a s  th e  h e a t  s o u rc e . The a i r  in s id e  th e  b a th  was c i r c u la te d  by 

a  sm a ll fa n  to  keep th e  e n t i r e  b a th  a t  a  uniform  te m p e ra tu re . The tern-
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p e ra tu re  in s id e  th e  b a th  was measured by a  therm ocouple  c lo s e  to  th e  back 

w a ll and a  mercury therm om eter nex t to  th e  o b s e rv a tio n  window. The tem pe

r a t u r e  re a d in g s  d i f f e r e d  by 1 to  2 F w ith  th e  back w a ll therm ocouple a l 

ways showing th e  h ig h e r  te m p e ra tu re  re a d in g .

I I I .  Sampling V alves

The sam pling  v a lv es  were A utoclave th r e e  p o r t  v a lv e s . The jOV-4074 

and lOV-2074 v a lv e s  were u sed  to  O btain l i q u id  and vapor sam ples, r e 

s p e c t iv e ly .  A d e ta i le d  d raw ing  o f th e se  v a lv e s  a r e  shown in  F ig u res  

(V -2) and (V -3 ).

The v a lv e  a llo w s c o n tin u o u s  flow  th ro u g h  th e  s id e  p o r ts  w h ile  th e  

bottom  p o r t  can be c o n t r o l le d  w ith  a  two p ie c e  stem . The bottom  p o r t  

was p lugged u s in g  an a u to c la v e  p lug . The sp ace  between th e  end o f  th e  

p lu g  and th e  t i p  o f  th e  stem  was used to  o b ta in  th e  l iq u id  o r  vapor 

sam ple. The volumes o f  th e  sam ple space were c a r e f u l ly  d e term ined  to  be 

.0197 cc and .0246 cc f o r  th e  30V-4074 ( l i q u i d  sam pling) v a lv e s  and th e  

lOV-2074 (vapo r sam pling) v a lv e s , r e s p e c t iv e ly .

These p a r t i c u l a r  v a lv e s  were chosen because  th ey  have th e  fo llo w in g  

d e s i r e d  f e a tu r e s :

a .  th ey  a re  made o f 316 s t a i n l e s s  s t e e l .  T h e re fo re , th ey  can 

be used a t  h ig h  p re s s u re s  and o v e r a  wide ran g e  o f  tem pera

tu r e s  and a  wide v a r i e ty  o f  com ponents;

b . th e y  a re  com pact, rugged , d ep en d ab le , and have a  low dead 

volume;

c .  th e y  have a  re a so n a b ly  sm all sam ple volume so  t h a t  th e  

whole sample can be in je c te d  i n t o  th e  chrom atograph w ith 

o u t o v e rlo ad in g  th e  columns o r  th e  chrom atograph d e te c to r ;



33

d . th e  two p iece  stem  makes a  dependable  s e a l  a g a in s t  h igh  p re s 

s u re  f l u i d s  and i t  does n o t r o t a t e  a g a in s t  th e  v a lve  s e a t ;

e .  th ey  a llow  flow  to  pass th ro u g h  w hether th ey  c o n ta in  a  sam ple 

o r  n o t. T h is i s  im p o rtan t when p u rg ing  th e  v a lv e  w ith  th e  

m ix tu re  to  be sam pled and f o r  p la c in g  i t  in  th e  c a r r i e r  g as  

flow  stream ;

f . th ey  a r e  m ach inab le . T h e re fo re , th e  sam ple space  can be 

made in  d i f f e r e n t  s iz e s  in  o rd e r  to  g e t  re a so n a b le  s iz e  

sam ples o f  a  f l u i d  a t  any p re s su re ;

g . th e  sm all q u a n t i t i e s  r e q u ire d  f o r  ch rom atog raph ic  a n a ly s is  

a llow  many sam ples to  be tak en  from a  h ig h  p re s su re  c e l l  

b e fo re  re c h a rg in g  i t .

The a b i l i t y  to  o b ta in  sm all sam ples and a n a ly s e s  by a  chrom atograph 

o f f e r s  a  c o n s id e ra b le  improvement o v e r th e  m ethods used  in  th e  p a s t .  The 

a d v an tag es  w i l l  be d is c u s s e d  in  a  l a t e r  s e c t io n  in  t h i s  c h a p te r .

IV, P re ssu re  Pump

A m otor d r iv e n  Ruska m ercury pump hav ing  a  v o lu m e tric  c a p a c ity  o f  

100 cc and c a l ib r a te d  in  .01 cc in c rem en ts  was used to  p re s s u r iz e  th e  

sy stem . A 25,000 p s ig  H eise p re s su re  gauge w ith  50 p s i  d iv is io n s  was 

a t ta c h e d  to  th e  pump.

M ercury cou ld  be ad m itted  to  th e  pump o r  w ithdraw n from i t  by means 

o f  a  r e s e r v o i r  connected  to  th e  pump.

V. A u x ilia ry  P re s su re  C e l ls

Two s t a i n l e s s  s t e e l  b lin d  c e l l s  hav ing  a  w orking p re s su re  o f  15,000 

p s ig  were used  f o r  p r e s s u r iz in g  th e  system . The volumes o f  th e se  c e l l s ,  

numbers 15 and 1? in  F ig u re  (V - l) ,  a r e  500.5  cc  and 648 .0  cc , r e s p e c t iv e ly .
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T hese c e l l s  were used  to  o b ta in  p re s su re s  g r e a te r  th an  1000 p s ig  in  th e  

e q u il ib r iu m  c e l l .

V I. Chromatograph

An o p e rab le  chrom atograph was c o n s tru c te d  from com m ercially  a v a i l a b le  

com ponents. A sch em atic  d iagram  showing th e  combined u n i t s  i s  g iv en  on 

F ig u re  (V -4 ). A Model A-65O V arian  Aerograph hydrogen g e n e ra to r ,  c ap a b le  

o f  g e n e ra t in g  a i r  and hydrogen, was connected  to  an A erograph Model 6OO-C 

s in g le -co lu m n  gas chrom atograph which in c o rp o ra te s  a  hydrogen-flam e i o n i 

z a t io n  d e te c to r .  The Model 6OO-C c o n ta in s  a  s e p a r a te ly  h ea ted  i n j e c t o r  

tu b e  which p e rm its  e i t h e r  f la s h -v a p o r iz e d  o r  on-coluran i n j e c t i o n s .  The 

oven c o n ta in s  both  th e  column and th e  d e te c to r .

The column was packed w ith  a  porous polym er composed o f  e th y lv in y l  

benzene c ro s s lin k e d  w ith  d iv in y lb en zen e  to  form a  un ifo rm  s t r u c tu r e  o f  a  

d i s t i n c t  pore s iz e  (33)* T h is  m a te r ia l  i s  r e f e r r e d  to  a s  Porpak. The 

s p e c i f i c  Porpak u sed  i s  c a l l e d  Porpak R. Porpak R e f f i c i e n t l y  s e p a ra te s  

peak s  f o r  to  h y d ro carb o n s, and t h i s  s e p a ra t io n  i s  perform ed a t  100 C 

on a  s ix - f o o t  column made o f I / 8  in c h  s t a i n l e s s  s t e e l  tu b in g .

The Model 6OO-C A erograph gas chrom atograph p ro v id ed  a  s u i ta b le  a t 

te n u a t io n  o f sam ple s ig n a l s  to  a  Honeywell Brown E le c tro n ik  re c o rd e r .  The 

r e c o r d e r  has a  range  o f  - .O 5 to  + I.O 5 m i l l i v o l t .

P u re , d ry  helium  was used  as  th e  c a r r i e r  gas f o r  a l l  a n a ly s e s . Brooks 

In s tru m e n t "Sho-R ate I 5O" flow  c o n t r o l l e r  was used  to  c o n tro l  th e  c a r r i e r  

g a s  f lo w .

The hydrogen and a i r  flow  r a t e  were c o n tro l le d  by means o f  a  knob and 

a  f lo w  m eter in  th e  hydrogen g e n e ra to r  u n i t .

The l iq u id  and g as  sam ples were hea ted  by means o f  an e l e c t r i c  h e a te r
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b e fo re  in j e c t io n  in to  th e  chrom atograph.

V II . M isce llaneous

a .  P re s su re  Gauges

The p re s su re  in  th e  e q u ilib r iu m  c e l l  was re a d  by means o f  th re e  

Marsh p re s s u re  gauges connec ted  to  each o th e r  and th e  e q u ilib r iu m  c e l l  

in  th e  manner shown in  F ig u re  ( V -l) .

The p re s su re  gauges used  to  re a d  th e  e q u ilib r iu m  c e l l  p re s s u re  were 

a l l  p laced  o u ts id e  th e  a i r  b a th  so  t h a t  th ey  w i l l  n o t be s u b je c te d  to  th e  

h ig h  te m p e ra tu re s  in s id e  th e  box.

Ih e  p re s su re  gauge c lo s e s t  to  th e  box, No. 3 in  F ig u re  ( V - l ) ,  has 

a  ran g e  o f  10,000 p s ig  and d iv is io n s  o f  200 p s i .  The p re s su re  gauge in  

th e  m idd le . No. 2 in  F ig u re  ( V - l ) ,  h as  a  ran g e  o f 5000 p s ig  and d iv is io n s  

o f  100 p s i .  The p re s su re  gauge f a r t h e s t  from  th e  b a th . No. 1 in  F ig u re  

( V - l ) ,  h a s  a  range o f 1000 p s ig  and d iv is io n s  o f  20 p s i .  U sing th e se  

p re s s u re  gauges in  s e r i e s  p ro v id ed  a  re a d in g  o f th e  p re s su re  in  th e  e q u i

l ib r iu m  c e l l  w ith in  an accu racy  o f 1 p e r c e n t in d ep en d en t o f th e  p re s su re  

ra n g e .

In  o rd e r  to  p ro te c t  th e  o p e ra to r  from any m ishap, a  % in c h  c le a r  

l u c i t e  s h e e t  was mounted o v e r th e  p re s su re  g au g es .

A nother Harsh p re s su re  gauge, No. 7 in  F ig u re  (V - l ) ,  hav in g  a  p re s 

s u re  ran g e  o f  200 p s ig  and d iv is io n s  o f  1 p s i  was p laced  in s id e  th e  a i r  

b a th . T h is  gauge was used to  re a d  th e  p re s su re  a t  which th e  g a s  sam ples 

were o b ta in e d .

b . S a fe ty  Equipment

To a ch ie v e  a c c u ra te  g a s  a n a ly s is ,  th e  g as  sam ples sho u ld  be o b ta in e d  

a t  p re s s u re s  low er th an  100 p s i .  To p rev en t s u b je c t in g  th e  200 p s ig
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ra n g e  gauge to  th e  h ig h  p re s su re  in  th e  e q u ilib r iu m  c e l l ,  th e  fo llo w in g  

s a f e ty  p re c a u tio n s  were ta k en :

1. A sm all amount o f  th e  g a s  coming ou t o f  th e  c e l l  a t  p re s 

s u re s  g r e a te r  th an  a  few thousand p s i  c o u ld  be trap p ed  in  

a  4 - in c h - lo n g  p ie ce  o f  l / 8  in ch  o .d .  s t a i n l e s s  s t e e l  tu b 

in g  connected  between two a u to c lav e  h ig h  p re s su re  v a lv e s .

The p re s su re  o f th e  g a s , when expanded th ro u g h  th e  r e s t  o f  

th e  sam pling  system , reduced  to  below 70 p s ig .

2 . As an a d d i t io n a l  s a f e ty  p re c a u tio n  d u r in g  th e  o p e ra tio n , 

a  s a f e ty  d is k ,  hav ing  a  maximum ra p tu r e  p re s su re  o f 100 -  

5 p s ig , was i n s t a l l e d  in  th e  flow  system  between th e  samp

l in g  v a lv e s  and th e  p re s s u re  gauge.

3 . The v a lv e s , s a f e ty  d i s k ,  and th e  p re s s u re  gauge were a l l  

connected  s e c u re ly  to  a  p ie ce  o f  an g le  i r o n  a tta c h e d  to  

th e  e q u ilib r iu m  c e l l .  T h is  made i t  p o s s ib le  to  rock  th e  

e q u ilib r iu m  c e l l  w ith o u t s u b je c tin g  th e  f i t t i n g s  and tu b 

in g  to  any e x t r a  s t r e s s .

c .  P o te n tio m e te r  and Iherm ocouples

Two iro n -c o n s ta n ta n  therm ocoup les were u se d . One was embedded in  

th e  c e l l  w a ll to  m easure i t s  te m p e ra tu re  and th e  o th e r  was lo c a te d  in  th e  

a i r  b a th  to  m easure th e  b a th  te m p e ra tu re . A h ig h ly  s e n s i t iv e  Leeds and 

N orth rup  P o te n tio m e te r  hav ing  an accu racy  o f  t  .001 m i l l i v o l t s  was used 

to  m easure th e  te m p e ra tu re s  w ith in  * .05  F.

d .  V alves, F i t t i n g s ,  and Tubing

In  t h i s  in v e s t ig a t io n ,  I / 8  in c h  o .d . s t a i n l e s s  s t e e l  tu b in g  capab le  

o f  w ith s ta n d in g  p re s su re s  up t o  15,000 p s ig  w ere u sed . A ll th e  v a lv e s
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and f i t t i n g s  were a ls o  made o f  s t a i n l e s s  s t e e l ,  m anufactu red  by A u to c lav e , 

and had a  working p re s s u re  o f  15,000  p s ig .

B. M a te r ia ls  Used 

G ases used in  t h i s  in v e s t ig a t io n  were P h i l l i p s  Petro leum  Company 

p u re  g rad e  (99^ minimum p u r i ty )  m ethane. The e th an e  and propane were 

r e s e a rc h  g rade  (99*9^ p u r i t y ) .

The w ater used was o b ta in e d  from  th e  d i s t i l l e d  w a te r  supply  o f  th e  

P e tro leum  E ng in eerin g  D epartm ent. The d i s t i l l e d  w a te r  was v ig o ro u s ly  

b o i le d  to  expel d is s o lv e d  a i r ,  and was th en  s to re d  i n  a i r - t i g h t  v o lu m e tric  

f l a s k s  u n t i l  i t  was u sed .

C. E x perim en ta l P rocedure 

The d is c u s s io n  o f th e  p ro cedu re  used in  o b ta in in g  th e  ex p erim en ta l 

d a ta  can be d iv id e d  i n t o  th e  fo llo w in g  m ajor p a r t s ;

I .  P re lim in a ry  P re p a ra tio n s  

A f te r  th e  a p p a ra tu s  was assem bled a s  shown in  F ig u re  (V - l ) ,  th e  e n 

t i r e  system  was ev acu a ted  b e fo re  each  run  f o r  s e v e r a l  h o u rs .

The p re s su re  gauges w ere checked a g a in s t  a  dead  w eigh t t e s t e r  and 

were a d ju s te d  by th e  z e ro  a d ju s t e r  p rov ided  in  each gauge.

The therm ocouples w ere c a l ib r a te d  a g a in s t  a  s ta n d a rd  iro n -c o n s ta n ta n  

th e rm ocoup le . The d is c r e p a n c ie s  between th e  i r o n - c o n s ta n ta n  therm ocouples 

u sed  in  t h i s  work and th e  s ta n d a rd  one were alw ays l e s s  th an  0 .4  F . S in ce  

an accu racy  o f  1 to  2 F co u ld  be to l e r a t e d ,  a  sm a ll d e v ia t io n  o f  0 .4  F 

was c o n s id e re d  n e g l ig ib le .

The c o n s is te n c y  o f  th e  chrom atograph was t e s t e d  by an a ly z in g  abou t 

f i v e  i d e n t i c a l  sam ples o f  each  o f  th e  pure  h y d ro c a rb o n s , w h ile  th e  h y d ro 

g en , a i r ,  and helium  ( c a r r i e r  gas) flow  r a t e s ,  th e  oven and in je c t io n  tem -
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p e r a tu r e s ,  th e  ran g e , and th e  a t te n u a t io n  o f  th e  s ig n a l  to  th e  re c o rd e r  

were k e p t c o n s ta n t .  S im ila r  t e s t s  were ru n  on d i f f e r e n t  d a te s  th ro u g h 

o u t t h i s  in v e s t ig a t io n .  The r e s u l t s  o f  th e s e  c o n s is te n c y  t e s t s  a r e  g iven  

in  T able  ( V - l ) .

The accu racy  o f  th e  ch rom atograph ic  a n a ly s is  was checked by a n a ly z 

in g  a  s ta n d a rd  sample whose com position  was known. The s ta n d a rd  sam ple 

was o b ta in e d  from a P h i l l i p s  66 p la n t .  In  a d d i t io n ,  m ix tu re s  o f  m ethane, 

e th a n e , and propane a t  p r e s s u re s  below $0 p s ig  were p rep a red  u s in g  th e  

c o m p re s s ib i l i ty  f a c to r  e q u a tio n  f o r  m ix tu re s , i . e . .  E quation  ( lV -1 9 ) .

The c o m p re s s ib i l i ty  f a c to r s  were o b ta in e d  from  Sage and Lacey ( 9 ) .  There 

was e x c e l le n t  agreem ent betw een th e  g iv en  and m easured com position  f o r  

th e  s ta n d a rd  sample and th e  g aseous m ix tu re s  p rep a red  in  th e  la b o ra to ry .  

T h is  agreem ent i s  g iven  in  T ab le  (V -2).

C a l ib ra t io n  cu rves show ing th e  amounts o f  pure  m ethane, e th a n e , and 

propane a g a in s t  th e  a re a  u n d e r each  peak a r e  shown in  F ig u re s  (V -5 ) ,

(V-6 ) ,  and (V -7), r e s p e c t iv e ly .

In  o rd e r  to  make s u re  t h a t  on ly  two p h ase s , l i q u id  phase (w a te r) 

and vapor phase (hydrocarbon  and w ater m ix tu re ) , w i l l  c o e x is t  a t  e q u i

l ib r iu m , i t  was n ecessa ry  to  c a lc u la te  th e  c r i t i c a l  te m p e ra tu re  o f  th e  

hydrocarbon  m ix tu re . At te m p e ra tu re s  above th e  c r i t i c a l  te m p e ra tu re  o f  

th e  gaseo u s m ix tu re , th e  ab sen ce  o f  hydrocarbon  l i q u id  phase can be i n 

s u re d . The c r i t i c a l  te m p e ra tu re s  f o r  C^-C^, C^-C^, end

m ix tu re s  were determ ined  u s in g  e q u a tio n s  developed  by G riev es  and Thodos 

( 32) .  The c r i t i c a l  te m p e ra tu re  o f  th e  C^-Cg and C^-C^ m ix tu re s  have 

been p lo t te d  a g a in s t  th e  mole f r a c t io n  o f  in  th e  m ix tu re  and i s  shown 

in  F ig u re s  (V-8 ) and (V -9 ), r e s p e c t iv e ly .  The c r i t i c a l  te m p e ra tu re  o f 

th e  Cg-C^ m ix tu re  has been p lo t t e d  a g a in s t  th e  mole f r a c t i o n  o f  C^ and
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i s  shown i n  F ig u re  (V -IO ). The c r i t i c a l  te m p e ra tu re  f o r  th e  C^-Cg-C^ 

m ix tu re  h as  been p lo t te d  a g a in s t  th e  mole f r a c t io n s  o fC ^ , Cg, and and 

i s  shown in  F ig u re  ( V - l l ) .  The method and com puter program s by which th e  

c r i t i c a l  tem p e ra tu res  o f  th e  d i f f e r e n t  m ix tu res  w ere c a lc u la te d  i s  g iv en  

in  Appendix E.

I t  was decid ed  to  o b ta in  th e  s o l u b i l i t y  o f  th e  hydrocarbon m ix tu res  

a t  te m p e ra tu re s  o f  100, l6 0 , and 220 F. T h is  d e c is io n  was based on th e  

f a c t  t h a t  most o f  th e  pure  p a r a f f in  s o l u b i l i t y  d a ta  re p o r te d  in  th e  

l i t e r a t u r e  a re  a t  th e  above-m entioned te m p e ra tu re s . Hence, i t  was hoped 

th a t  some s o r t  o f  a  s im ple  r e l a t io n s h ip  would be found  between th e  s o lu 

b i l i t y  o f  th e  pure  components and t h e i r  m ix tu re s .

Once th e  tem p e ra tu res  f o r  th e  ex p e rim en ta l in v e s t ig a t io n  was s e t ,  

th e  com position  o f  th e  b in a ry  and te rn a ry  h yd rocarbons in  th e  gas had to  

be chosen such th a t  th e  p red e term in ed  te m p e ra tu re s  would be h ig h e r  th an  

th e  c r i t i c a l  tem p era tu re  o f  th e  m ix tu re .

In  o rd e r  to  have a  c e r t a in  com position  in  th e  g a s  phase , some c a l 

c u la t io n s  were n ecessa ry  to  d e te rm in e  how much o f  each  component sho u ld  

be in je c te d  in to  th e  system . A sam ple o f  such a  c a lc u la t io n  i s  g iv en  in  

T ab le  (V-3)

A s tu d y  o f  th e  tim e i t  would ta k e  th e  e q u il ib r iu m  c e l l  to  re a ch  100, 

l6 0 , and 220 F was u n d e rta k en . A pproxim ately j ,  and o hours were 

n e c e s sa ry  f o r  th e  e q u ilib r iu m  c e l l  tem p era tu re  to  a t t a i n  100, l6 0 , and 

220 F, r e s p e c t iv e ly .

The c e l l  tem p era tu re  was alw ays 4 to  10 F h ig h e r  th an  th e  a i r  b a th  

te m p e ra tu re . T h is was a t t r i b u t e d  to  h e a t t r a n s f e r  by r a d ia t io n  from  th e  

lam ps to  th e  c e l l  and th e  la rg e  mass and h e a t  c a p a c i ty  o f  th e  c e l l .  The 

th e rm o s ta t  was a d ju s te d  «^nch th a t  th e  c e l l  r a t h e r  th a n  th e  b a th  tem pera-
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tu r e  would rem ain c o n s ta n t .

In  o rd e r  to  f in d  th e  tem p e ra tu re  d i f f e r e n c e  between th e  w a ll and th e  

c o n te n ts  o f  th e  e q u ilib r iu m  c e l l ,  one Lnermocouple was in s e r te d  in s id e  

th e  c e l l  t o  a  p o in t where i t  was immersed in  th e  l iq u id  w a te r c o n ta in ed  

in  th e  c e l l  w h ile  th e  o th e r  therm ocouple was embedded in  th e  upper o u t 

s id e  w a ll o f  th e  c o l l .  When th e  c e l l  had been h e a te d  f o r  a t  l e a s t  an 

h o u r, th e  w a ll tem p e ra tu re  was alw ays abou t O.5  to  0 .8  F h ig h e r  th an  th e  

in s id e  te m p e ra tu re ,

I I .  C harg ing  th e  E q u ilib riu m  C e ll 

B efo re  in je c t in g  any m a te r ia l  i n to  th e  c e l l ,  i t  was h e a te d  to  th e

d e s i r e d  tem p era tu re  and ev acu a ted  a s  d is c u s s e d  in  th e  p re v io u s  s e c t io n .  

The v a lv e s  H, G, and E w ere c lo se d . At p re s s u re s  below 1000 p s ig , th e  

v a lv e s  to  th e  a u x i l i a r y  c e l l s  and th e  p re s s u re  pump, i . e . ,  K and L a s  

shown in  F ig u re  (V - l ) ,  w ere c lo se d . % e  e q u ilib r iu m  c e l l  was charged  

d i r e c t l y  from  th e  hyd rocarbon  c y l in d e r .  The h e a v ie s t  hydrocarbon was 

a lw ays in je c te d  f i r s t  and th e  l i g h t e s t  l a s t .  The approx im ate  com posi

t io n  o f  th e  vapor phase was c a lc u la te d  a s  shown in  T able  (V~3). T h ere 

f o r e ,  th e  hydrocarbons w ere in je c te d  in  o rd e r ,  u n t i l  th e  p ro p e r p re s s u re s

were o b ta in e d . Then, v a lv e s  J  and N were c lo se d  and v a lv e  K opened, and 

pure  w a te r  was in je c te d  i n t o  th e  e q u ilib r iu m  c e l l .  N oting  th e  re a d in g s  

on th e  pump, enough w a te r  was in je c te d  u n t i l  th e re  was 35 cc o f w a te r 

in  th e  c e l l .  The amount o f  w a ter in  th e  c e l l  i s  s i g n i f i c a n t .  I f  th e r e  

i s  to o  much w ater in  th e  c e l l ,  th e  volume o f  th e  vapo r i s  sm a ll; e f f i 

c i e n t  m ixing may n o t ta k e  p la ce  betw een th e  two p h a se s . I f  th e  volume 

o f  w a te r  i s  to o  sm a ll, th e  sam pling  p o r t  may be exposed zo th e  vapor 

phase and r e s u l t  in  poor l iq u id  sam ples.
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Once th e  w ater was i n j e c t e d ,  v a lv e  P was c lo s e d . The p re s su re  in

th e  pump was reduced to  a tm o sp h e ric  p re s su re , and th e  l iq u id  sam pling

v a lv e s  and v a lv e  I  were d is c o n n e c te d  from th e  e q u ilib r iu m  c e l l .  I f  th e

f i n a l  p re s s u re  in  th e  c e l l  was to  be h ig h e r  th a n  1000 p s ig , v a lv e  A was
>

c lo se d , and i f  i t  was to  be h ig h e r  th an  5000 p s ig ,  v a lv e  B was a ls o  

c lo s e d .

S in ce  th e  tem p era tu re  o f  th e  c e l l  d e c rea se d  w h ile  th e  c e l l  was 

ch arg ed , th e  th e rm o sta t was s e t  and th e  c e l l  h e a te d  u n t i l  th e  e q u ilib r iu m  

te m p e ra tu re  was reach ed . The e q u ilib r iu m  p re s s u re  in  th e  c e l l  was e s ta b 

l i s h e d .

When e q u ilib r iu m  p re s s u re s  h ig h e r  th an  1000 p s ig  were d e s ir e d  d e 

pending  on th e  p re s su re , one o r  bo+h o f  th e  a u x i l i a r y  c e l l s  w ere a ls o  

f i l l e d  w ith  th e  hydrocarbon m ix tu re . Then, l i q u id  w a te r was pumped in to  

th e  a u x i l i a r y  c e l l  o r  c e l l s  and th e  hydrocarbon m ix tu re  d is p la c e d  in to  

th e  e q u il ib r iu m  c e l l .  When th e  p re s su re  in  th e  e q u ilib r iu m  c e l l  was 

c lo s e  to  th e  e q u ilib riu m  p re s s u re  d e s ir e d ,  v a lv e s  N and J  were c lo se d .

Now, enough w a ter was in j e c t e d  th rough  v a lv e  K u n t i l  th e re  was 35 cc o f 

w a te r  in  th e  e q u ilib riu m  c e l l .  Then, th e  p ro ced u re  d is c u s se d  above was 

fo llo w e d .

To a ch ie v e  e q u ilib r iu m  f a s t e r ,  th e  c e l l  and i t s  c o n te n ts  were rocked  

by means o f  a  handle e x te n d in g  to  th e  o u ts id e  o f  th e  a i r  b a th . Most 

e x p e r im e n te rs  in  th e  p a s t  have chosen to  ro ck  th e  e q u ilib r iu m  c e l l ,  w ith 

in  a  maximum o f  ± 30 d e g re e s  from  th e  v e r t i c a l ,  f o r  m ixing p u rp o se s . Most 

e q u il ib r iu m  c e l l s  have a  sm a ll volume, and th e  r a t i o  o f  h e ig h t to  d i a 

m ete r i s  o f  th e  o rd e r o f  8 t o  10. Hence, ro c k in g  ± 30 d e g re e s  o f f  th e  

v e r t i c a l  would r e s u l t  in  o n ly  sp la sh in g  th e  l i q u id  c o n te n ts  a g a in s t  th e  

w a l l s .  The e q u ilib riu m  c e l l  used  in  t h i s  s tu d y  was o f  id e a l  s i z e  because
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I t  h a s  a  h e ig h t to  d ia m e te r  r a t i o  o f  l e s s  than  5* B es id e s , th e  c e l l  was 

ro c k e d  w ith in  ap p ro x im ate ly  1 180 d e g re e s  from th e  v e r t i c a l  to  accom plish  

a s  tho rough  a  m ixing a s  p o s s ib le .

The c e l l  was rocked  in t e r m i t t e n t l y  every  10 o r  15 m inu tes.

I l l . Sam ple-Taking Technique

S in ce  th e  l iq u id  and g as  sam ples were o b ta in e d  in  d i f f e r e n t  m anners, 

th e  d is c u s s io n  in  t h i s  s e c t io n  w i l l  be d iv id ed  i n t o  th e  fo llo w in g  two 

p a r t s :

a .  L iq u id  Samples

To o b ta in  l i q u id  sam ples, th e  l iq u id  sam ple v a lv e s ,  i . e . ,  two s p e 

c i a l l y  designed  A utoclave th ree -w ay  v a lv e s  were co n n ec ted  to  th e  v a lv e  

F o f  th e  e q u ilib r iu m  c e l l .  % e  sam pling  system  was ev acu a ted . The samp

l i n g  v a lv e s  were c lo se d  and th u s  t r a p p in g  on ly  vacuum in  th e  sam ple sp ac e . 

V alve C was c lo se d . V alve F was b a re ly  cracked  open to  a llow  th e  l iq u id  

(w a te r  p lu s  th e  d is s o lv e d  h y d rocarbons) to  occupy th e  sam pling system .

Valve C was opened s l i g h t l y  t o  a llow  a  few l i q u i d  d ro p s , p lu s  th e  

v a p o r produced a s  a  r e s u l t  o f  f l a s h in g  th e  l i q u i d ,  to  le av e  th e  sam pling 

sy s te m .

Valve C was c lo se d  and th e  sam pling  system  was a llow ed  to  r e - e s t a b l i s h  

te m p e ra tu re  e q u il ib r iu m . Then, th e  sam pling v a lv e s  were opened momen

t a r i l y  and c lo se d  a g a in , and th u s  th e  l iq u id  was tra p p e d  in  th e  sam ple 

s p a c e .

Ih e  co n nec tion  a t  F was broken and th e  l i q u id  sam ples were read y  to  

be a n a ly z e d .

Two sam pling v a lv e s  were used  to  check th e  u n ifo rm ity  o f  th e  o b ta in e d  

sa m p le s .
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To d e te rm in e  w hether th e  system  had reach ed  e q u ilib r iu m  o r  n o t, th re e  

s e t s  o f  l iq u id  sam ples a t  th r e e  ho u r i n t e r v a l s  were o b ta in e d . I t  was 

seldom n e c e ssa ry  to  w a it more th a n  s ix  h ou rs to  a t t a i n  e q u ilib r iu m . How

e v e r , th e  s ix  hour p e r io d  was a f t e r  th e  e q u ilib r iu m  c e l l  and i t s  c o n te n ts  

had reach ed  th e  d e s ir e d  te m p e ra tu re .

The system  p re s su re  dropped s l i g h t l y  (ap p ro x im a te ly  200 p s i  a t  8000 

p s i  system  p re s su re )  a f t e r  each  s e t  o f  l i q u id  sam ples was o b ta in e d .

b . Gas Samples

To o b ta in  g as  sam ples, two s p e c ia l ly  d esig n ed  A utoclave th ree-w ay  

v a lv e s  were u sed . The sam ple space  in  th e se  v a lv e s  (lOV-2074; was 

s l i g h t l y  l a r g e r  th an  th e  l iq u id  sam ple space  in  th e  30VN-4074 v a lv e s .

I t  th u s  p ro v id ed  a  s u i t a b le  sam ple s i z e  f o r  ch rom atograph ic  a n a ly s is .

The g a s  sam ple was ta k en  a s  fo llo w s . F i r s t ,  v a lv e s  D and G were 

c lo s e d . Then, v a lv e  H was s l i g h t l y  opened and th en  c lo se d  a g a in . V alves 

E and G were opened and th e  g a s  was purged th ro u g h  th s  sam pling system  

and th e y  were sh u t eigain. Valve H was opened and c lo se d  to  a llo w  some 

g as  t o  be tra p p e d  between v a lv e s  H and G, Valve G was opened, keep ing  

v a lv e  E c lo se d , and th e  tra p p e d  g as  was p e rm itte d  to  flow  u n t i l  a  p re s 

s u re  o f  50 p s ig  was in d ic a te d  by th e  p re s su re  gauge (No, 7 in  F ig u re  

( V - l ) ) ,  Now, th e  sam pling  v a lv e s  were c lo se d , hence tra p p in g  sam ples 

o f  th e  gaseous m ix tu re  a t  5O p s ig .  A f te r  making s u re  v a lv e s  H and G 

w ere c lo s e d , v a lv e  E was opened to  r e le a s e  th e  p re s s u re  in  th e  sam pling 

system .

The g as  sam pling  v a lv e s  were d isco n n e c ted  from  th e  r e s t  o f  th e  s y s 

tem and were tak en  to  be a n a ly z e d .

Valve D was reopened and th e  system  p re s su re  was re a d .  S ince  th e
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amount o f  g a s  u sed  to  o b ta in  th e  g as  sam ples was ve ry  s m a ll, th e  d rop  in  

th e  system  p re s su re  was f a r  below th e  accu racy  o f  th e  p re s su re  gauges to  

be n o t ic a b le .

The c e l l  was u s u a lly  ch arg ed  to  the  h ig h e s t  p re s s u re  to  be s tu d ie d  

a t  each  te m p e ra tu re . A f te r  th e  g a s  and l iq u id  sam ples were ta k e n , th e  

c e l l  p re s su re  was reduced  to  th e  n ex t p re s su re  l e v e l .  T h is  was co n tin u ed  

u n t i l  a l l  th e  n e c e ssa ry  d a ta  a t  one tem p era tu re  and d i f f e r e n t  p re s su re s  

were o b ta in e d . The v a r ia t io n  in  th e  g as  com position  th ro u g h o u t a  s e t  o f  

ru n s  a t  a  s e t  tem p e ra tu re  was n e g l ig ib ly  sm a ll.

Two g as  sam ples were ta k e n  t o  t e s t  th e  u n ifo rm ity  o f  th e  o b ta in ed  

sam p les .

The g a s  sam ples f o r  a l l  m ix tu re s  (b in a ry  and te r n a r y )  a t  a l l  tem pera

tu r e s  and p re s s u re s  were ta k en  a t  $0 p s ig .  However, th e  l iq u id  sam ples 

were o b ta in e d  a t  th e  system  p re s s u re .

IV. Gcis and L iqu id  A n a ly sis

The same tech n iq u e  was u sed  i n  a n a ly z in g  b o th  g a s  and l iq u id  sam ples. 

The sam pling  v a lv e s  were co n n ec ted  a s  shown in  F ig u re  ( V -4). They were 

h e a te d , u s in g  an e l e c t r i c  p l a t e  h e a te r ,  u n t i l  t h e i r  te m p e ra tu re  was h ig h e r  

th a n  250 F . Hence, i t  was made s u re  th a t  th e  c o n te n ts  would f l a s h  in to  

th e  column in  th e  chrom atograph when th e  v a lv e  was opened. The h e a tin g  

p ro c e ss  r e q u ir e d  10 to  15 m in u te s . Meanwhile, any e x c e ss  m a te r ia l  in  th e  

v a lv e s  was c a r r ie d  th ro u g h  by th e  c a r r i e r  g a s .

Each l i q u id  and g a s  sam ple was an a ly zed  s e p a r a te ly ,  and th e  peak 

h e ig h t  o f  each  ccxnponent was re c o rd e d .

S in ce  Ihe chrom atograph was equipped w ith  a  flam e  io n iz a t io n  d e 

t e c t o r  u n i t ,  no w ater peak was o b serv ed .
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The w a te r  vapor c a r r ie d  th rough  th e  column in  th e  chrom atograph 

se rv e d  a s  a  c le a n in g  a g e n t.

The amount o f  w a ter i n  th e  g a s  sam ples cou ld  be n e g lec te d  a t  p re s 

s u re s  h ig h e r  th an  2000 p s ig . At low er p re s s u re s , th e y  cou ld  be c a lc u 

l a t e d  by a  method r e c e n t ly  proposed by Sharma (1 8 ) .

The mole f r a c t io n  o f  w a te r  was ta k en  to  be th e  d if f e r e n c e  between 

u n i ty  and th e  t o t a l  mole f r a c t i o n s  o f  th e  hyd rocarbons d is so lv e d  in  i t .  

The mole f r a c t i o n  o f  th e  d is s o lv e d  hydrocarbons in  each  l iq u id  sample 

co u ld  be de term in ed  from th e  observed  peaks in  th e  a n a ly s is  o f  t h a t  

sam ple .

D. P o s s ib le  S ources o f  E xperim en ta l E r ro r

T em perature , p re s s u re ,  and com position  were th e  on ly  p ro p e r t ie s  

w hich were m easured th ro u g h o u t t h i s  in v e s t ig a t io n .  The tem p era tu res  

were m easured to  an accu racy  o f t  ,05 P. S ince  an e r r o r  o f  -  1 P would 

n o t a f f e c t  th e  r e s u l t s  s i g n i f i c a n t l y ,  th e  te m p e ra tu re  measurements co u ld  

n o t be c o n s id e re d  a s  a  so u rc e  o f  c o n s id e ra b le  e r r o r .

The p re s s u re  measurement cou ld  be c o n sid e re d  a s  a  so u rce  o f e x p e r i 

m en ta l e r r o r  because th e  e r ro rs  in  th e  p re s su re  m easurem ents o f  th e  s y s 

tem were o f  th e  o rd e r  o f  1 p e r  c e n t r e g a rd le s s  o f  th e  p re s su re  ra n g e .

T h is  e r r o r  co u ld  be s l i g h t l y  reduced  by u s in g  more a c c u ra te  gauges.

The im p u rity  o f  th e  hyd rocarbons used co u ld  be co n sid e red  a s  a n o th e r  

p o s s ib le  so u rce  o f  e r r o r .  Among th e  hydrocarbons u sed , methane had a  

p u r i t y  o f  99^t e th an e  and propane were 99*9^ p u re . The gas and l iq u id  

co m p o sitio n s  were d e te rm in ed  by chrom atograph ic  a n a ly s e s .  As shown in  

T ab le s  (V -l)  and (V -2 ), th e  a n a ly s e s  proved to  be b o th  c o n s is te n t  and 

a c c u r a te .  However, th e  g a s  and l iq u id  a n a ly se s  co u ld  be co n sid e red  a s  

a  t h i r d  p o s s ib le  so u rce  o f  e r r o r .
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The a b i l i t y  to  o b ta in  l i q u id  sam ples a t  th e  system  p re s su re  and i t s  

a n a ly s i s  by a  chrom atograph proved to  be a  trem endous improvement over 

th e  p a s t  te ch n iq u es  which made use o f  chem ical t r a i n s  and employed g r a v i 

m e tr ic  te c h n iq u e s  to  d e te rm in e  th e  amount o f  each com ponent.

Due to  a l l  th e  f a c to r s  m entioned above, th e  maximum p o s s ib le  e r r o r  

in  th e  ex p e rim en ta l d a ta  o b ta in e d  cou ld  n o t be g r e a te r  th a n  2 to  3 p e r 

c e n t .

As was m entioned p re v io u s ly , th e  r e l i a b i l i t y  o f th e  r e s u l t s  o b ta in ed  

in  t h i s  s tu d y  was de term in ed  by checking  th e  v a lu e s  o b ta in e d  f o r  th e  s o lu 

b i l i t y  o f  pu re  methane w ith  th o s e  g iven  by C ulberson  (13)» The com pari

son a t  te m p e ra tu re s  o f  100 and l60  F and p re s s u re s  up to  5000 p s ig  i s  

p re s e n te d  in  Table (V -4 ). The d e v ia t io n s  a r e  i n s i g n i f i c a n t  and most 

p ro b ab ly  due to  th e  c rude  te c h n iq u e s  employed in  th e  p a s t .

E. E xperim en ta l R e su lts

I n  o rd e r  to  de te rm in e  th e  e f f e c t s  o f  te m p e ra tu re , p re s su re , and 

co m p o sitio n  on th e  s o l u b i l i t y  o f  hydrocarbon m ix tu res  in  w a te r , th e  f o l 

low ing sy stem s a t  d i f f e r e n t  te m p e ra tu re s , p re s s u re s , and com positions 

were in v e s t ig a te d :  I .  M ethane-W ater; I I .  M ethane-E thane-W ater; I I I .

Methane -  Propane-W at e r  ; IV . E thane-Propane-W ater; and V. Me theme -E thane -  

P ropane- W ater.

A su rv e y  o f  th e  e x p e r im e n ta l d a ta  i s  g iv en  in  Appendix D.

The hyd rocarbon-w ater system s in v e s t ig a te d  w i l l  now be d iscu ssed  in  

o rd e r .

I .  M ethane-W ater System

To t e s t  th e  r e l i a b i l i t y  o f  th e  ex p e rim en ta l m easurem ents o b ta in ed , 

in  t h i s  work, s o l u b i l i t y  o f  pure  methane a t  te m p e ra tu re s  o f  100 and 160 F
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under p re s s u re s  o f  500 * 2000 , 3000, and 5000 p s i  was d e te rm in ed . These 

v a lu e s  a r e  shown in  F ig u re  (V -12 ). The smoothed v a lu e s  from F ig u re  (V-12) 

a re  compared w ith  th o se  g iv en  by C ulberson (13) in  T able (V -4 ). The a g re e 

ment seems to  be rea so n ab ly  good.

I I .  M ethane-Ethane-W ater System s 

The e f f e c t  o f  tem p e ra tu re  on th e  s o l u b i l i t y  o f  m ix tu re  was

d e te rm in ed  by m easuring th e  s o l u b i l i t y  o f a  m ix tu re  c o n ta in in g  4 9 .9 0  mole 

p e r  c e n t methane and 50.10  mole p e r  c e n t e th an e  a t  te m p e ra tu re s  o f  100 ,

130 , 160 , 190 , and 220 F u n d er a  p re s su re  o f  5OOO p s ia .

The e f f e c t  o f  p re s su re  and com position  on th e  s o l u b i l i t y  o f  C^-Cg 

m ix tu re  was de term ined  by m easuring  th e  s o l u b i l i t y  o f  f i v e  m ix tu re s  a t  

160 F and f iv e  p re s s u re s .  The com p o sitio n s, te m p e ra tu re s , p re s s u re s , 

and th e  t o t a l  s o l u b i l i t y  o f  th e  d i f f e r e n t  C^-Cg m ix tu res  a re  g iv en  in  

T able (V -5 ) .

I I I .  H ethane-P ropane-W ater System s 

S in ce  th e  s o l u b i l i t y  o f  pure  o r  hydrocarbon m ix tu res  in  w a te r  does 

n o t change v e ry  much w ith  te m p e ra tu re , th e  s o l u b i l i t y  o f  C^-C^ m ix tu res  

was s tu d ie d  o n ly  a t  220 F . T h is  p a r t i c u l a r  te m p e ra tu re  wais chosen  be

cause  i t  i s  h ig h e r  th an  th e  c r i t i c a l  te m p e ra tu re s  o f  bo th  com ponents.

The p re s su re  and com position  e f f e c t s  on th e  s o l u b i l i t y  o f  C^-C^ 

m ix tu re s  were determ ined  by m easuring  th e  s o l u b i l i t y  o f  f iv e  m ix tu res  

a t  f i v e  p re s s u re s .  The co m p o sitio n s , p re s s u re s ,  and th e  t o t a l  s o l u b i l i t y  

o f  th e  d i f f e r e n t  C^-C^ m ix tu res  a re  g iven  i n  T ab le  (V -6 ) .

IV, E thane-Propane-W ater System s 

S o lu b i l i t y  o f f iv e  m ix tu re s  o f  C^-C^ in  w a te r  was measured a t  220 F
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and f i v e  p re s su re s . The c o m p o sitio n s , p re s su re s , and th e  t o t a l  s o l u b i l i t y  

o f  th e  d i f f e r e n t  Cg-C^ m ix tu res  a r e  g iv en  in  T ab le  (V -7 ) .

V. H ethane-E thane-P ropane-W ater System s 

S o lu b i l i ty  o f  a  m ix tu re  c o n ta in in g  70.15 mole p e r  c e n t m ethane,

1 0 .65  mole p e r c en t e th a n e , and 19 .20  mole p e r c e n t  propane was measured 

a t  160 , 190 , and 220 F u n d er a  p re s s u re  o f 5OOO p s ia .

To d e term ine  th e  e f f e c t  o f  com position  and p re s s u re  on th e  s o l u b i l i t y  

o f  C^-Cg-C^ m ix tu res  in  w a te r , s o l u b i l i t i e s  o f  f i v e  m ix tu re s  under f iv e  

p r e s s u r e s  were m easured. The co m p o sitio n s , te m p e ra tu re s , p re s s u re s ,  and 

th e  t o t a l  s o l u b i l i t y  o f  th e  d i f f e r e n t  G^-Cg-C^ m ix tu re s  a r e  g iv en  in  

T ab le  (V-8 ) .

F. Method o f  C a lc u la t in g  S o lu b i l i ty  D ata 
from  th e  M easured Values

As was m entioned p re v io u s ly  in  t h i s  c h a p te r , th e  g a s  and l iq u id  com

p o s i t io n s  were m easured by ch rom atog raph ic  a n a ly s is  o f  each sam ple. The 

d is c u s s io n  in  t h i s  s e c t io n  can be d iv id e d  in to  two s e p a ra te  p a r t s :  I .

D e te rm in a tio n  o f Gas Phase C om position; and I I .  D e te rm in a tio n  o f  L iq u id  

P hase  C om position.

I .  D e te rm in a tio n  o f  Geis Phase C om position 

In  t h i s  p a r t  a  sam ple c a lc u la t io n  o f  th e  g a s  phase  com position  from  

th e  m easured v a lu es  w i l l  be g iv e n . The c a lc u la t io n  g iv en  below i s  f o r  

a  g a s  sam ple c o n ta in in g  m ethane, e th a n e , propane, and w a te r . The c a lc u 

l a t i o n  method f o r  a  g a s  sam ple c o n ta in in g  a  m ix tu re  o f  two hydrocarbons 

and w a te r  o r  one hydrocarbon and w a te r  can be deduced from  th e  fo llo w in g

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

The sample c a lc u la t io n  g iv en  h e re  i s  f o r  M ix tu re  20 . The sam ple was
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o b ta in e d  a t  a  p re s su re  o f  50 P s ig  and a  te m p e ra tu re  o f  220 P. The peak 

h e ig h ts  f o r  in d iv id u a l  com ponents were m easured from  th e  re c o rd e r  c h a r t .  

Prom F ig u re s  (V -5) ,  (V-6 ) ,  and (V-7) th e  number o f  m oles f o r  C^, Cg, and 

were fo u n d , r e s p e c t iv e ly ,  to  be

M easured 
Peak Heigh

Components T e r‘.h  o f  In ch  l b  moles x lO Mole P er Cent
Peak H eigh t 9 Norm alized

X  10

1 1 .4  2 .0 4 8  25.94

Cg 2 6 .0  2.760  35.58

C 2 1 .8  3.082 38.48

HgO 0 0 0

T o ta l :  7 .890  100.00

The amount o f  w a ter in  th e  g a s  phase was c o n s id e re d  to  be n e g l ig ib le .

The mole p e r  c en t o f  each  component, on d ry  b a s i s ,  was d e term ined  by 

d iv id in g  th e  number o f  m oles o f  each  component by th e  w a te r - f re e  t o t a l  

number o f  m oles.

I I .  D e te rm in a tio n  o f  L iqu id  Phase Com position 

As m entioned e a r l i e r  in  t h i s  c h a p te r ,  th e  l i q u id  sam ple was o b ta in e d  

a t  th e  te m p e ra tu re  and p re s s u re  o f  th e  system . S im ila r  to  p a r t  I ,  th e  

sam ple c a lc u la t io n  g iv e n  bexow i s  f o r  th e  g e n e ra l  c ase  where th e  l iq u id  

sam ple c o n ta in s  m ethane, e th a n e , p ropane, and w a te r . The c a lc u la t io n  

f o r  th e  s p e c i f i c  c a s e s , such  a s  h y d ro ca rb o n -h y d ro ca rb o n -w a te r, o r  hydro 

ca rb o n -w a te r  sam ples, can be deduced from  th e  g e n e ra l  c a s e .

The sam ple c a lc u la t io n  g iv en  h e re  i s  f o r  M ix tu re  20 a t  220 F and 

4000 p s i .  The peak h e ig h ts  f o r  in d iv id u a l  components w ere m easured from  

th e  r e c o r d e r  c h a r t .  The number o f  moles o f  C^, and C^ were o b ta in e d
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from  F ig u re s  (V-5)» (V-6 ) ,  and (V -7 ), r e s p e c t iv e ly .  The number o f moles 

o f  w a te r co u ld  be c a lc u la te d  i f  th e  d e n s ity  o f  w a te r  a t  th e  s p e c i f i c  tem 

p e ra tu re  and p re ssu re  was known. K obayashi ( l4 )  h a s  de term in ed  th e  e f 

f e c t s  o f  th e  d is so lv e d  hyd ro carb o n s on th e  d e n s i ty  o f  w a ter a t  tem pera

tu r e s  ra n g in g  from 100 to  250 F and p re s su re s  from 1000 to  5000 p s i .  Us-

iiig  th e  ex p e rim en ta l d a ta  p ro v id ed  by K obayashi, th e  d e n s i ty  o f  pure w a te r  

h as  been p lo t te d  a g a in s t  th e  d e n s i ty  o f  w a te r s a tu r a te d  w ith  hydrocarbons 

f o r  p re s s u re s  o f  1000,2000, 3000, 4000, and 5OOO p s i  and i s  shown in  F ig 

u re  (V -13 ) .

The d e n s i ty  o f pure  w a te r  a t  te m p e ra tu re s  from  100 to  25O F, and p r e s 

s u re s  from  1000 to  5OOO p s i  i s  shown in  F ig u re  (V -14 ).

The d e n s i ty  o f  w a te r s a tu r a te d  w ith  hydrocarbons can be d e term ined  in  

th e  fo llo w in g  way: f i r s t ,  th e  d e n s i ty  o f  pu re  w a te r  a t  th e  s p e c i f i c  T and

P i s  re a d  from  F igu re  (V -14); th e n , th e  d e n s i ty  o f  w a te r  s a tu r a te d  w ith  

hyd ro carb o n s i s  found from  F ig u re  (V -I3) .

The number o f  moles o f  w a te r i s  d e term ined  a s  fo llo w s :

D e n s ity  o f  pure w a te r a t  220 F and 4000 p s i  = .9615  g /c c

D e n s ity  o f  w ater s a tu r a te d  w ith  hydrocarbons 

a t  220 F and 4000 p s i ,  from  F ig u re  (V -I3 ) = .9660  g /c c

Mass o f  w a ter in  th e  sam ple space  = (.0197  c c ) ( .9 6 6 0  g /c c )

= .01905 g

.01905 g _3
Gram-moles o f  w ater = --------------------------  » I .O 57 x 10 g-m ole

18.016  g /g -m ole
_3 Ib -m ole

Lb- m oles o f w ater = I .O 57 x 10 ^ x ---------------------
45 3 .6  g-m oles

= 2 .336  X 10 ^ Ib -m oles 

The mole f r a c t io n  o f  in d iv id u a l  hydrocarbons can now be d e term ined :



Components

C,

H30

T o ta l :

Peak H eigh t 
1/10  Inch

2 6 .5

2 8 .5

9 .0

0

Lb-Moles X

3.80

3.00

1 .0?

2336.00

2343.87

Mole F ra c tio n  
o f  H ydrocar
bons in  Water 

X 10 3

1.635

1.269

0.461

9 9 6 . 6 3 5

1000.000

The t o t a l  s o l u b i l i t y  o f  C^-Cg-Cy m ix tu re  in  w a te r  a t  220 F and 4000 p s i  

i s

T o ta l  s o l u b i l i t y  = ( 1 .635  "*■ 1.269 + 0 .4 6 l)  x 10^

= o -i/Cc ^  in 3  l b  mole h y d ro carbons 
^ l b  mole w a te r

Based on th e  ex p e rim en ta l d a ta  o b ta in e d , c o r r e l a t i o n s  by which th e  

t o t a l  s o l u b i l i t y  o f b in a ry  and te r n a r y  hydrocarbon  m ix tu res  in  w a te r  can 

be d e te rm in ed  have been d e v e lo p ed . These c o r r e l a t i o n s  w i l l  be d is c u s s e d  

in  th e  fo llo w in g  c h a p te r .  A com parison between th e  ex p e rim en ta l and 

c a lc u la te d  v a lu e s  o f s o l u b i l i t i e s  w i l l  a ls o  be g iv e n  in  th e  n ex t c h a p te r .
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TABLE ( V- l )

DETERMINATION OF THE CONSISTENCY IN THE CHROMATOGRAPHIC 

ANALYSIS OBTAINED UNDER THE FOLLOWING CONDITIONS;

Helium Flow R ate = 2 2 , 5  ml/min Sample Valve = lOV-2074-1

Hydrogen Flow R ate = 2 2 . 5  ral/min Oven Tem perature = 100 C

Sample P re s su re  = 20 p s ig  Range = 10

Sample Tem perature = 80-82 F A tte n u a tio n  = 64-

I n je c t io n  T em perature = 145 F

Peak H eight (T en th  o f  Inch)

D ate Hydrocarbon
Sample

#1
Sample

#2
Sample
.  #3

Sample
#4

Sample
#5

7 - 15-68 Methane 4 0 .0 4 0 .0 40 .1 4 0 .0 4 0 .3

• 1 E thane 56.2 56 .3 56.3 56.2 56.4

tl Propane 34.2 34.2 34.1 34.0 3 4 .3

7 -2 0 -6 8 Methane 40 .1 4 0 .0

Ethane 56.2 56 .4

Propane 34.3 34.1

8 -1 4 -6 8 Methane 40 .2 3 9 .9

E thane 56.2 56.1

Propane 34.2 34.1

10-11-68 Methane 4 0 .0 4 0 .2

Ethane 56.2 56.1

Propane 34.2 34.1

1- 15-69 Methane 39 .9 4 0 .1

Ethane 56.2 56.2

Propane 34.2 34.0
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TABLE (V-2)

DETERMINATION OF THE ACCURACY OF THE CHROMATO

GRAPHIC ANALYSIS OBTAINED UNDER THE SAME 

CONDITIONS AS GIVEN IN TABLE (V- l )

C om position (P e r Cent)

S o urce  o f  A n a ly sis Sample C2 O thers

P h i l l i p s  66 S tan d a rd 0.7036 0.0906 0.0593 0.1465

Chrom atograph S tan d a rd 0.7030 0.0910 0.0590 0.1465

C a lc u la te d #1 0.2590 0.3560 0.3850 -

Chrom atograph #1 0.2590 0.3570 0.3840 -

C a lc u la te d #2 0.6430 0.2070 0.1500 -

Chrom atograph #2 0.6440 0.2070 0.1490 -

C a lc u la te d #3 0.1360 0.2440 0.6200 -

Chrom atograph #3 0.1360 0.2430 0.6210 -



Sli

TABLE (V-3) -  -

SAMPLE CALCULATION FOR DETERMINATION OF PARTIAL PRES

SURES TO OBTAIN A MIXTURE OF SPECIFIC COMPOSITION

The c a lc u la t io n s  a re  perform ed f o r  a  te r n a r y  m ix tu re . The c a lc u la 

t i o n  f o r  binciry m ix tu res  can alw ays be deduced from  i t  by s e t t i n g  th e  

mole f r a c t io n  o f  th e  th i r d  component eq u a l to  z e ro .

I t  i s  d e s ir e d  to  p re p a re  a  m ix tu re  o f  m ethane, e th an e , and propane 

to  have the  fo llo w in g  co m p o sitio n :

Xp = 25 ,9  mole p e r  c e n t

Xp = 35.6

Xp = 38,5
3

x^ = 100,0

The m ixing c e l l  has a  volume o f  $00 cc and a  te m p e ra tu re  o f  77 F .

The c e l l  i s  charged w ith  th e  th r e e  hyd ro carb o n s in  r e v e rs e  o rd e r  o f 

t h e i r  m o lecu la r w e ig h ts . Hence, f i r s t ,  th e  p ropane i s  in je c te d  u n t i l  

th e  c e l l  p re s s u re  i s  5O p s ig .  T h is  p re s su re  i s  chosen a r b i t r a r i l y ,  Ih e  

number o f  m oles o f  propane i s  de term ined  u s in g  th e  c o m p re s s ib i l i ty  f a c to r  

e q u a tio n

Pv = ZRT o r  PV = nZRT ( I  V -ll)

PVwhere n = ZRT
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TABLE (V -3)—Continued

f+3
(50 + 14 . 7 ) p s i  X ( 500) cc X

( 30 . 5)^  CO
(0 .9 4 0 )(1 0 .7 3  f t 3 - p s i ) (77 + 46o) R 

lb  mole-R

The c o m p re s s ib i l i ty  f a c t o r  Z f o r  propane was o b ta in e d  from Sage and 

Lacey ( 9 ) .

n _ = 2 .11  X 10̂ *̂  l b  molespropane --------------------------------

S in ce  x„ , th e  propane mole f r a c t i o n ,  i s  known, th e  t o t a l  number o f  m oles 
3

can be c a lc u la te d  a s

2 .11  X IÔ V 0 .385

5 .48  X 10^ lb  mole

The number o f  moles o f  e th an e  and methane can be de term in ed  a s  fo l lo w s :

“ ^Cg^total

0 .356  X 5 .4 8  X 10^

1 .95  X 10^ lb  mole

and -  X c^n to ta l

= 0 .259  X 5 .4 8  X 10
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TABLE (V -3)—Continued

= 1.42 X iÔ^ Ib  mole

"Die p re s su re  a f t e r  i n j e c t i n g  th e  e th an e  i s

"h e r*  ^mlx ’  * \ \

x '  = 2.11 X l ô V ( 2 .1 1  + 1 . 95) X 10^ 
3

x„ = 0.520  
3

Xp = 1.000  -  0 .520  = 0 .480 
^2

\ i x  "  0 '5 2 0  X 0 .940  + 0 .480  x 0 .940

Z^ix .  0 .940

Then, P = (4 .0 6  x 10 ) l b  mole x 0 .9 4  x -------- =— [ z
3.06 x 10 l b  mole

P = 124.7 p s i

The f i n a l  p re s su re  a f t e r  in je c t in g  th e  m ethane i s  found a s

Z . RT 
P = n — Si2L_

t o t a l  V
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TABLE (V -3 )—C ontinued

= 0 .385  X 0 .9 4 0  + 0 .356  X 0 .940  + 0 .259  x 0 .970

= 0.696  + 0.251  

= 0.947

P = (5 .4 8  X 10^) l b  mole x 0 .9 4 7  x  ] z  --
3.06  X 10 l b  mole

P = 169.7 p s i

H ence, to  obtciin a  m ix tu re  composed o f  0 .2 5 9 . 0 .3 5 6 . and O.385  mole 

p e r  c e n t m ethane, e th a n e , and p ropane, r e s p e c t iv e ly ,  th e  propane i s  i n 

je c te d  u n t i l  th e  c e l l  p re s s u re  i s  6 4 .7  p s i ;  th en  e th an e  i s  in je c te d  u n t i l  

th e  p re s s u re  in  th e  c e l l  re a c h e s  124.7  p s i ,  and f i n a l l y ,  methane i s  i n 

je c te d  u n t i l  th e  p re s su re  re a c h e s  I 6 9 .7  p s i .

To o b ta in  h ig h e r f i n a l  p re s s u re s ,  th e  propane can be in je c te d  u n t i l  

a  h ig h e r  i n i t i a l  p re s su re  i s  o b ta in e d . However, th e  i n i t i a l  p re s su re  w i l l  

be l im i te d  by th e  vapor p re s s u re  o f  propane a t  th e  room te m p e ra tu re .
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TABLE (V-4)

SOLUBILITY OF METHANE IN WATER: COMPARISON OF

GRAPHICALLY SMOOTHED DATA OF THIS STUDY 

WITH THOSE GIVEN BY CULBERSON ( l 3 )

Mole F ra c t io n  o f  Methane in  th e  W ater-R ich Phase
P re s su re 100 F 160 F

P s ia T h is  Study C ulberson T h is  Study C ulberson

600 0.000759 0.000760 0.000602 0.000599

2000 0.001956 0.001953 0.001612 O.OOI6O8

3000 0.002519 0.002530 0.002150 0.002094

5000 0.003350 0.003360 0.002800 0.002888



TABLE (v-5)

COMPOSITION, TEMPERATURE, PRESSURE, AND SOLUBILITY OF METHANE-ETHANE MIXTURES

Mole F ra c t io n  o f  Hydrocarbon 

in  th e  W ater-F ree Gas Phase
Mole F ra c tio n  o f  Hydrocaarbon 

in  W ater x 10^

M ixture T(F) P (P s i) '«1 '= 2

#1 160 665 0.1996 0.8004 0 .450 0 .696 1.146

M 2065 I t II 0 .7 9 8 1 .243 2.041

I f 3065 II II 0 .9 5 ^ 1.486 2 .440

f« 4965 II II 1.158 1.802 2 .960

II 7915 II II 1 .564 2 .439 4 .003

#2 160 665 0.4050 0.5950 0 .779 0 .636 1 .415

I f 2065 II II 1.382 1 .128 2.510

I t 3065 II II 1 .648 1.345 2 .9 9 3

II 4965 If II 1.988 1 .624 3.612

If 7915 II II 2 .6 4 8 2 .158 4 .8 0 6

#3 100 5000 0.4990 0.5010 2 .260 1.637 3 .897

130 II II II 2 .150 1.561 3.711

160 I f II II 2.080 1.506 3.586



TABLE (V -5)—Continued

Mole F ra c t io n  o f  Hydrocarbon 
in  th e  W ater-F ree Gas Phase

Mole F ra c tio n  o f Hydrocarbon 

in  W ater x 10^

M ixture T(F) P (P s i) '=2 '=1 S

#3 190 5000 0.4990 0.5010 2 .190 1.590 3.780

220 II II II 2 .432 1.768 4 .200

160 665 II II 0 .8 1 9 0 .593 1.412

I f 2065 I I II 1.455 1.057 2.512

«f 3065 II II 1.800 1.302 3.102

f» 4965 II »* 2.081 I . 5O8 3.589

II 7915 II II 2 .8 0 4 2 .036 4 .840

160 665 0.7100 0.2900 0 .8 7 5 0.452 1.327

f f 2065 II II 1 .598 0 .822 2 .420

II 3065 II II 1 .848 0 .952 2 .800

II 4965 II II 2 .322 1.197 3 .519

II 7915 II II 3.170 1.637 4 .807

#5 160 665 0.8536 0 .1464 0 .840 0 .232 1.072

«1 2065 II II 1 ,605 0 .445 2 .050



TABLE (V -5 ) —C ontinued

Mole F ra c t io n  o f  Hydrocarbon 

in  th e  W ater-F ree Gas Phase

Mole F ra c t io n  o f Hydrocarbon 

in  W ater x 10^

M ix tu re T(F) P (P s i) s

#5 160 3065 0.8536  0 .1464 2 .0 0 8 0 .556 2 .564

II 4965 II  It 2 .554 0 .706 3.260

II 7915 II  II 3.366 0 .934 4.300

P



TABLE (V-6)

COMPOSITION, TEMPERATURE, PRESSURE, AND SOLUBILITY OF METHANE-PROPANE MIXTURES

M ixture

m

Mole F ra c tio n  o f  Hydrocarbon 

in  th e  W ater-F ree Gas Phase

Mole F ra c t io n  o f  Hydroceœbon 

in  W ater x 10^

T(F) P (P s i) '=1 s '=1  '

220 715 0.2040 0.7960 0 .862 0 .8 9 8 1.760

H 2065 II II 1 .274 1.327 2.601

II 3015 II I t 1 .449 1.510 2 .9 5 9

II 5015 II M 1.616 1 .686 3.302

I f 8015 1* II 1.787 1.863 3.650

220 715 0.3967 0.6033 1 .460 0.731 2.191

M 2065 II II 1 .925 0 ,962 2 .887

II 3015 II II 2 .1 9 8 1.098 3.296

II 5015 i t II 2 .4 6 8 1.234 3.702

II 8015 It II 2 .792 1 .398 4 .190

220 715 0.5015 0.4985 1 .525 0 .646 2.171

II 2065 II II 2 .016 0 .855 2.871

II 3015 II II 2 .282 0 .970 3.250

oINJ
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Mole F ra c t io n  o f Hydrocarbon 

in  th e  W ater-F ree Gas Phase

Mole F ra c t io n  o f  Hydrocarbon 

in  W ater x 10^

M ixture T(F) P (P s i) '= 1 *Gl s '=1  '

#8 220 5015 0.5015 Ü.4985 2 .642 1.120 3.762

II 8015 II I f 2 .9 2 8 1.242 4 .170

m 220 715 0.7280 0.2720 1.326 0 .425 1.751

II 2065 II If 1 .895 0 .605 2.500

M 3015 II II 2 .196 0 .705 2.901

II 5015 II I f 2 .690 0.861 .  3.551
M 8015 I f II 3 .184 1.023 4 .207

#10 220 715 0.8645 0 .1355 1.130 0 .150 1.280

f t 2065 I t II 1.860 0 .2 4 9 2 .109

I f 3015 I I If 2 .250 0 .314 2 .550

II 5015 II II 2 .912 0 .3 8 4 3.306

r t 8015 II II 3.702 0 .498 4 .200



TABLE (V-7)

COMPOSITION, TEMPERATURE, PRESSURE, AND SOLUBILITY OF ETHANE-PROPANE MIXTURES

Mole F ra c tio n  o f  Hydrocarbon 

in  th e  W ater-F ree  Gas Phase

Mole F ra c t io n  o f  Hydrocarbon 

in  W ater x 10^

1M ixture T(F) P ( Ps i ) s
%  +  " c

#11 220 665 0 .2214 0.7786 0 .2 0 8 0 .352 0 .560

II 2015 II II 0.301 0 .510 0.811

II 3015 II II 0 .316 0 .534 0 .850

II 4965 II II 0 .336 0 .570 O .9O6

I t 8015 II II 0 .365 0 .618 0 .9 8 3

#12 220 665 0.4059 0.5941 0 .2 9 4 0.331 0 .625

II 2015 II II 0 .447 0 .503 0.950

11 3015 I t f f 0 .481 0 . 5 3 9 1.020

I I
4 9 6 5

II II
0 . 5 1 5 0 . 5 7 9 1 . 0 9 4

II 8015 II II
0 . 5 5 6 0 .625 1.181

#13 220 665 0.5640 0.4360 0 . 3 1 8 0 . 3 1 7 0 .6 3 5

If
2 0 1 5

I f II
0 . 5 0 9 0 .505 1 .014

11
3 0 1 5

II II
0 . 5 4 5 0 . 5 4 1 1 .086



TABLE ( V-7)--Continued

Mole F ra c tio n  o f  Hydrocarbon 

in  th e  W ater-F ree Gas Phase
Mole F ra c t io n  o f  Hydrocarbon 

in  W ater x 10^

M ix tu re T(F) P (P s i) %  '  " o ,

m 220 4965 0.5640 0.4360 0 .582 0 .584 1.166

t l 3015 II II 0 .6 4 8 0 .642 1.290

#14 220 665 0.7005 0 .2995 0.367 0 .256 0 .623

II 2015 If II 0 .5 9 5 0 .415 1.010

II 3015 II II 0 .653 0 .457 1.110

M 4965 II II 0 .707 0 .493 1.200

II 8015 II II 0 .7 9 8 0 .559 1.357

#15 220 665 0 . 8151 0.1849 0 .377 0 .1 8 8 0 .565

f f 2015 f f f t 0 .672 0 .332 1.004

f f 3015 II II 0 .744 0 .369 1.113

II 4965 II II 0 .812 0 .402 1 .214

II 8015 II M 0 .929 0.461 1.390

5 ï



TABLE (V-8)

COMPOSITION, TEMPERATURE, PRESSURE, AND SOLUBILITY OF METHANE-ETHANE-PROPANE MIXTURES

Mole F ra c t io n  o f Hydrocarbon Mole F ra c t io n  o f  Hydrocarbon
in  th e  W ater-F ree Gas Phase in  W ater x 103

M ix tu re T(F) P ( Ps i ) '=1 '=2 s '=1 S

#16 220 665 0 .5023 0 .2527 0,2450 1.178 0 .398 0 .0 1 9 1.595

M 2065 II II II 2 .068 0 .700 0 .032 2.800

II 3015 II II II 2.370 O .8O3 0.041 3.214

M 4015 II II II 2 ,676 O.9O6 0 .042 3.624

II 5015 M II 2 .942 0 .9 9 8 0 .039 3.986

#17 220 665 0.6110 0.1780 0.2110 1.276 0.271 0 .0 4 8 1.595

II 2065 II II II 2 .244 0 .476 0 .086 2 .806

II 3015 II II II 2.570 0 .5 4 6 0 .102 3.218

II 4015 II II II 2 .382 0 .613 0.111 3.606

II 5015 II II II 3.162 0 .672 0 .123 3.957

#18 160 5000 0.7015 0.1065 0.1920 2 .780 0 .323 0 .1 9 8 3.301

190 II II II II 2 .830 0 .329 0 .206 3.365

220 II II II II 3.158 0 .367 0 .225 3.750

II 665 II II II 1.175 0 .137 O.O83 1.395



TABLE (V -8)—Continued

Mole F ra c t io n  o f  Hydrocarbon 
In  th e  W ater-F ree Gas Phase

Mole F ra c t io n  o f  Hydrocarbon 
In  W ater x 103

M ix tu re T(F) P (P s l) '=1 s '^1 s
X + X + X

°1 °2 S

#18 220 2065 0.7015 0.1065 0.1920 2 .234 0.260 0.161 2.655

II 3015 II II I t 2 .614 0 .304 0 .187 3.105

f t 4015 II I t II 2.822 0 .328 0 .205 3.355

#19 220 665 0.8218 0.0945 0.0837 1.230 0 .119 0 .040 1.389

M 2065 I t II II 2.000 0 .194 0 .056 2.250

II 3015 II II It 2.668 0 .258 0 .079 3.005

t l 4015 II II I t 2 .842 0 .275 0 .087 3.204

II 5015 II II II 3.276 0 .317 0 .099 3.692

#20 220 665 0.2594 0.3558 0.3848 0 .768 0 .596 0 .216 1.580

II 2065 II II I t 1.305 1.002 0 .3 4 8 2 .655

II 3015 II II II I . 5O8 1.170 0 .427 3.105
II 4015 II I t t l 1 .635 1.269 0 .461 3.365

II 5015 II II I t 1.800 1.396 0 .607 3.703

o\



i y i m ™
'-------- l« I t  to

0 - 1 0 0 0  t i l  
0 .  0 0 0 0  P t i  
0 -  1 0 ,0 00  PSI

1 - P R E ttU m  tAUtC  
t  P R E ttU R l OAUOE 
S-PRESSURE OAUOE
4 - p o t e n t i o m e t e r
0 > THERMOCOUPLE 
0 . SAMPLE VALVES 
7 -  PRESSURE OAUOE 0 -  2 0 0  PSI

0 - SAFETY DISK
t -K O U IL IS R IU M  CELL 

iO -M IX IN S  HANDLE 
11 . SOD W LAMP 
12- THERMOSTAT 
I 8 • FAN
1 4 -H E IS E  OAUOE

10 . AUXIL IARY CELL 
10 .  MERCURY PUMP 
I 7 - AUXILIARY CELL
IS-PROPANE CYLINDER 
I t -M E T H A N E  CYLINDER
2 0 -  ETHANE CYLINDER
2 1 -MOTOR

&

FIGURE V - l  SCHEMATIC DIAGRAM OF E X P E R IM E N T A L  APPARATUS



TWO- PIECE STEM

SAMPLE SPACE

FIGURE V -  2 DRAWING OF LIQUID SAMPLING VALVE (AUTOCLAVE 3 0 V M - 4 0 7 4 ) .  
VOLUME OF THE SAMPLE SPACE IS 0 . 0 1 9 7  e c .



TWO-PIECE STEM

SAM CE

I- 1/2

F IG U R E  V - 3  DRAWING OF GAS S A M P LIN G  VALVE (AUTOCLAVE 10 V M - 2 0 7 4 ) .  
VOLUME OF THE SAM PLE SPACE IS . 0 2 4 6  c c .

o



FLOW METE*ON

HELIUM (CARRIE* OAt)

ELECTRIC HEATER
HELIUM
CYLINDER AIR

MODEL « 0 0 - C Hi - FI 
VAR IAN AEROGRAPH 

CHROMATOGRAPH

MODEL A- GSO  
VAR IAN AEROGRAPH 

H# GENERATOR HONEYWELL 
GROWN RECORDER 

RANGE
- .09  TO +1.09  

MILLIVOLTS
FLOW METER

RANGE
1.0 10 

O.u • '  ,

ATTENUATOR

100

>tu

SCHEMATIC DIAGRAM OF GAS CHROMATOGRAPH COMPOSED OF SEPARATE PARTSFIGURE V - 4
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o  12

O 12020 4 0 6 0 3 0 100
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CHAPIER VI

CORRELATION AND DISCUSSION OP THE EXPERIMENTAL DATA

A. E x is t in g  C o r re la t io n s  

As m entioned e a r l i e r ,  l i t t l e  work has been re p o r te d  co n cern in g  th e  

s o l u b i l i t y  o f  hydrocarbon m ix tu re s  In  w a te r . HcKetta (15) h a s  o b ta in ed  

e x p e rim en ta l d a ta  f o r  s o l u b i l i t y  o f  m ethane-n -bu tane  In  w a te r . There I s ,  

however, a t  p re se n t no r e l a t i o n s h ip  a v a i la b le  which can be u sed  to  d e te r 

mine th e  s o l u b i l i t y  o f  b in a ry , te rn a ry ,  o r  h ig h e r  hyd rocarbon  m ix tu res  In  

w a te r .

E xperim en ta l d a ta  f o r  s o l u b i l i t y  o f  p u re  m ethane, e th a n e , propane, 

n -b u ta n e , pen tan e , and hexane In  w a te r a r e  a v a i la b le  (1 3 , 2 6 , 25» 48 , 12 , 

14 , 4 9 , 3i ,  5 0 ). I f  d i l u t e  h y d ro carb o n -w ater s o lu t io n  c o u ld  be co n sid e red  

an I d e a l  s o lu t io n ,  th e  s o l u b i l i t y  o f  th e  hydrocarbon in  w a te r  can be c a l 

c u la te d  from H en ry 's  law;

%  ~ "h e re  g a s  behaves I d e a l ly

o r  f^  = k^x^ " " " n o n ld e a l ly  ( i l l - 12)

K rich ev sk i and Keisarnovskl ( 39) have d e r iv e d  a  more r ig o ro u s  r e l a t i o n 

s h ip ,  based  on thermodynamic p r in c ip le s ,  f o r  th e  s o l u b i l i t y  o f  nonpo lar 

g a se s  in  l iq u id s :

81
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f ,  V
= i n  k l  + ( V I - 1 )

where = th e  s a tu r a t io n  p re s s u re  o f  pure w a te r

* th e  Henry’s  law c o n s ta n t  e v a lu a te d  a t  P = p^

Vĵ  = p a r t i a l  m olal volume

Kobayashi ( l 4 , 38) has c a lc u la te d  f o r  d i f f e r e n t  hydrocarbons by 

a p p ly in g  E quation  (V I- l)  to  w a te r - r ic h  phase o f  hyd ro carb o n -w ater b in a r ie s ,  

and found th a t  cannot be assum ed independen t o f  p re s s u re . Kobayashi h as  

a l s o  shown t h a t  th e  s o l u b i l i t i e s  o f  pure  h y d ro carb o n s, de term in ed  by u s in g  

E quation  ( V I - l ) ,  a re  in  e x c e l le n t  agreem ent w ith  ex p e rim en ta l d a ta  ob

ta in e d  by o th e r  in v e s t ig a to r s .

The a p p l ic a t io n  o f  E quation  (V I - l)  to  hydrocarbon  m ix tu res  i s  hampered 

by th e  la c k  o f  p a r tia l-m o la l-v o lu m e  and p a r t i a l - f u g a c i t y  d a ta  f o r  m ix tu re s .

S ince th e r e  a re  ample in fo rm a tio n  a v a i l a b le  co n ce rn in g  th e  s o l u b i l i t y  

o f  pure  components in  w a te r , a  c o r r e l a t io n  which would medce use  o f  th e  

d a ta  f o r  pu re  components to  p r e d ic t  th e  s o l u b i l i t y  o f  hydrocarbon m ix tu res  

in  w a ter would be o f g re a t  im p o rtan c e . Based on th e  ex p e rim en ta l d a ta  ob

ta in e d  in  t h i s  work, such a  c o r r e l a t i o n  has been dev elo p ed . The proposed 

c o r r e la t io n  w i l l  be d is c u s se d  in  th e  n ex t s e c t io n .

B. P roposed  C o rre la t io n

In  o rd e r  t o  p r e d ic t  th e  s o l u b i l i t y  o f  b in a ry  hydrocarbon m ix tu res  

such  a s  m eth an e-e th an e , m ethane-p ropane, o r  e th an e -p ro p an e  in  w a te r , th e  

fo llo w in g  e m p ir ic a l  r e l a t io n s h ip  i s  proposed:
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* *
* * x ,x_  Pc, + Pco 0.125  MW 2 .52

X, -  + y , x ,  +

(VI- 2 )

where = t o t a l  mole f r a c t i o n  o f  th e  h yd rocarbons in

w a te r - r ic h  phase 

y ^ , * mole f r a c t i o n s  o f  components 1 and 2 in  th e

w a te r - f r e e  g a s  phase
* -X

x^ , Xg = mole f r a c t i o n  o f  th e  pure components 1 and 2 

i n  th e  w a te r - r ic h  phase a t  th e  same tem pera

tu r e  and p re s s u re  a s  th e  m ix tu re

P , P = c r i t i c a l  p re s s u re s  o f  components 1 and 2 
°2

MH ,̂ MWg = m o lecu la r w e ig h ts  o f  components 1 and  2 

and P = p re s s u re  in  p s i

T h is  p a r t i c u l a r  e q u a tio n  was p roposed  on th e  fo llo w in g  g rounds:

1 . The t h i r d  term  was added because  th e  t o t a l  s o l u b i l i t y  (x ^ ) , o b ta in ed

e x p e r im e n ta lly , was alw ays l a r g e r  th a n  th e  sum o f  th e  f i r s t  two te rm s.
*  *

The sum o f  th e  f i r s t  two te rm s , i . e . ,  y^x^ + ^2^2 ’ ^  r e s u l t  o f

K ay 's  m ixing r u l e .

2 . The th i r d  term  re d u c es  to  z e ro  when e i t h e r  ŷ  ̂ o r  y^ e q u a ls  to  u n i ty , 

and E quation  (V I-2 ) re d u c es  to

" t  -  \

3. The r e l a t io n s h ip  i s  d im e n s io n a lly  c o r r e c t .

4 . The e f f e c t  o f  p re s su re  on s o l u b i l i t y  i s  accoun ted  f o r  n o t only  th rough  

x^ te rm s (which a r e  a ls o  fu n c t io n s  o f  P) b u t a l s o  th ro u g h  th e
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P + F .125 
/ 1 2 \ te rm .
I 0 .5  P /

5 . I t  was ob serv ed  th a t  th e  g r e a te r  th e  d i f f e r e n c e  in  th e  m o lecu la r 

s iz e  o f  th e  in d iv id u a l  components th e  g r e a te r  th e  d i f f e r e n c e  be

tween and (y jx^ + ygX ^). Hence, th e  term  was

supplem ented  to  acco u n t f o r  the  d i f f e r e n c e  in  th e  s i z e  o f  th e  v a r 

io u s  m o lecu les  composing th e  m ix tu re .
*

The pu re  component s o l u b i l i t i e s ,  x^ , f o r  C ,̂ C y  and n-C^ were

o b ta in e d  from  C ulberson  ( l 3) i  K obayashi ( 14) ,  and Reamer (49 ) .  The ex-
* / 

p e r im e n ta l v a lu e s  o f  a t  d i f f e r e n t  T and P a r e  shown in  F ig u re s  (V I- l

to  V I-3) and g iv en  in  T ab le s  (V I-1 to  V I-3 ).

The t o t a l  s o l u b i l i t i e s  f o r  C^-C^, C^-C^, and Cg-C^ m ix tu re s , c a lc u 

l a te d  from  E qu a tio n  (V I- 2 ) ,  a r e  compared w ith  th o s e  o b ta in e d  experim en

t a l l y  in  T a b le s  (VI-4 ) ,  (V I-5) ,  and (V I-6 ) , r e s p e c t iv e ly .  The d e v ia t io n s  

between th e  ex p e rim en ta l and c a lc u la te d  v a lu e s  a r e  g e n e r a l ly  below 2 p e r 

c e n t .  However, two o r  th r e e  sam ples were o f f  a s  h ig h  a s  3*91 p e r  c e n t .  

C o n sid erin g  th e  p re c is io n  o f  th e  ex p e rim en ta l a p p a ra tu s  p lu s  th e  f a c t  th a t  

th e  pure  component s o l u b i l i t i e s  were o b ta in e d  from  d i f f e r e n t  so u rc e s  and 

th e y  in  tu r n  c o n ta in ed  some e r r o r ,  th e  agreem ent between th e  e x p e rim en ta l 

and c a lc u la te d  v a lu e s  i s  e x c e l le n t .

The c o r r e la t io n  proposed  h e re  was a ls o  u sed  to  p r e d ic t  th e  t o t a l  

s o l u b i l i t y  o f  th e  m ethane-n -bu tane  m ix tu re  a t  100, l 60 , and 220 F under 

2000 and 3000 p s i .  These v a lu e s  a re  compared w ith  th e  e x p e r im en ta l d a ta  

o b ta in e d  by H cK etta ( I5 )  a t  th e  same T and P c o n d it io n s  and g iv en  in  

T able (V I- 7 ) .  The d e v ia t io n s  betw een th e  e x p e r im en ta l and c a lc u la te d  

v a lu e s  a re  l e s s  th an  10 p e r  c e n t  w ith  th e  e x c e p tio n  o f a  s in g le  p o in t 

which was o f f  a s  h igh  a s  2 6 .9  p e r  c e n t .  No sound re a so n  can be g iv en  f o r
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th e  h ig h  d isc rep an cy  ex ce p t a  rem ote chance th a t  th e  p a r t i c u l a r  ex p e rim en ta l 

v a lu e  cou ld  be in  e r r o r .  Prom th e  t o t a l  s o l u b i l i t y  v a lu e s  f o r  -C ^, C^-C^, 

and Cg-C^ m ix tu re s , g iv en  in  T ab les  (V -5) ,  (V-6 ) ,  and (V -? ), r e s p e c t iv e ly ,  

i t  can be observed  th a t  th e  t o t a l  s o l u b i l i t y  in c re a s e s  s l i g h t l y  w ith  an i n 

c re a s e  in  th e  mole f r a c t i o n  o f  th e  more s o lu b le  component in  th e  g a s  phase . 

Looking a t  th e  r e s t  o f  M cK etta 's  d a ta ,  th e  gas phase com position  seems to  

have l i t t l e  o r  no e f f e c t  on th e  t o t a l  s o l u b i l i t y  w ith  th e  ex ce p tio n  o f  th e  

p o in t in  q u e s tio n . C o n sid e rin g  th e  t o t a l  s o l u b i l i t i e s  o f  two m ix tu re s  a t  

220 P and 3000 p s i  hav ing  th e  fo llo w in g  g as  phase co m position ;

M ixture  A: y  = 0 . 098 , (x^) = 2 .460 , = 2.509
1

M ixture B: y^^ = 0 .4915 . (x ^ )ex p . = ^ . 320, = 3.043

i t  i s  seen  th a t  th e  t o t a l  s o l u b i l i t y ,  ex p erim en ta l v a lu e s , d e c re a se s  w ith  

an in c re a s e  in  th e  mole f r a c t i o n  o f th e  more s o lu b le  component (m ethane 

compared to  n -b u ta n e ) . T h is  cou ld  be g iv en  a s  a  re a so n  f o r  th e  la r g e  d e v i

a t i o n .  A lto g e th e r , a  re a so n a b le  agreem ent i s  observed  between th e  e x p e r i 

m en ta l v a lu e s  o f  McKetta and th o se  c a lc u la te d  from th e  proposed c o r r e l a 

t i o n .

The s o l u b i l i t y  o f  in d iv id u a l  com ponents in  th e  m ix tu re  can be d e t e r 

mined a s

Xi -  ï*x^ (VI-3)

*

where i s  a  c o r re c te d  mole f r a c t i o n  o f  component i  i n  th e  w a te r - f r e e  gas
*

p h ase . The c o r re c te d  mole f r a c t i o n s ,  Ŷ ,̂ a re  a  fu n c t io n  o f  th e  y 9̂ mole 

f r a c t i o n s  in  th e  g a s . A p lo t  o f  th e  Y^^/y^ a g a in s t  ŷ  ̂ f o r  C^-Cg, C^-C^, 

C^-n-C^, and Cg-C^ i s  shown in  F ig u re  (V I-4 ) .  The cu rv es  in  F ig u re  (V I-4 ) 

a r e  based  on th e  ex p e rim en ta l r e s u l t s  o b ta in e d  in  t h i s  work and by M cKetta.
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The proposed c o r r e l a t io n  was ex ten d ed  to  ap p ly  to  te r n a r y  hydrocarbon 

m ix tu re s  a s  fo llo w s :

*  #  *
l e t  KMR = y^x^ + y^x^ + y^x^

th en  x^ = KMR + +

y^y^(xj'x*/KMR)((Pg^ + ) / 0  ' 5^)° ' ^  + ŷ y-̂

(x*x*/kM R )((Pg + Pg ) / 0 . 5P)°'^^^(MWyMW2)^'52  +
2 3

( x * x * x * / k M R ) ( ( P g ^  +  P g ^  +  P ( j ^ ) / 0 . 5 P ) ° * ^ ^ ^ ( ( M W 2  +  M W ^ ) /

(MŴ  + (V I-4 )

As m entioned e a r l i e r  in  t h i s  c h a p te r , th e  term  KMR r e p r e s e n ts  K ay 's  m ixing 

r u l e  and o th e r  te rm s in  E quation  (V I-4 ) can be c o n s id e re d  a s  c o r re c t io n  

te rm s due to  b in a ry  and te r n a r y  i n t e r a c t i o n s .  I t  can be shown t h a t ,  f o r  

l i g h t  hyd ro carb o n s, th e  te r n a r y  term  i s  n e g l ig ib le  compared to  th e  o th e r  

te rm s in  E quation  (VI-4 ) and i t  may be dropped o u t .  For s im p l ic i ty  th e  

fo llo w in g  term s may be d e f in e d :

PCR(12) «  ( ( P .  + Pp ) / 0 . 5 P ) ° * ^ ^ ^  (VI-5A )
2̂

PCR(13) 5 ((P p  Pp ) / 0 . 5P )°*^^^  (V I-5B)
1 3

PCR(23) = ( ( P p  + Pp ) / 0 . 5 P ) ° * ^ ^ ^  (V I-5C )
^2 ^3

HWCR(12) £ (MWg/MW^)^'^^ (V I-5D)
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MHCR(13) S (MW^/MW^jZ'SZ (VI-5E)

MWCR(23 ) 5 (MWyMWg)^'^^ (VI-5F)

D ropping th e  te r n a r y  term  and s u b s t i t u t i n g  E q u a tio n s  (VI-5A) th ro u g h  (V I- 

5P) in  E quation  (V I-4 ) w i l l  g iv e

= KMR + y^y2(x*X2/KMR)(PCR 12)(MWCR 12) + y^y^(x*x*/KMR)

(PGR 13)(MWCR 13) + y2y3(x^x*/KMR)(PCR 23)(MHCR 23)

(V I-5)

The t o t a l  s o l u b i l i t i e s  f o r  m ethane-e thane-p ropane  m ix tu re s  a t  220 F 

and 665-5015 p s ig  were c a lc u la te d  acco rd in g  to  E quation  (V I-5 )  and a re  

compared w ith  th e  ex p e rim en ta l d a ta  in  T ab le  (V I- 8 ) .  The maximum d i f f e r 

ence betw een th e  c a lc u la te d  and ex p e rim en ta l v a lu e s  i s  6.37  p e r  c e n t .

The in d iv id u a l  s o l u b i l i t i e s  can be d e te rm in ed  from

= Y^x^ (VI-3)

where a  p lo t  o f  Y^^/y^ a g a in s t  ŷ  ̂ f o r  C^-Cg-C^ m ix tu res  i s  shown in  F ig u re  

(V I-4A ).

C o n sid e rin g  th e  e x c e l le n t  agreem ent betw een th e  proposed c o r r e la t io n  

f o r  c a lc u la t in g  th e  s o l u b i l i t y  o f  b in a ry  and te r n a r y  hydrocarbon  m ix tu res  

in  w a te r , one can su g g es t th e  fo llo w in g  e q u a tio n  f o r  m ulticom ponent hydro

carbon  m ix tu re s :

x^ = Y *1*1 * ^  ^ (y iy j(x ^ x y ^ y ^ X j^ )P C R (ij)M W C R (ij))  (V I-6 ) 

i  i  j

where PC R (ij) = ( (P  + P ) / 0 . 5P)°*^^^
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and  MWCR(ij) = (MW(j)/MW(l))2 ' 52, j  > i

I t  should  be n o ted  th a t  in  E quation  (V I-6) th e  te r n a r y  and h ig h e r  term s 

have been n e g le c te d .

C, D iscu ssio n  o f  th e  E xperim enta l R e su lts

The ex p e rim en ta l v a lu es  o f  t o t a l  s o l u b i l i t y  o f  m ethane-e thane  mix

t u r e s  g iven  in  T ab le  (V-5) have been p lo t te d  a g a in s t  p re s su re  in  F ig u re  

(V I-5 ) and a g a in s t  com position  in  F ig u re  (V I-6 ) . As seen  from th e s e  f i g 

u r e s ,  th e  t o t a l  s o l u b i l i t y  o f  th e  m ix tu re  in c re a s e s  w ith  in c re a s e  in  p re s 

s u re  and shows a  maximum when th e  mole f r a c t io n  o f methane i s  45 t o  50 p er 

c e n t .

The ex p e rim en ta l t o t a l  s o l u b i l i t i e s  f o r  a  m ethane-e thane  m ix tu re , 

h av in g  a  com position  o f 49.90  mole p e r c e n t m ethane, a t  5OOO p s i  and 100 

t o  220F a re  p lo t t e d  a g a in s t  te m p e ra tu re . The m ix tu re  shows a  d e f i n i t e  

minimum a t  I60 F . T his i s  in  agreem ent w ith  C u lb e rso n ’s  d a ta  on pure 

m ethane and e th a n e  ( I 3 ) .

The ex p e rim en ta l v a lu es  o f  t o t a l  s o l u b i l i t i e s  o f  m ethane-propane mix

t u r e s  a t  220 F have been p lo t te d  a g a in s t  p re s su re  and methane mole f r a c 

t i o n  and a re  shown in  F ig u re s  (V I-8 )  and (V I- 9 ) ,  r e s p e c t iv e ly .  The t o t a l  

s o l u b i l i t y  o f  th e  m ix ture  in c r e a s e s  w ith  an in c re a s e  in  p re s su re  and shows 

a  maximum a t  y^» = .40 to  .70 f o r  a l l  p re s s u re s . I t  sho u ld  be n o ted  

t h a t  th e  t o t a l  s o l u b i l i t y  o f  m ethane-e thane  o r  raethane-propane m ix tu res  

i s  g r e a te r  th a n  th e  s o l u b i l i t y  o f  pure  m ethane, a t  th e  same tem p e ra tu re  

and p re s su re , when th e  methane mole f r a c t io n  i s  g r e a te r  th a n  20 p e r  c e n t .  

T h is  i s  in  agreem ent w ith  th e  f in d in g s  o f  o th e r  in v e s t ig a to r s  in c lu d in g  

C ulberson  (25 , 26 ) .  C ulberson n o tic e d  th a t  th e  s o l u b i l i t i e s  o f  n a tu r a l  

g a s  in  pure w a te r , de term ined  by Dodson and S tan d in g  (28) ,  were g r e a te r



89

th an  th e  s o l u b i l i t y  o f  p u re  methane a t  th e  same p re s su re  and tem p e ra tu re  

up to  5000 p s i .  As can be seen  from  F ig u re s  (V I-6 ) and (V I- 9 ) ,  th e  t o t a l  

m ix tu re  s o l u b i l i t i e s  a r e  g r e a te r  th an  th e  s o l u b i l i t y  o f pu re  methane a t  

low er p re s s u re s  and app roach  th e  s o l u b i l i t y  o f  pure methane a t  h ig h e r  p re s 

s u r e s .

The ex p e rim en ta l v a lu e s  o f  t o t a l  s o l u b i l i t y  f o r  e th an e -p ro p an e  mix

tu r e s  a t  220 F have been p lo t te d  a g a in s t  p re s su re  and e th an e  com position  

and axe shown i n  F ig u re s  (V I-IO ) and ( V I-11) ,  r e s p e c t iv e ly .  The t o t a l  

s o l u b i l i t y  in c re a s e s  w ith  an  in c re a s e  in  p re s su re  and shows a  maximum a t  

y^ = .50 to  y^ = .? 0 , f o r  a l l  p r e s s u re s .  The t o t a l  s o l u b i l i t y  o f  

th e  m ix tu re s  i s  g r e a te r  th a n  th e  s o l u b i l i t y  o f  pure  e th a n e , a t  th e  same 

T and P, f o r  m ix tu res  t h a t  have more th a n  20-55 mole p e r c e n t  e th an e  a t  

p re s s u re s  low er th an  3OOO p s i .  At p re s s u re s  h ig h e r  th an  3000 p s i ,  th e  

t o t a l  s o l u b i l i t y  o f th e  m ix tu re  i s  l e s s  th a n  th e  s o l u b i l i t y  o f  pure  e th a n e .

I t  i s  seen  th a t  th e  h y d ro ca rb o n -w a te r s o lu t io n s  a re  n o n - id e a l .  They 

show a  p o s i t iv e  d e v ia t io n  from  R a o u l t 's  law . I f  th e  d eg ree  o f  d e v ia t io n  

from R a o u l t 's  law could  be c o n s id e re d  a s  a  measure o f  n o n - id e a l i ty ,  th e n , 

m e th an e-e th an e -w ate r s o lu t io n s  a re  more n o n - id e a l th a n  m ethane-propane-  

w a te r which i n  tu rn  a re  more na> -ideal th a n  e th an e -p ro p an e -w a te r  s o lu t io n s .

The ex p erim en ta l t o t a l  s o l u b i l i t y  v a lu e s  f o r  m ethane-e thane-p ropane  

m ix tu re s  a t  220 F have been p lo t te d  a g a in s t  p re s su re  and a r e  shown in  F ig 

u re  (V I-1 2 ). The t o t a l  s o l u b i l i t y  in c r e a s e s  w ith  an in c re a s e  in  p re s s u re .  

The t o t a l  s o l u b i l i t y  seems to  be f a i r l y  c o n s ta n t and in d ep en d en t o f 

th e  c o m p o sitio n s  a s  seen  i n  F ig u re  ( V I-14) ,

The ex p e rim en ta l t o t a l  s o l u b i l i t y  o f  C^-Cg-C^ was a l s o  o b ta in e d  a t  

5000 p s i  and I6 0 , 190, and 220 F . A p lo t  o f  t o t a l  s o l u b i l i t y  o f  a  C^-C^- 

m ix tu re  c o n ta in in g  70,15  p e r  c e n t m ethane and 10 .65  p e r  c e n t e th an e
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a g a in s t  te m p e ra tu re  i s  shown in  F ig u re  (V I- I3 ) . The t o t a l  s o l u b i l i t y  i n 

c re a s e s  e x p o n e n tia lly  w ith  te m p e ra tu re  from I60 to  220 F and i t  in d ic a te s  

a  p o s s ib le  minimum in  th e  neighborhood o f  l 40 to  I60 F.

The t o t a l  s o l u b i l i t y  o f  m ethane-e thane-p ropane  m ix tu res  in  w a ter i s  

g r e a te r  th a n  th e  s o l u b i l i t y  o f  pure  methane a t  th e  same te m p e ra tu re  and 

p re s s u re s  up t o  5OOO p s i .  However, th e  d i f f e r e n c e  between th e  s o l u b i l i t y  

o f  th e  m ix tu re  and pure m ethane d e c re a se s  a s  th e  p re s su re  in c re a s e s .
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TABLE (V I- I )

SOLUBILITY OF METHANE, ETHANE, PROPANE, AND n-BUTANE

IN WATER AT 100 P AND PRESSURES UP TO 10,000 PSIA

P re s su re  
P s i a

10^ X Mole F ra c t io n  o f  Hydrocarbon in  Water
( 13[ CgHa (13) C 3H Q  ( 14) nC^-H^O (49)

200 0 .273 0 .3 2 8 0.204 0.062

400 0 .5 2 8 0 .5 3 4 0.208 0 .063

600 0 .760 0 .6 6 7 0.211 0.064

800 0.986 0 .7 4 9 0.214 0.064

1000 1.199 0.793 0.217 0 .065

1250 1.425 0.822 - -

1500 1.620 0.849 0.222 0 .066

2000 1 .953 0.888 0.226 0.068

2500 2.247 0 .9 1 5 0 .229 -

3000 2 .503 0.933 0 .230 0.071

3500 2 . 73J 0.959 - -

4000 2 .962 0.982 0 .235* 0 .073

5000 3.360 1.032 - 0 .075

6000 3.701 1.080 0 . 242* 0 .076

7000 3.987 1.112 - -

8000 4 .2 3 6 1 .126 0 . 246* 0 .078

9000 4.461 1 .129 - -

10,000 4.671 1 .133 0 .248* 0.080

*
Thermodynamically smoothed v a lu es•
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TABLE (V I- 2 )

SOLUBILITY OF METHANE, ETHANE, PROPANE, AND n-BUTANE

IN WATER AT 160 F AND PRESSURES UP TO 10,000 PSIA

P re s su re
P s ia

10^ X Mole F ra c t io n  o f  Hydrocarbon in  Water
CH  ̂ (13) CgHg (13) C3HQ ( 14) nC4 -Hio (49)

200 0 .2 0 3 0.173 0 .130 0.088

400 0.407 0.348 0.214 0.088

600 0 .5 9 9 0.478 0 .226 0.089

800 0.780 0 .5 6 9 0 .232 0.089

1000 0 .9 4 5 0.628 0 .236 0.090

1250 1 .133 0 .6 8 3 - -

1500 I.3O 8 0 .7 2 9 0.242 0.091

2000 1.608 0 .7 8 8 0.246 0 .092

2500 1.861 0.831 0.251 -

3000 2 .0 9 4 0 .8 7 3 0 .254 0 .094

3500 2 .3 0 9 0 .9 1 3 - -

4000 2 .516 0.951 0 . 261* 0.096

5000 2.888 1.014 - 0.098

6000 3.221 1.060 0 .269* 0.099

7000 3 .519 1 .093 - -

8000 3.782 1.142 0 .273* 0.101

9000 4 .0 0 7 1 .187 - -

10,000 4.211 1.228 0 .274* 0 .103

*
Thermodynamically smoothed va lu es.
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TABLE (V I-3)

SOLUBILITY OF METHANE, ETHANE, PROPANE, AND n-BUTANE

IN WATER AT 220 F AND PRESSURES UP TO 10,000 PSIA

P re s su re
P s ia

10^ X Mole F ra c tio n  o f  Hydrocarbon i n  W ater
CH  ̂ (13) CgHg ( 13) C3HQ ( 14) nC^-Hio (49 )

200 0 .188 0.144 0 .118 0 .1 1 3

400 0 .3 8 3 0.299 0.217 0.140

600 0 .572 0 .449 0.280 0.142

800 0.732 0 .559 0 .305 0.143

1000 0.930 0.647 0 .316 0.143

1250 1.148 0.742 - 0.143

1500 1.339 0.823 0 .326 0.144

2000 1.662 0.955 0.336 0.145

2500 1.961 1.038 0 .345 0.146

3000 2 .233 1.073 0 .353 0.148

3500 2 .478 1.121 - -

4000 2.701 1.163 0 .366* 0 .1 5 0

5000 3.100 1.222 - -

6000 3.447 1.287 0 . 385* 0 .1 5 5

7000 3.757 1.350 - 0 .1 5 8

8000 4 .0 3 4 1.412 0 . 397* 0 .161

9000 4 .296 1.464 - 0 .1 6 3

10,000 4.536 1.500 0 . 403* 0 .1 6 5

*
Thermodynamically smoothed values.



M ixture

m

#2

#3

9U

TABLE (V I-4 )

TOTAL SOLUBILITY OF METHANE-ETHANE MIXTURES IN WATER: 

COMPARISON OF EXPERIMENTAL DATA WITH THOSE CALCULATED 

ACCORDING TO THE CORRELATION PROPOSED IN THIS WORK

T o ta l S o lu b i l i ty  o f
3

th e  M ixture x 10 Maximum
T(F) P (P s i) E x p tl . C alcd . D ev ia tio n

160 665 1.146 1 .126 + 1 .78  %

• 1 2065 2.041 2.049 -  0 .3 9

•1 3065 2.440 2.412 + 1.16

II 4965 2 .960 2.904 + 1.86

II 7915 4 .0 0 3 3 .933 + 1.02

160 665 1.413 1 .403 + 0.71

II 2065 2 .310 2 .3 2 5 -  0.60

II 3065 2.993 2 .9 6 3 + 1.01

I I 4965 3.612 3.562 + 1.41

II 7915 4.806 4 .831 -  0 .32

100 5000 3.897 3.977 -  2.06

130 3.711 3.731 -  0 .3 4

160 3.586 3.646 -  1 .69

190 3.780 3.800 -  0 .3 4

220 4.200 4 .1 3 8 + 1.30

160 665 1.412 1.428 -  1.14

II 2065 2 .312 2 .362 -  2.00

I f 3063 3.102 3.012 + 3.00

II 4965 3.389 3 .637 -  1 .34

II 7915 4.840 4 .9 3 2 -  1.90
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TABLE (V I-4 ) —Continued

M ixture T(F) P (P s l)

T o ta l S o lu b i l i ty  o f

th e  M ixture x 10^ 
E x p tl ,  C alcd .

Maximum
D ev ia tio n

m 160 665 1.327 1 .277 + 3.91 %

2065 2.420 2 .3 6 0 + 2 .54

• • 3065 2.800 2.822 -  0.79
II 4965 3.519 3 .497 + 0 .6 3

II 7915 4.807 4.717 + 1.91

#5 l60 665 1.072 1.032 + 3 . 8 7

II 2065 2.050 2 .0 5 5 -  0.24

II 3065 2 .564 2.524 + 1 .59

II 4965 3.260 3 .238 + 1.30

II 7915 4 .300 4 .3 2 4 -  0 .56
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TABLE (V I- 5)

TOTAL SOLUBILITY OF METHANE-PROPANE MIXTURES IN WATER: 

COMPARISON OF EXPERIMENTAL DATA WITH THOSE CALCULATED 

ACCORDING TO THE CORRELATION PROPOSED IN THIS WORK

T o ta l S o lu b i l i ty  o f  

th e  M ixture x 10 Maximum
M ixture

#6

#8

#9

T(F) p (P s i) E x p tl. C a lcd . D ev ia tio n

220 715 1.760 1.800 -  2 .28  $

2065 2.601 2.611 -  0 .3 9

3015 2.959 2.939 + 0 .6 8

5015 3.302 3.342 -  1.21

8015 3.650 3 .698 + 1.31

220 715 2.191 2.207 -  0.73

2065 2.887 2.957 -  2 .02

3015 3.296 3.282 + 0 .4 3

" 5015 3.702 3 .732 -  0.81

8015 4 .190 4.180 + 0.24

220 715 2.171 2.181 -  0.46

2065 2.871 2.889 -  0 .6 3

3015 3.250 3.230 + 0 .62

5015 3.762 3 .730 + 0.86

8015 4 .170 4 .2 5 0 -  1.92

220 715 1.751 1.731 + 1 .16

2065 2 .500 2.448 + 2.12

3015 2.901 2 .871 + 1 .05

5015 3.551 3 .523 + 0.80

8015 4 .207 4 .2 2 9 -  0 .52
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TABLE (V I- 5 ) —C ontinued

Totail S o lu b i l i ty  o f

M ix ture TiEJ. P (P s i)
th e  M ix ture  x 10^ 
E x p tl. C alcd .

Maximum
D ev ia tio n

#10 220 ?15 1.280 1 .274 + 0 .4 7  %

2065 2.109 2 .0 6 9 + 1 .93

3015 2.550 2.564 -  0 .5 5

5015 3.306 3 .326 -  0 .61

8015 4.200 4 .1 5 6 + 1.06



98

TABLE (V I-6 )

TOTAL SOLUBILITY OP EmNE-PROPANE MIXTURES IN WATER: 

COMPARISON OF EXPERIMENTAL DATA WITH THOSE CALCULATED 

ACCORDING TO THE CORRELATION PROPOSED IN THIS WORK

T o ta l  S o lu b i l i ty  o f  

th e  M ixture x  10 Maximum
M ixture

#11

#12

#13

#14

T(F) P (p s i) E x p tl. C alcd . D ev ia tio n

220 665 0.560 0.541 + 3.51 %
II 2015 0.811 0 .801 + 1.25

t t 3015 0.850 0 .8 4 4 + 0.71
II 4965 0.906 0.900 + 0.67
II 8015 0 .983 0 .9 7 5 + 0.82

220 665 0.625 0.632 -  1.12
II 2015 0.950 0 .9 5 7 -  0.74
II 3015 1.020 1 .014 + 0.59
II 4965 1.094 1 .088 + 0.55

8015 1.181 1 .189 -  0.68

220 665 0.635 0 .6 4 5 -  1.57
II 2015 1.014 1.009 + 0.50

II 3015 1.086 1.080 + 0.56

4965 1.166 1.170 -  0.34

8015 1.290 1.294 -  0.31

220 665 0.623 0.617 + 0.97

2015 1.010 1 .018 -  0.79

3015 1.110 1.102 + 0.73

4965 1.200 1 .206 -  0.50

8015 1.357 1.353 + 0.30
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TABLE (V I- 6 ) —C ontinued

T o ta l  S o lu b i l i ty  o f

th e  M ixture x 10^ Maximum
M ixture T(F) PCPsi) E x p t l . C alcd . D ev ia tio n

#15 220 665 0.565 0.571 -  1 .06  ^

2015 1 .004 1.006 - 0 .2 0

II 3015 1.113 1.103 + 0.91

II 4965 1.214 1.220 -  0.50
II 8015 1.390 1.386 + 0.29



TABLE (VI-7)

COMPARISON OF THE TOTAL SOLUBILITY OF METHANE-n-BUTANE MIXTURE IN WATER, 

IN THE TWO-PHASE REGION, BETWEEN CALCULATED VALUES FROM THE CORRELATION 

PROPOSED IN THIS STUDY AND EXPERIMENTAL DATA GIVEN BY McKETTA ( I 5)

Tem perature
F

P re ssu re
P s ia

C om position o f th e  Gas Phase 
Mole F ra c t io n  Mole F ra c tio n  

o f  Methane o f  n-B utane
T o ta l S o lu b i l i t y  x 10^ 

T h is  Study M cK etta 's  D ata
Average

D e v ia tio n

100 2996 0.7325 0.2675 2.331 2.500 7 .0 0  %

100 1998 0,7310 0.2690 1.927 1.900 1.41

160 1988 0.7996 0.2004 1.788 1.750 2.15

160 1990 0.1874 0 .8126 1.952 1.750 10.90

160 2048 0.6302 0.3698 1.927 1.750 9.66

160 2948 0.7995 0.2005 2.166 2.220 2.47

160 2998 0.1905 0 .8095 2.100 2.220 5.56

160 301B 0.6300 0.3700 2.215 2 .207 0.36

220 299o O.O9O8 0.9192 2.509 2 .460 1 .98

220 2998 0.4915 O .5O85 3.043 2.320 26.90

8
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TABLE (V I-8 )

TOTAL SOLUBILITY OP METHANE-ETHANE-PROPANE MIXTURES IN 

WATER; COMPARISON OF EXPERIMENTAL DATA WITH IHOSE 

CALCULATED ACCORDING TO THE CORRELATION 

PROPOSED IN THIS WORK

T o ta l S o lu b i l i t y  o f  

th e  M ix ture  x 10^ Maximum
M ix tu re T(P) P (P s i) E x p tl. C a lcd . D ev ia tio n

#16 220 665 1.595 1.668 -  4.58  %

2065 2.800 2.907 -  3.82

## 3015 3.214 3.296 - 2.56
• t 4015 3.624 3.690 -  1 .82

5015 3.986 4 .0 4 7 -  1.53

#17 220 665 1.595 1.590 + 0.31

2065 2.806 2.750 + 2 .0 4

3015 3.218 3.230 -  0.37
II 4015 3.606 3.580 + 0 .7 3

t l 5015 3.957 3.934 + 0.59

#18 160 5000 3.301 3.206 + 2 .97

190 3.365 3.341 + 0.72

220 3.750 3.749 + 0.03
II 665 1.395 1.484 -  6.37
II 2065 2.655 2.554 + 3.96

" 3015 3.105 3.038 + 2 .22

4015 3.355 3.400 -  1.27

#19 220 665 1.389 1.459 -  5 .04

2065 2.250 2.259 -  0 .40
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TABLE (V I- 8 ) —C ontinued

T o ta l  S o lu b i l i ty  o f

th e  M ixture x 10^ Maximum
M ixture T(F) P (P s i) E x p tl. C alcd . D ev ia tio n

m 220 3015 3.005 2 .8 8 8 + 3.91 %
It 4015 3.204 3.194 + 0.31
II 5015 3.692 3 .682 + 0 .2 8

#20 220 665 1.580 1.565 + 0.96

2065 2.655 2 .6 8 8 -  1 .24

3015 3.105 3.117 - 0.39

4015 3.365 3.379 -  0 .42

5015 3.703 3.698 + 0 .1 4
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CHAPTER VII 

CONCLUSIONS

S o lu b i l i ty  o f  m eth an e-e th an e , m ethane-propane, e th a n e -p ro p a n e , and 

m ethane- e th an e-p ro p an e  m ix tu re s  in  w a te r , a t  te m p e ra tu re s  above th e  c r i t i 

c a l  te m p e ra tu re  o f  th e  hydrocarbon  m ix tu re  and p re s s u re s  from  700 to  8000 

p s i ,  have been d e term in ed .

An e m p ir ic a l  e q u a tio n , c ap a b le  o f  p re d ic t in g  t o t a l  s o l u b i l i t i e s  o f  

b in a ry  hydrocarbon m ix tu res  from  th e  s o l u b i l i t i e s  o f  t h e i r  pure compo

n e n ts , h a s  been d ev e lo p ed . Tiie maximum d e v ia t io n  betw een th e  c a lc u la te d  

and e x p e r im en ta l v a lu e s  f o r  b in a ry  hydrocarbon  m ix tu re s  i s  l e s s  th an  4 

p e r c e n t .  The eq u a tio n  was a l s o  t e s t e d  by c a lc u la t in g  t o t a l  s o l u b i l i t i e s  

f o r  rae thane-n -bu tane  and com paring them w ith  th e  e x p e r im e n ta l r e s u l t s  ob

ta in e d  by HcKetta ( I 5) .  The r e s u l t s  compared re a so n a b ly  w e ll ,  w ith  a  

d i f f e r e n c e  o f  l e s s  th an  10 p e r  c e n t .

Exam ination o f  e x p e r im e n ta l d a ta  r e s u l t e d  in  th e  fo llo w in g  o b serv a 

t io n s  :

1. The t o t a l  s o l u b i l i t y  o f  a l l  b in a ry  and te r n a r y  m ix tu re s  in c re a se d  

w ith  an  in c re a s e  in  p re s s u re .

2 . The s o l u b i l i t y  o f  m ethane-e thane  m ix tu re  in  w a te r  a t  $000 p s i  has 

a  minimum v a lue  a t  I 6O F.

3 . S o l u b i l i t i e s  o f  m ethane-e thane  and m ethane-propane m ix tu re s , hav ing  

more th a n  40 mole p e r  c e n t m ethane, a r e  g r e a te r  th an  th e  s o l u b i l i t y
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o f  pu re  methane a t  th e  same tem p e ra tu re  and p re s s u re .

4 .  A ll  hyd ro carb o n -w ater s o lu t io n s  t e s t e d  In  t h i s  work showed a  p o s i

t i v e  d e v ia t io n  from R a o u l t 's  law .

5 . The t o t a l  s o l u b i l i t y  o f  m ethane-e thane-p ropane  m ix tu res  in  w ater 

i s  g r e a te r  th an  th e  s o l u b i l i t y  o f  pure methane a t  th e  same tem pera

tu r e  and p re s s u re s  up t o  5000 p s i .  However, th e  d if f e r e n c e  between 

th e  s o l u b i l i t y  o f  th e  m ix tu re  and pure methane d e c re a se s  a s  th e  

p re s s u re  in c re a s e s .

6 . The new method d e sc r ib e d  f o r  sam pling l iq u id  and g as  phases and d i 

r e c t  chrom atographic  a n a ly s e s  o f  th e  sam ples proved to  be v e ry  sim 

p le  and a c c u ra te .

The proposed  c o r r e la t io n  h a s  been extended t o  te rn a ry  hydrocarbon mix

t u r e s .  The c a lc u la te d  and e x p e r im e n ta l v a lu e s  f o r  C^-Cg-C^ m ix tu res  com

p a re  w ith in  7 p e r  c e n t .  A g e n e ra l  c o r r e la t io n  f o r  m ulticom ponent hydro 

carbon  m ix tu re s  i s  a ls o  s u g g e s te d .
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NOMENCLATURE



TABLE (A-l)

NOMENCLATURE

a C onstan t in  E q u ations (IV -2 ) to  (lV -9)

a  A c tiv i ty

A Helm holtz f r e e  energy

A^ C onstan t i n  E q u a tio n s  (lV -8 ) and (lV -9)

b C onstan t in  E q u a tio n s  (lV -2 ) to  (lV -9)

b* C onstan t in  E quation  (iV -lO B)

B C onstan t i n  E quation  ( I I I -28)

B^ C onstan t in  E q u a tio n s  (lV -8 ) and (lV -9 )

c C onstan t in  E q u a tio n s  ( lV -3 ) i ( lV -6 ) , ( lV -8 ) to  (IV-IOA)

C C onstan t in  E quation  ( lH - 2 8 )

C  C onstan t in  E quation  (iV -lO B)

C^ C onstan t in  E quation  (lV -9 )

d D e r iv a tiv e  o f

D C onstan t in  E quation  ( I I I - 2 8 )

exp E x p o n en tia l

f  F u g ac ity

F D egrees F a h re n h e it

G Gibbs f r e e  energy

h E n thalpy  p e r  mole

hp P la n c k 's  c o n s ta n t

H E n thalpy

k H en ry 's  c o n s ta n t

K C o n stan ts  in  E q u a tio n s  (lV -14) to  ( IV -I6 )

KMR K ay 's  m ixing r u le
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In  N a tu ra l lo g a rith m

MW M olecular w eigh t

MWCR M olecular w eigh t c o r r e c t io n

n Number o f  moles

p P a r t i a l  p re s su re

P P ressu re

PCR P re ssu re  c o r r e c t io n

R U n iv e rsa l g a g -c o n s ta n t

OR D egrees Ranîclne

5 Entropy

T Tem perature

U I n te r n a l  energy

V S p e c if ic  volum e, volume p e r  mole

V Volume

X  Mole f r a c t io n  in  th e  l i q u id  phase

y Mole f r a c t i o n  in  th e  g a s  phase

Y* C o rrec ted  mole f r a c t i o n  in  th e  gas phase

Z Gas c o m p re s s ib i l i ty  f a c t o r

GREEK LETTERS 

Ï  A c tiv i ty  c o e f f i c i e n t

6  D efined in  E quation  ( I V - I3)

d P a r t i a l  d e r iv a t iv e  o f

A A sm all change in

€ D efined in  E quation  (IV -13)

^  D efined in  E quation  ( I I I - I 8 )

V P o te n t ia l  fu n c tio n
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k  B o ltzm ann 's c o n s ta n t

X D efined  in  E q u a tio n  ( I V - I3)

|1  Chem ical p o te n t i a l

p D en sity

W A ccen trio  f a c to r

SUPERSCRIPTS

E E xcess thermodynamic p r o p e r t ie s

f  F ree

g Gas phase

i ,  j ,  k  Phase i ,  j ,  k

1, 2 , 3 Phase 1, 2 , 3

1 L iq u id  phase

P a r t i a l  m olal q u a n t i ty  

* Pure  s t a t e

0 On p re s su re  0 d e s ig n a te s  vapor p re s su re

o D e sig n a te s  i n f i n i t e  d i l u t i o n

' P s e u d o c r i t ic a l  p r o p e r t i e s

SUBSCRIPTS

A, B Components A, B

c C r i t i c a l  p ro p e r ty

i ,  j ,  k Component i ,  j ,  k

1, 2 , 3 Component i ,  2 , 3

m M ix tu re

mix M ixing

o D esig n a te s  th e  s o lv e n t

r  Reduced p ro p e r ty

s  S a tu ra t io n  c o n d it io n
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PHYSICAL CONSTANTS



TABLE (B -l)  

PHYSICAL CONSTANTS

Compound
M olecu lar

Weight

C r i t i c a l
Tem perature

OR

C r i t i c a l
P re s su re

P s i

Methane 16.042 343.9 673

E thane 30.068 549.8 708

Propane 44.094 665.9 617

n-B utane 58.120 765.2 551

W ater 18.016 1165.3 3208

U n iv e rsa l g a s  c o n s ta n t, R = 10 .73  p s i - f t ^ / l b  mole°R

= 82.06 a tm -cc /g  mole**K
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APPENDIX C 

AVASTHI AND KENNEDY'S EQUATION FOR 

GASEOUS HYDROCARBON MIXTURES



AVASTHI AND KENNEDY'S EQUATION FOR 

GASEOUS HYDROCARBON MIXTURES

A v asth i and Kennedy ( l9 )  have u sed  ex p erim en ta l d a ta  on 264 n a tu r a l  

g a s  and co n d en sa te  sy stem s, in c lu d in g  2043 PVT p o in ts  to  develop  th e  f o l 

low ing c o r r e l a t io n  f o r  th e  m olal volum es o f gaseous hydrocarbon m ix tu res :

V ' b  • - * B^(y^^/(1.01 - yg ))2 + Bgfygyd.Ol - y,.^))^ + B,

( y C j / d - o i  -  Ï 0 . » ' *  ^ *  5 y g ^ - y jo ^  -  y „ o ^ ) '  + B^y^,^ +

\  + B j(yo/(-oi + ycy))+Bg(yc^/(.oi + ïc^jf  *

B ,(y„  / ( l . o i  -  y ^ ^ ))3  + B jg ((y g ^  + yco^ ‘  \  '

* B izfl'lyc , + + 3.8yj^ + k.9y^  ̂ * ŷ ^

P o , ^ »  + B ,^ ((yg^^M W gy50 . 0 ) ( l  + 2 / (0 .0 1  + e^^jf  * Bjg

((y _  MW /5 0 .0 ) ( 1  + 2 /(0 .0 1  + P .  ) ) *  + B, ( ln ( y „  T x 10^ +
7+ 7+ 7+ 7+

.Ol)/(MWç P g + .0 1 ))  + B^gT? + B j^(T /P) + B2(j(T ln(P x 10^)) +

= 2 ) / ,
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B g ^ f P l n f T  X  1 0 ^ )))  (C-1)
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where V„ = m olal volume, cu f t / l b  mole n

V. = re fe re n c e  mole volume, cu f t / l b  mole b

y = mole f r a c t i o n  o f  component in  a  m ix tu re  

B = c o n s ta n t c o e f f i c i e n t s

V alues o f  c o e f f i c i e n t s  th ro u g h  B^^ a re  g iv en  in  T able  ( C - l ) .
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TABLE (C-l)

COEFFICIENTS FOR AVASTHI-KENNEDY EQUATION

B
0

= . 1 3 5 3 0 8 2 1  X 1 0
®11 =

. 1 2 3 7 8 3 3 9

=  ,1 9 8 4 8 5 0 4  X 1 0 " ^
® 12 = - . 2 8 7 7 7 3 6 9

®2
=  - , 1 9 8 4 4 0 8 8  X l O " ^

'1 3  =
-.30461668

= .51379175  X 1 0 " ^ ® 14 = -.81160977

\ = .2 4 8 3 6 4 2 0  x  1 0 " ^
® 15 “

.94223921  X 1 0 " ^

s = -,62588112  X 1 0 ®16 =
.32539924

« 6
=  . 4 4 6 9 4 6 4 7  x  10

^ 1 7  =
.30306454  X 1 0

=  - . 1 4 1 2 9 6 0 8  X 10“ ^ *18  -
. 1 0 8 5 4 2 8 1  X 1 0 " ^

%
= .34589052  X 1 0 ' ^

* 1 9  "
-.33153892

= 9
= -.10669628 X 10 *20 =

-.15405355  X 1 0 " ^

= 1 0
=  -.12601651

* 2 1  = .52470355  X 1 0 “ ^

The a u th o rs  c la im  th a t  th e  av erag e  a b so lu te  d e v ia t io n  in  term s o f m olal 

volumes o b ta in e d  from  E quation  (C - l)  i s  1.01 p e r  c e n t  when a p p lie d  to  a l l  

d a ta  p o in ts .
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TABLE (D -l)

MOLE FRACTION OF KETiiANE IN WATER-RICH PHASE

100 F 160 F
P re s su re

P s ia
Peak H eigh t 

Tenth o f  In ch
Mole

F ra c tio n
Peak H eigh t 

Tenth o f In ch
Hole

F ra c tio n

590 10.2 0.000760 14 .8 0.000600

2050 35 .8 0.001960 26.6 0.001610

3050 47.6 0.002520 39.2 0.002150

4900 60 .4 0.003350 52.2 0.002800
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TABLE (D-2)

COMPOSITION OF THE BINARY AND TERNARY MIXTURES

M ixture

Mole F ra c t io n  o f H ydrocarbon in  
th e  W ater-Free Gas Phase

s

1 0 .1996 0.8004 -

2 0.4050 0.5950 -

3 0.4990 0.5010 -

4 0.7100 0.2900 -

5 0.8536 0.1464 -

6 0.2040 - 0.7960

7 0.3967 - 0.6033

8 0.5015 - 0.4985

9 0.7280 - 0.2720

10 0.8645 - 0.1355

11 - 0.2214 0.7786

12 - Ü.4059 0.5941

13 - 0.5640 0.4360

14 - 0.7005 0.2995

15 - 0.8157 0.1849

16 0.5023 0.2527 0.2450

17 0.6110 0.1780 0.2110 •

18 0.7015 0.1065 0.1920

19 0 .8218 0.0945 0.0837

20 0.2594 0.3558 0 .3848
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TABLE (D-3)

EXPERIMENTAL DATA FOR METHANE-ETHANE, METHANE-PROFANE, 

ETHANE-PROPANE, AND METHANE-ETHANE-PROPANE MIXTURES

#2

#4

Gas Phase A n a ly sis  
Peak H eU h cs ( l / lO ” )

T (F ) P (P s i) =1 ^2

160 665 9.0 73.0
II 2065 II

II 3065 It

II 4965
I t 7915

160 665 23.0 43.5
II 2065
• 1 3065
II 4965
II 7915

100 5000 35.5 4 8 .7

130 33.5 4 6 .0

l 60 31.0 43.0

190 2 8 .5 4 0 .5

220 27.0 38.5

160 665 31.0 43.0

II 2065 II II

II 3065 1#

II 4965 II II

II 7915 II II

160 665 47.0 23.5

L iqu id  Phase A n a ly sis  
Peak H e ig h ts  ( t / iQ " )

"1 "2 ^3

5.1 15.2 -

10.6 2 8 .4 -

13.2 35.2 -

17 .0 4 2 .8 -

25.0 61.8 -

10.2 14.0 -

21.6 25.6 —

27.6 31.0 -

35.4 38 .0 -

49.5 53.2 -

4 2 .2 39.0 -

39 .2 36.4 -

37 .4 35.0 -

38 .8 36.0 -

4 4 .0 4 0 .8 -

11 .0 13.2 -

23.0 2 4 .0 -

31.0 30.0 -

3 7 .4 35.0 -

52.0 49.8 -

1 1 .8 10.0
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TABLE (D-3)— Continued

Gas Phase A n a ly sis  
Peak H eig h ts  ( l / lO " )

L iq u id  Fhsise A nalysis  
Peak H e ig h ts  ( l / lO " )

M ix tu re  T(P) p (P s i) <=i "2 S 2̂

m  160 2065 47.0 23.5 - 26.2 18.2 -

3065 - 32.2 21 .2 -

I t 4965 II — 43.0 27.2 -

II 7915 - 57 .4 38.2 -

#5 160 665 56.0 11.5 - 11 .2 5.0 -

II 2065 II - 26.5 9 .6 -

I t 3065 - 36.0 12.2 -

4965 II
- 47.8 15.6 -

7915 - 60.0 2 0 .8 -

#6 220 715 8 .0 - 38 .5 11.4 - 16.0

2065 II
-

II 18.8 - 22.0

3015 -
II 2 2 .2 - 24 .6

5015 II
-

II 26.8 - 26.8

8015 -
II 29.6 - 28.5

#7 220 715 2 0 .0 - 35.4 22.5 - 13.5

2065 II
- 33.0 - 17.0

3015 II - 39 .2 - 19.0

I t 5015 II
- 45.0 - 2 0 .6

II 8015 II
- 51.0 - 23.0

#8 220 715 27.0 - 26 .2 2 4 .0 - 12.0

•» 2065 II - 35.0 - 15.2

3015 - 4 1 .0 - 17.0

5015 - 4 8 .2 - 19.0
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TABLE (D-3)— Continued

Gas Phase A n a ly sis  
Peak H eig h ts  ( I /IO " )

L iq u id  Phase A nalysis  
Peak H e ig h ts  ( l / lO " )

M ixture T(F) P (P s i) "1 =2 1̂ <=2 S

m 220 8015 27.0 - 26.2 53 .0 - 20.5

220 715 4 4 .0 - 16.0 19.8 - 8.3
II 2065 II

- 32.5 - 11.4

II 3015 II - 39 .0 - 13.0
II 5015 II

- 49.0 - 15.2
I t 8015 II

- 56.8 - 17.6

#10 220 715 52.0 - S .6 16.0 - 3.0

2065 II
-

II 31.5 - 5.0
■ 1 3015 II

- 4 0 .2 - 6 .4

II 5015 II
- 53.0 - 7.4

II 8015 II
- 63.0 - 9 .6

#11 220 665 - 16.5 38 .3 - 4 .0 7.0

II 2015 - - 6 .4 9.8
II 3015 - II - 6 .6 10.2

II 4965 - II - 7.0 10.8

II 8OI5 - II - 7.6 11.4

#12 220 665 - 31.0 30.4 - 6 .0 6.5

2015 - - 9 .4 9 .6

3015 - - 1 0 .4 10.2

4965 - - 11.0 11.0

8015 - - 11 .8 11.6

#13 220 665 - 44.5 2 4 .0 - 6 .8 6 .4

2015 — - 11 .0 9.6
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TABLE (D -3 )—Continued

M ix tu re

#13

#15

#17

Gas Phase A n a ly sis  
Peak H e ig h ts  ( l / lO " )

L iq u id  Phase A n a ly sis  
Peak H eigh ts  d / l O " )

T(F) P (P s i) ^1 "2 ^1 2 “3

220 3015 - 44.5 24 .0 - 11.6 10.2

4965 -
I I II

- 12.5 11.0

SOI5 -
II II

- 14.0 11 .8

220 665 — 58.1 17.5 — 7 .8 5.0
II 2015 -

II
- 13.0 8.0

f t 3015 -
II I I

- 14.0 9 .0

4965 -
II II

- 15.2 9 .5

8015 -
I f I I

- 17.2 10.5

220 665 - 68.6 11.5 - 8.0 4 .0

2015 -
II

- 14.2 6.5

3015 -
II

- 16.2 7.0

4965 -
II

- 17.4 8 .0

8015 -
II

- 20 .0 9.0

220 665 27.5 18 .0 14 .8 16.9 8 .4 0 .4

2065 II 36.4 15.2 0.7

3015 II 43.0 17.4 0 .9

4015 49.0 19 .8 0 .9

5015 53.2 2 2 . 0 0 .8

220 665 35.0 12 .6 18.0 19.0 5 .6 1 .0

II 2065 II II 30.5 10.0 1 .8

II 3015 II II II 47.0 11.5 2 .0

4015 II II II 52.5 13.2 2 . 2

5015 II I f 56.6 14.3 2 .5



l l i l
TABLE (D -3 )—C ontinued

M ixture T(F) P (P si)

Gas Phase A n a ly s is  
Peak H eigh ts  ( l / lO " )  

Cl c ,  _ C ^

L iq u id  Phase A n a ly sis  
Peak H e ig h ts  ( l / lO " )  

C, C^

#18 160 5000 47.0 8 .2 13.0 51.5 6 .9 3.9

190 5000 44.5 7 .8 12.3 52.0 7 .0 4 .1

220 5000 4 2 .0 7.5 12.0 56.6 7 .8 4 .5
II 665 II 17.8 3.0 1.5
II 2065 II 4 0 .0 5.4 3.2

I t 3015 II II 4 8 .0 6 .4 3.8
I t 4015 II II 51.8 6 .9 4 .0

#19 220 665 50.0 6 .4 5.5 18.0 2 .2 0 .9

I f 2065 II II 35.0 3.9 1 .2

II 3015 II I t II 49.0 5.4 1.5
II 4015 II II II 52.0 5.9 1 .8

II 5015 • I II 58.2 6 .8 2 .0

#20 220 665 11 .4 26.0 2 1 .8 10 .0 13.0 4 .4

II 2065 II 19.0 22 .0 7.0
II 3015 II 23.5 26.0 8 .3

4015 26.5 28 .5 9.0

II 5015 30.3 31.4 11.4
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COMPUTER PROGRAM NO. 1

C CALCULATION OF THE CRITICAL TEMPERATURE FOR BINARY MIXTURES OF

C METHANE-ETHANE, METHANE-PROPANE, AND ETHANE-PROPANE ACCORDING TO

C GRIEVES-THODOS'S EQUATION.

M"1

1 G 0T O (l00,l01,102),N

100 A12=l.450 

A21=0.650 

TC1=343.9 

TC2=549.8 

GOTOIO3

101 A12=2.040 

A21=0.420 

TC1=343.9 

TC2=665.9 

GOTOIO3

102 A12=0.966 

A21=0.986 

TC1=549.8 

TC2=665.9 

GOTOIO3

C A12 AND A21 REPRESENT COEFFICIENTS IN GRIEVES-THODOS'S EQUATION.

C TCI AND TC2 REPRESENT CRITICAL TEMPERATURE OF COMPONENT 1 OR 2 .

C XI AND X2 REPRESENT MOLE FRACTIONS.

103 X l=0.005

4 X2=1.-X1

TCM= (T C l/( 1 .0+ (X2/X1 ) *A12) )+ (TC2/( 1 .0 + (X1/X2) *A21 ) )



IM

COMPUTER PROGRAM NO. 1—C ontinued

C TCI, TC2, AND TCM ARE IN DEGREES RANKINE.

WRITE(6,10) Xl,X2,TCM

10 F0RMAT(1P3E20.10)

IF (X 1 -.9 ? 5 )3 .5 .5

3 Xl=Xl+.005

G0T04 

5 N=N+1

I F ( N - 3 ) l , l ,U

11 CONTINUE 

END
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COMPUTER PROGRAM NO. 2

C CALCULATION OF THE CRITICAL TEMPERATURE FOR METHANE-ETHANE-

C PROPANE MIXTURES OF DIFFERENT COMPOSITIONS ACCORDING TO

C GRIEVES-THODOS’S EQUATION.

A12=l.450 

A21=0.650 

A13*2.040 

A31=0.420 

A23=0.966 

A32-O .986 

TC1=343.9 

TC2=549.8

■103=665.9

C AIJ REPRESENT COEFFICIENTS IN GRIEVES-THODOS’S EQUATION.

C TCI REPRESENT CRITICAL TEMPERATURE OF PURE COMPONENT I  -

C XI REPRESENT CftMPOSITION.

Xl=0.01 

1 1=1

5 X2=0.05*I

X3=1.-X2-X1

C TCM REPRESENTS CRITICAL TEMPERATURE OF THE MIXTURE.

C TCI AND TCM ARE IN DEGREES RANKINE.

TCM=(TCI / (  1 .+ (X2/X1) *A12+ (X3/X1) *Al3 ))+ (TC 2/(1 .+ (XI/X2)*

1A21+ (X3/X2) *A23) )+( TC3/C1 ( X l/X ]) *A31+ ( X2/X3) *A32 ) )

WRITE(6,10) X1.X2,X3,TCM 

10 FORMAT(1P4E20.10)
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COMPUTER PROGRAM NO. 2 —Continued

Z=Xl!X2

IF (Z - .9 5 )6 ,4 ,^

6 I - I + l

G0T05

4 IF (X I-0 .9 0 )3 .2 ,2

3 X1=X1+0.01

GOTOl 

2 CONTINUE

END
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COMPUTER PROGRAM NO. 3

0 COMPUTER PROGRAM FOR CALCULATING THE TOTAL SOLUBILITY OF METHANE-

C ETHANE , METHANE-PROPANE, OR ETHANE-PROPANE MIXTURES IN WATER AT

C FIVE DIFFERENT PRESSURES FOR FIVE DIFFERENT COMPOSITIONS.

C THIS PROGRAM IS  FOR C1-C3 MIXTURES AT220F.

C THE SOLUBILITY OF C1-C2 AND C2-C3 WAS DETERMINED AT l6 0  F AIG) 220 F,

C RESPECTIVELY.

C XPI AND PCI REPRESENT THE SOLUBILITY OF PURE COMPONENT I  AND CRITI-

C CAL PRESSURE OF PURE COMPONENT I ,  RESPECTIVELY.

DIMENSION P(10).X P1(10).X P2(10) —

READ(5,50) PC1,PC2,WM1,WM2 

50 P0RMAT(4F?.0)

D0200 1=1,5

READ(5,55) P ( I) ,X P 1 (I) ,X P 2 (I)

200 CONTINUE

55 FORMAT(3F10.0)

N=1

1 G O TO (100,101,102,103,104),N

100 Y1=0.2040

Y2=l.0000-Y l 

GOTOlO

C WMI AND YI REPRESENT MOLECULAR WEIGHT AND HOLE FRACTION OF

C COMPONENT I ,  RESPECT!’/ELY.

C THE COMPOSITIONS FOR C1-C2 AND C2-C3 MIXTURES WERE DIFFERENT

C FROM C1-C3 MIXTURES
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COMPUTER PROGRAM NO. 3— Continued

101 Yl=0.3967 

Y 2=l.0000-Yl 

GOTOlO

102 Y1=0.5015 

Y 2=l.0000-Yl 

GOTOlO

103 Yl=0.7280 

Y2=l.0000-Y l 

GOTOlO

104 Y1=0.8645 

Y2=l.OOOO-Yl 

GOTOlO

10 DOll 1=1,5

TERM=Y1*XP1U)+Y2 *XP2( I )

C CORRl, C0RR2, C0RR3, TOTCR, AND XTOT REPRESENT COMPOSITION

C CORRECTION, PRESSURE CORRECTION, MOLECULAR WEIGHT CORRECTION,

C TOTAL CORRECTION, AND TOTAL SOLUBILITY, RESPECTIVELY.

CORRl=Y1 *Y2 *( XPI ( I  ) *XP2 ( l  ) ) /TERM 

C0RR2=( ( PC1+PC2) / ( 0 .5  * P (I)))* * 0 .1 2 5  

C0RR3=( HM2/HM1)* * 2 .52 

T0TCR=C0RR1 *C0RR2 ̂ «C0RR3 

XTOT=TERM+TOTCR

WRITE(6,22) TERM,TOTCR,XP1(I),XP2(I)

WRITE(6,22) P(I),Y1,Y2,XT0T 

22 FORMAT(1P4E20.10)
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COMPUTER PROGRAM NO. 3—C ontinued

11 CONTINUE

N=N+1

IF (N -5 )1 ,1 .2  

2 CONTINUE

STOP 

END

/DATA



ISO

COMPUTER PROGRAM NO. 4

C COMPUTER PROGRWl FOR CALCULATING THE TOTAL SOLUBILITY OF

C METHANE-ETHANE-PROPANE MIXTURE IN WATER AT 220 F.

C XPI AND PCI REPRESENT THE SOLUBILITY OF PURE COMPONENT I

C AND CRITICAL PRESSURE OF PURE COMPONENT I ,  RESPECTIVELY.

C WMI AND n  REPRESENT MOLECULAR WEIGHT AND MOLE FRACTION

C OF COMPONENT I ,  RESPECTIVELY.

DIMENSION P (1 0 ) ,XPI( 1 0 ) ,XP2(1 0 ) ,XP3(10)

READ (5 ,5 0 )  PC1,PC2,PC3,WM1,WM2,WM3 

50 F0RMAT(6F7.0)

DO 200 1=1.5

READ(5,55) P ( I) ,X P 1 (I) ,X P 2 (I) ,X P 3 (I)

200 CONTINUE

55 FORMAT(4F10:0)

N=1

1 GOTO(1 0 0 ,1 0 1 ,1 0 2 ,1 0 3 ,1 0 4 ),N

100 Yl=.5023 

Y2=.2527 

Y3=l.0000-Yl-Y2 

GOTOlO

101 Y l= .6 llO  

Y2=.l?80 

Y3=l.0000-Yl-Y2 

GOTOlO

102 Yl=.7015 

Y2=.1065 

Y3=1.0000-Y1-Y2
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COMPUTER PROGRAM NO. 4— Continued

GOTOlO

103 Y1-.8218 

Y2=.0945 

Y >1.0000-Y l-Y 2 

GOTOlO

104 Y1=.2594 

Y2=.3558 

Y3=1.0000-Yl-Y2 

GOTOlO

xO DO 11 1=1,5

IERR=Yi*XFi(l)iY2*X3^(I)+Y3*XP3(I)

C SYMBOLS CRXIJ. CRPIJ, CRMIJ, AND XTOT STAND FOR CORRECTIONS

C DUE TO COMPOSITION, PRESSURE, MOLECULAR WEIGHT, TOTAL

C CORRECTION, AND TOTAL SOLUBILITY, RESPECTIVELY.

CRX12=(XP1(I)*XP2(I))/TERM 

PP=0.5*P(I)

CRP12-( (PC1+PC2)/PP) . 125

CRM12=(WM2/HM1)**2.52  

CR12=Y1*Y2^RX12*CRP12*CRM12 

WRITE(6 , 300) CRX12, CRP12, CRM12, CR12 

300 FORMAT(1P4E20.10)

CRX13=(XP1(I)*XP3(I))/TERH 

CRP13=( ( PC1+PC3)/PP) . 125 

GRMl 3= ( WM3/WM1 ) **2.52 

CRl3=Y1*Y3*CRX13*CRP13*CRM13
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COMPUTER PROGRAM NO. h — Continued

WRITE(6,30l) CRX13,CRM13,CR13

301 FORMAT(1P3E20.10)

CRX23=( XP2( I ) *XP3(I) ) /TERM 

CRP23=((PC2+PC3)/PP)**0.125 

CRM23»(WM3/WM2) *^>2.52 

CR23=Y2*Y3*CRX2j *CRP23^RM23 

WMTE(6,302) CRX23 , CRP23 ,CRM23 ,CR2;

302 F0RHAT(lf^E20.10)

T0TCR=CR12fCR13i-CR23

XTOT=TEPM+TCTCR

WRITE('.,22) TERM, TOTCR,XPl(l) ,X P 2(l) ,X P3(l) 

WRITT(6,23) P(I),Y I,Y 2,Y 3,X T0T

22 FORHAT(1P5E20.10)

23 FORMAT(1P5E20.10)

11 CONTINUE

N=N+1

I F ( N - 5 ) l , l ,2  

2 CONTINUE

STOP 

END

/DATA




