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ABSTRACT 

The s o l u b i l i t y  of methane i n  aqueous s o l u t i o n s  has been determined 

over  a broad range of  temperature, pressure and s a l i n i t i e s .  

d i sso l ved  carbon d i o x i d e  and ethane on methane s o l u b i l i t y  has been determined 

a t  302OF. 

determined ove r  a broad range of temperatures and pressures.  

The e f fec t  o f  

A lso the  s o l u b i l i t y  o f  crude o i l  and water  i n  methane has been 

The s o l u b i l i t y  of methane i s  r a i s e d  by  i nc reas ing  pressure and temperature 

(above about 170OF). 

pressure and s a l i n i t y .  

a t  a l l  concent ra t ions  i n v e s t i g a t e d  i n  t h i s  study. 

There i s  a s o l u b i l i t y  minimum near 170°F a t  cons tan t  

I o n i c  s a l t s  e f f e c t i v e l y  s a l t  methane o u t  o f  s o l u t i o n  

The e f f e c t  o f  the  a d d i t i o n  of smal l  amounts of carbon d i o x i d e  o r  ethane 

t o  the  gas d i sso l ved  i n  aqueous s o l u t i o n s  i s  t o  enhance methane s o l u b i l i t y  

compared t o  s o l u t i o n s  w i t h o u t  o t h e r  gases. 

gases, depending upon the  s a l i n i t y  and t h e  gas invo lved,  decrease aqueous 

Higher concent ra t ions  o f  d i sso l ved  

methane s o l u b i l i t y .  The a d d i t i o n  o f  carbon d i o x i d e  always increases t o t a l  

gas con ten t  even when reducing t h e  concent ra t ion  o f  methane. 

concen t ra t i on  o f  ethane i n  t h e  d i sso l ved  gases t h e  t o t a l  gas conten t  reaches 

a maximum and then bo th  methane and t o t a l  gas conten t  decrease. 

With i nc reas ing  

Comparison o f  exper imental  methane s o l u b i l i t i e s  w i t h  gas/water r a t i o s ,  

s a l  i n i t i e s ,  bot tom h o l e  temperatures and pressures o f  geopressure t e s t  we1 1 s 

suggests t h a t  some format ion f l u i d s  may be near sa tu ra t i on ,  w h i l e  many o the rs  

seem t o  be undersaturated. 

o f  o t h e r  d i sso l ved  substances such as b icarbonate i o n  and h ighe r  molecular  

weight  hydrocarbons on aqueous methane s o l u b i l i t y .  

There a r e  unresolved ques t ions  about t h e  e f f e c t s  

Petroleum i s  so lub le  i n  methane. Inc reas ing  pressure increases t h e  

n 

1 



so lubi l i ty  o f  crude o i l  in methane gas. 

upon the temperature, o i l  and gas form a single f luid phase. 

A t  a n  elevated pressure, which depends 

2 



INTRODUCTION 

H i s t o r y  o f  p r o j e c t  and prev ious  work 

Dur ing  1977 t h e  co -p r inc ipa l  i n v e s t i g a t o r s  Drs. Le igh  C. P r i c e  and 

Charles W .  Blount  j o i n t l y  proposed t o  s y s t e m a t i c a l l y  determine methane s o l u b i l i t y  

i n  N a C l  s o l u t i o n s  a t  e leva ted  temperatures and pressures approp r ia te  t o  t h e  

geothermal-geopressure resource. This  proposal  r e s u l t e d  i n  t h e  issuance o f  a 

research c o n t r a c t  w i t h  D.O.E. on A p r i l  l s t ,  1978. 

Previous work on t h e  s o l u b i l i t y  o f  methane i n  water  and s a l t  water  

s o l u t i o n s  had been made by a number of i n v e s t i g a t o r s  over  a l i m i t e d  range o f  

phys i ca l  cond i t i ons  (Culber tson and McKetta, 1951; Duffy e t  a1 , 1961; O ' S u l l i v a n  

and Smith, 1970; Sul tanov, 1972; and Pr ice ,  1979). Haas (1978) analyzed a l l  

p rev ious  data,  except ing  P r i c e  (1979) , and developed an emp i r i ca l  equat ion t o  

c a l c u l a t e  methane s o l u b i l i t i e s  over  a broad range o f  cond i t i ons .  Th is  equat ion 

was fundamenta l ly  an equat ion f o r  t h e  s o l u b i l i t y  o f  methane i n  pure water  w i t h  

an a p p l i e d  cons tan t  s a l t i n g  o u t  o r  Setschenow constant .  Susak and McGee 

(1980) developed a r o u t i n e  f o r  c a l c u l a t i n g  methane s o l u b i l i t i e s  f rom Haas's 

equat ion us ing  an approp r ia te  programmable c a l c u l a t o r .  Up t o  t h i s  t ime no 

systemat ic  l a b o r a t o r y  s tudy had been undertaken t o  determine methane s o l u b i l i t y  

i n  NaCl s o l u t i o n s  a t  temperatures above 200°F and a t  pressures from 2,000 t o  

3 



22,500 psi.’ 

Proposed studies 

Under the i n i t i a l  contract with D . O . E .  we proposed t o  investigate: 

1 )  The so lubi l i ty  of methane i n  aqueous NaCl solutions a t  temperatures 

from 212OF t o  464OF with NaCl concentrations up t o  25 weight percent a t  pres- 

sures ranging from 2,000 t o  22,500 psi .  

2)  

3) 

The ef fec t  of C02 on methane solubi l i ty  in aqueous solutions. 

The e f fec t  of higher hydrocarbons on methane so lubi l i ty  in aqueous 

solution. 

4)  

During the i n i t i a l  period o f  study (4/1/78 t o  3/27/80) supplies and  

The behavior of these systems a t  temperatures above 25OoC. 

equipment were procured, personnel trained in the use of h i g h  pressure geo- 

thermal equipment and the study of so lubi l i ty  o f  methane i n  s a l t  water was 

nearly completed. During th i s  time, D . O . E .  expressed an in te res t  in experi- 

ments a t  low temperature and pressure appropriate for  the operation of  methane 

gas recovery systems a t  which point t h i s  work was also in i t ia ted .  Also during 

th i s  time two pressure vessels fa i led  catastrophically causing damage t o  

laboratory equipment and a delay o f  several months w h i l e  new pressure vessels 

were made and repairs were made to  laboratory equipment. 

o f  carbon dioxide and of higher molecular weight hydrocarbons was postponed 

Work on the e f fec t  

t o  a l a t e r  date. 

lWe have used American units o f  measurements (temperature in OF, pressure 
in ps i ,  and methane so lubi l i ty  in -SCF/Bbl) rather t h a n  metric uni ts  th rough-  
o u t  t h i s  report because the majority o f  the people who will use these d a t a  
use American and n o t  metric uni ts ,  An American petroleum barrel i s  equal t o  
42 gallons. 

4 



A proposed modification to  the original contract was approved on March 27 ,  

1980 where we proposed to  investigate: 

1 )  

2 )  a ,  The so lubi l i ty  of crude o i l  i n  methane in the presence of water. 

The so lubi l i ty  of methane a t  low temperatures and pressures. 

b. The so lubi l i ty  of methane and crude o i l  i n  water. 

Under the modified proposal, a gas chromatograph was purchased, s e t  u p  

and used to  analyze gas mixtures obtained from experimental measurements of the 

so lubi l i ty  of methane in solution containing carbon dioxide and ethane. 

Work completed under both phases of the D.O.E. contract i s  as follows: 

1 )  The so lubi l i ty  of methane in NaCl solutions a t  temperatures o f  212O t o  

464OF a t  pressures from 2,000 t o  22,500 psi and NaCl concentrations from 0 to  

26 weight percent. 

2 )  The so lubi l i ty  of methane i n  NaCl solutions a t  temperatures from 

770 to  160°F a t  pressures from 100 to  2,000 psi in 5, 10 and 15 weight percent 

NaCl solutions. This includes equi l ibr ia  studies. 

3 )  The so lubi l i ty  o f  methane i n  the presence o f  carbon dioxide in NaCl 

solutions of 5, 10 and 15 weight percent a t  3OO0F a t  pressures a t  5,000, 

13,000 and 22,500 p s i  (CO2 concentration ranged from 5 t o  90% o f  t h e  g a s  dissolved 

in the aqueous solutions).  

4 )  The e f fec t  of dissolved ethane on aqueous methane so lubi l i ty  a t  3OO0F 

i n  a 10 weight percent NaCl solution a t  several pressures. 

5) The so lubi l i ty  of crude o i l  and crude o i l  d i s t i l l a t e  fractions in methane 

i n  the presence o f  water. 

Measurements of the sol ubi 1 i ty  of methane a t  temperatures above 464OF were 

dropped because such data were not considered t o  be impor tan t  w i t h  respect t o  

the geothermal-geopressure resource and existing laboratory d a t a  could be Q 



n 
ext rapo la ted  i n t o  t h a t  reg ion .  

sa tu ra ted  water  was n o t  undertaken because o f  t h e  need o f  equipment for o t h e r  

s tud ies  and t h e  a n t i c i p a t e d  exper imental  d i f f i c u l t i e s  o f  l ong  e q u i l i b r a t i o n  

t imes. We simp y d i d  n o t  have enough equipment and personnel t o  do a l l  o f  t h e  

poss ib le  work i n  the  t ime a l l o c a t e d  f o r  t h e  research p r o j e c t .  

The study o f  methane s o l u b i l i t y  i n  crude o i l  

Under t h e  terms o f  another ammendment t o  the  c o n t r a c t  a t h i r d  pressure 

vessel was cons t ruc ted  f o r  use i n  t h e  s o l u b i l i t y  s tud ies .  

two pressure vessels  were used f o r  determin ing methane s o l u b i l i t i e s  a t  h igh  

pressure cond i t i ons .  The t h i r d  vessel rep laced an unsafe pressure vessel o f  

t he  same design a s  those t h a t  c a t a s t r o p h i c a l l y  f a i l e d .  

Up t o  t h a t  t ime o n l y  
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METHANE SOLUBILITY STUDIES 
n 

! 

Equi pmen t 

We have measured t h e  s o l u b i l i t y  o f  methane i n  NaCl s o l u t i o n s  us ing  hydro- 

thermal s o l u t i o n  equipment (HSE) s i m i l a r  t o  t h a t  descr ibed by Dickson, B lount ,  

and Tunel l  (1963) and shown i n  F igu re  1. Experimental s o l u t i o n s  were conta ined 

i n  a t e f l o n  sample c e l l  sealed and connected t o  t h e  c l o s u r e  p iece  o f  a pressure 

vessel .  The sealed sample c e l l  was i n s t a l l e d  i n  a pressure vessel t h a t  con- 

t a i n e d  s u f f i c i e n t  water t o  expel a i r  from t h e  vessel when t h e  t e f l o n  sample 

c e l l  was i n s e r t e d  and the  vessel c losed. A t e f l o n - l i n e d  s t a i n l e s s  s t e e l  tube 

(sample e x i t  tube)  l e d  from t h e  sample c e l l  t o  a va l ve  b lock.  This  tube al lowed 

samples t o  be withdrawn from t h e  sample c e l l .  

The assembled hydrothermal s o l u t i o n  equipment, which conta ined a chromel- 

alumel m o n i t o r i n g  thermocouple, was then i n s t a l l e d  i n  a m u f f l e  furnace. The 

furnace was designed so t h a t  t h e  pressure vessel cou ld  be r o t a t e d  back and 

f o r t h  through a 180° a rc .  

type temperature c o n t r o l  1 e r s  t o  : 3OF. 

Temperatures were c o n t r o l l e d  by Love2 p r o p o r t i o n i n g -  

Temperature measurements were made t o  

- + 3 OF w i t h  t h e  aforementioned thermocouple. Pressure measurements were 

made t o  - + 45 p s i  us ing  a Heise p rec i s ion - t ype  Bourdon gauge. 

An a i r -ope ra ted  h y d r a u l i c  pump generated pressures by pumping e i t h e r  

d i s t i l l e d  water i n t o  t h e  pressure vessel o r  s a l t  s o l u t i o n s  i n t o  t h e  sample 

c e l l .  Pressures cou ld  a l s o  be generated by a separator  which pumped methane 

i n t o  t h e  sample c e l l  o r  pressure vessel .  The methane used was o f  a 99.99 

percent  p u r i t y  supp l i ed  i n  a 300 SCF tank a t  an i n i t i a l  pressure o f  2250 p s i .  

'Use of brand names i n  t h i s  r e p o r t  i s  f o r  d e s c r i p t i v e  purposes o n l y  and 
does n o t  c o n s t i t u t e  endorsement by t h e  U.S. Geological  Survey o r  t h e  Depart- 
ment o f  Energy 
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Gas from t h i s  tank was a l lowed t o  f l o w  i n t o  t h e  separator.  The tank was then 

shut  o f f  and t h e  methane compressed t o  t h e  des i red  pressure by pumping water  

i n t o  t h e  oppos i te  end o f  t h e  separator.  A brass p l u g  separated methane from 

t h e  water.  

reagent-grade NaCl and d i s t i l l e d  water.  

S a l t  s o l u t i o n s  were g r a v i m e t r i c a l l y  prepared us ing  a n a l y t i c a l  

Methane and water  combine a t  temperatures below 104OF a t  h i g h  pressures 

t o  form a s o l i d  hydra te  phase which w i l l  p l u g  pressure l i n e s .  

a l l  pressure l i n e s  were wrapped w i t h  i n s u l a t i o n  and heated t o  between 150° 

and 18OoF w i t h  e l e c t r i c  hea t ing  tapes. 

To prevent  t h i s ,  

The t e f l o n  w a l l  o f  t h e  sample c e l l  was h i g h l y  permeable t o  methane, carbon 

d i o x i d e  and ethane and s l i g h t l y  permeable t o  d i s t i l l e d  water.  

f rom t h e  pressure vessel s l o w l y  d i f f u s e d  through t h e  t e f l o n  sample c e l l  w a l l ,  

d i l u t i n g  t h e  concent ra t ion  o f  t h e  NaCl s o l u t i o n  i n  t h e  sample c e l l .  The r a t e  of  

d i f f us ion  increased w i t h  i nc reas ing  temperature and w i t h  decreasing pressure.  

A t  h ighe r  temperatures (401 and 464OF), determinat ions o f  NaCl concent ra t ions  

o f  samples were made f r e q u e n t l y  t o  mon i to r  changes i n  NaCl concent ra t ion .  

Exper imental  Procedures 

D i s t i l l e d  water  

The HSE was heated t o  the des i red  temperature w h i l e  ma in ta in ing  a p ressure  

of  about 4350 p s i .  

b l e d  from t h e  sample c e l l  d u r i n g  hea t ing  t o  p revent  rup ture .  

temperature was achieved, s a l i n e  water  was b l e d  from t h e  sample c e l l  and r e -  

p laced by 20 cc  o f  methane a t  4,350 p s i .  Add i t i ona l  methane was pumped i n t o  t h e  

pressure vessel  (ou ts ide  t h e  sample c e l l )  t o  sa tu ra te  t h e  water  i n  the  pressure 

us ion  o f  methane 

HSE was then rocked 

i n e  s o l u t i o n  i n  

Because s o l u t i o n s  expand when heated, excess s o l u t i o n  was 

When t h e  des i red  

vessel  w i t h  methane. Th is  was done t o  p revent  l a rge -sca le  d i f  

f rom t h e  sample c e l l  t o  t h e  water  i n  t h e  pressure vessel .  The 

f o r  a p e r i o d  o f  6 t o  8 hours. Absorpt ion o f  methane by t h e  sa 
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t h e  sample c e l l  and t h e  d i s t i l l e d  water  i n  t h e  pressure vessel  caused t h e  pressure 

t o  decrease. More methane was then pumped i n t o  t h e  pressure vessel  t o  r e - e s t a b l i s h  

t h e  des i red  pressure.  The pressure vessel was rocked f o r  another 6 t o  8 hours 

and then i n v e r t e d  so t h a t  t h e  methane gas phase i n  t h e  sample c e l l  would r i s e  t o  

t h e  end of t h e  c e l l  away from t h e  sample e x i t  tube. Rocking t h e  pressure vessel 

was a c r u c i a l  aspect o f . t h i s  study. 

NaCl s o l u t i o n  i n  a s t a t i c  system cou ld  take  weeks. Th is  was a l s o  t r u e  f o r  t h e  

uptake o f  methane i n  d i s t i l l e d  water  a t  pressures o f  20,000 p s i  o r  g r e a t e r  (P r i ce ,  

1979). 

o f  two days. 

We found t h a t  t h e  uptake o f  methane i n  a 

By rock ing  the  system, e q u i l i b r i u m  s a t u r a t i o n  was achieved i n  a maximum 

Sampling o f  t h e  s a l i n e  s o l u t i o n  i n  t h e  sample c e l l  was accomplished as 

fo l l ows .  

t h e  end of  t h e  sample e x i t  tube. 

onto t h e  end o f  t h i s  c a p i l l a r y  tube) .  

system i n  t h e  sample vessel  were measured. The pressure o f  t h e  system was i n -  

creased by 400 t o  600 p s i  t o  p revent  t h e  system pressure from dropping below t h e  

recorded pressure du r ing  sampling. 

opened s l i g h t l y  u n t i l  a steady sample f l o w  r a t e  was estab l i shed.  As sample 

A high-pressure c a p i l l a r y  tube was connected t o  t h e  va l ve  b lock  a t  

( A  22-gauge hypodermic needle had been so ldered 

The temperature and pressure o f  t h e  

The va l ve  b lock  on t h e  sample e x i t  tube was 

s o l u t i o n  came out,  methane was i n j e c t e d  i n t o  t h e  pressure vessel .  

m l  o f  s o l u t i o n  were b l e d  from t h e  sample c e l l  before any samples were taken. 

From 3 t o  5 

Dup l i ca te  samples ( o r  more i f  nece'ssary) were taken i n  sealed round-bottomed 

f l a s k s ,  which had Kovar sea ls  a t tached t o  them. Brass compression f i t t i n g s ,  

sealed by a septum a t  one end, were a t tached t o  t h e  Kovar seals.  The hypodermic 

needle was pushed through t h e  septum so t h a t  sample s o l u t i o n  went i n t o  the  round- 

bottom f l a s k .  Sample s i z e  v a r i e d  f rom 3 t o  10 m l  depending on methane concentra- 

t i o n  and t h e  s i z e  of t h e  f lask.  

10 
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Af te r  sampling t h e  pressure was dropped t o  t h e  des i red  pressure. 

p les  i n  t h e  f l a s k s  were then analyzed. 

change i n  temperature and had no e f f e c t  on NaCl concent ra t ion .  

t h e  pressure be fo re  sampling d i d  n o t  a f f e c t  s o l u b i l i t i e s .  

observed t h a t  t h e  process of methane d i s s o l u t i o n  i n  s o l u t i o n  was very  slow 

compared t o  t h e  r a t e  t h a t  methane i s  evolved from s o l u t i o n  f o l l o w i n g  a pressure 

drop. 

The sam- 

Sampling d i d  n o t  cause a s i g n i f i c a n t  

I nc reas ing  

P r i c e  (1979) had 

Thus d u r i n g  sampling i t  was impor tan t  t o  keep t h e  pressure a t  o r  above 

the  exper imental  pressure t o  prevent  methane from exo lv ing  f rom so 

prematurely.  Our r e s u l t s  conf i rmed t h a t  r a p i d  e x s o l u t i o n  a l s o  was 

NaCl b r i nes .  We used t h i s  f a c t  t o  our  advantage i n  t h e  study. By 

t h e  pressure vessel we es tab l i shed  e q u i l i b r i u m  c o n d i t i o n s  a t  t he  h 

u t i o n s  

t r u e  i n  

roc  k i  ng 

ghest 

pressure o f  i n t e r e s t  (22,500 p s i ) .  

o f  t h e  system was decreased t o  t h e  nex t  p o i n t  o f  i n t e r e s t ,  and 3 o r  4 hours 

l a t e r ,  samples cou ld  be taken under t h e  new cond i t i ons .  Thas i t  was p o s s i b l e  

t o  take  Metbane s o l u b i l i t i e s  were 

determined f o r  a decreas ing s e r i e s  o f  pressures ho ld ing  t h e  temperature and 

NaCl concen t ra t i on  as cons tan t  as poss ib le .  

Samples were then taken and t h e  pressure 

2 o r  3 measurements every working day. 

Methane gas concent ra t ions  were c a l c u l a t e d  from t h e  a n a l y s i s  o f  samples. 

The r e s u l t s  o f  t h e  dup l i ca te  o r  t r i p l i c a t e  samples taken were u s u a l l y  w i t h i n  

- + 5% o f  t h e  mean o r  average value- 

s e t  o f  samples was taken. 

If they f a i l e d  t o  agree w i t h i n  f5%, another 

Usua l l y  two o r  t h r e e  se ts  o f  samples were taken 

a t  i n t e r v a l s  o f  t ime rang ing  f rom a few hours t o  severa l  days. 

se ts  o f  samples agreed w i t h i n  t h e  a n a l y t i c a l  u n c e r t a i n t y  t h e  pressure was 

dropped t o  t h e  nex t  exper imental  pressure des i red  and t h e  sampling process 

repeated a f t e r  enough t ime had passed t o  pe rm i t  r e - e q u i l i b r a t i o n  

pressure. 

When succeeding 

a t  t h e  new 
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Because sampling depleted the sal ine solution i n  the sample cel l  , 

occasionally i t  had to  be reloaded, i n  s i t u ,  by injecting s a l t  solution i n t o  

the cell  t h r o u g h  the sample valve block. 

sal ine water was equilibrated by raising the pressure to  the desired value and 

After reloading, the undersaturated 

rocking the HSE equipment. When the NaCl content dropped to  about + weight 

percent below what was desired, a measured quantity of NaCl solution was re- 

loaded into the sample cel l  to  b r i n g  the NaCl concentration back to  what was 

des i red. 

Analytical Procedures 

Sample analyses were made following the procedure .of Price (1979) .  

Samples were taken i n  preweighed round-bottom f lasks  of known volume. 

of 50, 100, and 250 m l  were commonly used. 

pressure just before use. 

t h r o u g h  the septum, 

temperature. 

a precision Bourdon gauge w i t h  a range of 15 psi. 

gas was between 3 and 6 psi. A t  these pressures the ideal gas law can be 

Flasks 

Sample f lasks  were bled t o  l a b  

Samples of 3 to  10 grams were injected i n  the flask 

They were then reweighed and allowed to  cool t o  'room 

Pressure of gas i n  the f lask was measured to  - + 0.05 psi using 

Usuall:: the pressure of 

used to  calculate  the amount of gas exolved from experimental solutions w i t h i n  

the precision of measurements. The appropriate equation used is as follows: 

Pm - P C )  x (Vf - vs + Vg) x IOOd n =  R x Tp x Ws 

i n  which n = the moles of gas exolved from a kilogram o f  solution, Pm = 

pressure measured on Bour(don gauge, Pc = pressure increase caused by the 

addition o f  a volume of f l u i d  t o  the f lask displacing a i r  already i n  f lask,  

Vf = volume of f lask,  Vs = volume of sample, Vg = volume o f  gauge system, 

R = gas  constant, Tp = absolute temperature of room and Ws = w e i g h t  of 

sample. The volume o f  sample i s  calculated by d f v i d i n g  the weight o f  
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s o l u t i o n  by t h e  d e n s i t y  o f  NaCl s o l u t  

o f  Pc i s  c a l c u l a t e d  from t h e  equat ion 

Pb V f  + V 
p c =  * 

e x i t  

resu 

from 

e r r a  

ons a t  t h a t  concen t ra t i on .  The value 

i n  which Pb i s  t h e  barometr ic pressure and t h e  o t h e r  symbols a r e  the  same 

as descr ibed above. 

Resul ts  i n  moles/kg. o f  s o l u t i o n  were converted t o  standard cubic  f e e t  

per petroleum b a r r e l  (SCF/Bbl ) us ing  approp r ia te  conversion f a c t o r s .  

I n  ou r  i n i t i a l  data r e p o r t i n g  t h e  e f f e c t  o f  s o l u t i o n  compression, Pc, 

had been omi t ted.  

I t  was minimal f o r  those samples where t h e  measured pressure (Pm) was h igh  

and small samples had been taken i n  l a r g e  f l asks .  As a r e s u l t ,  t he  data i n  

the  Proceedings o f  t h e  4 t h  Geothermal Geopressure Conference (B loun t ,  e t  a1 , 

1979). were h ighe r  by 5 t o  20% from r e c a l c u l a t e d  values publ ished i n  t h e  

Proceedings o f  t h e  5 t h  Geothermal-Geopressure Conference ( P r i c e ,  e t  a1 , 1981). 

The s i z e  o f  t h i s  c o r r e c t i o n  v a r i e d  from sample t o  sample. 

P r e c i s i o n  was g e n e r a l l y  good us ing  t h e  above procedure. On occasion, 

r e s u l t s  were obta ined t h a t  d i f f e r e d  s i g n i f i c a n t l y  from each o t h e r  o r  f rom 

what p r e v i o u s  sys temat ic  behav io r  suggested t h e y  should be. H igh  r e s u l t s  

could have been due t o  bubbles o f  methane gas adher ing t o  t h e  w a l l  o f  t h e  

tube o r  suspended i n  s o l u t i o n  i n  t h i s  tube. Low analyses cou ld  have 

t e d  from leakage from t h e  connect ions around t h e  sample va l ve  b lock  o r  

t h e  sample f l a s k .  

i c  r e s u l t s  were d iscarded and a r e  n o t  i nc luded  i n  t h i s  r e p o r t .  

U n c e r t a i n t i e s  i n  exper imental  r e s u l t s  a r e  n e a r l y  *7% o f  t h e  value. 

Leaks were detected us ing  a soap s o l u t i o n .  Such 

U n c e r t a i n t i e s  i n  t h e  temperature o f  +4O F would o n l y  e f f e c t  t h e  r e s u l t s  by 

+1%. U n c e r t a i n t i e s  i n  pressure o f  260 p s i  would r e s u l t  i n  an u n c e r t a i n t y  
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8 
o f  about +2% 

o f  f 0 . E  wou 

i n  t h e  methane concentrat ion.  U n c e r t a i n t i e s  i n  NaCl concentrat ions 

d a f f e c t  u n c e r t a i n t i e s  i n  methane concentrat  ons by about 

+0.5%. The combined u n c e r t a i n t i e s  i n  methane concen t ra t i on  due t o  uncer- 

t a n t i e s  i n  temperature, pressure and NaCl concen t ra t i on  a r e  l e s s  than 

f&%. Thus t h e  major u n c e r t a i n t y  i n  methane a n a l y s i s  has t o  be t h e  

a n a l y t i c a l  data.  Th is  i nc ludes  u n c e r t a i n t i e s  on t h e  a n a l y t i c a l  method and 

i n  t h e  method of sampling. 

discerned. 

The equat ions do n o t  f i t  exper imental  r e s u l t s  a t  pressures below 3500 p s i .  

Thus t h e  choice o f  some d i f f e r e n t  model equat ion m igh t  r e s u l t  i n  a reduced 

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

would be reduced t o  much below 26%. 

suggest any systemat ic  v a r i a t i o n  t h a t  cou ld  be e l i m i n a t e d  and thereby 

reduce u n c e r t a i n t i e s .  

No cause f o r  sample a n a l y s i s  v a r i a t i o n  cou ld  be 

P a r t  o f  t h e  u n c e r t a i n t y  cou ld  be t h e  reg ress ion  equat ions used. 

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

A 
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DATA ANALYSIS AND MODELING 

Experimental measurements o f  methane s o l u b i l i t y  were repeated a number 

o f  t imes a t  t h e  same ( o r  n e a r l y  t h e  same) pressure and temperature f o r  a g iven 

s a l i n i t y .  

t h e  data p o i n t s  f o r  one s e t  o f  c o n d i t i o n s  were averaged. 

value was then taken as t h e  c o r r e c t  s o l u b i l i t y  measurement f o r  t h e  corresponding 

pressure, temperature and s a l i n i t y .  

Rather than at tempt  t o  process thousaids o f  such data p o i n t s ,  a l l  

Th i s  "averaged" 

A l l  such averaged values, i n  SCF/Bbl (s tandard cub ic  f e e t  o f  methane 

a t  25OC, one atmosphere per  b a r r e l  (42 g a l l o n s )  o f  b r i n e )  were p l o t t e d  on a 

l o g a r i t h m i c  scale,  versus s a l i n i t y  (grams per  l i t e r )  on a l i n e a r  sca le f o r  

constant  temperature and pressure. 

was completed, i t  was ev iden t  t h a t  some o f  t h e  values were anomalous. 

example, t h e  values obta ined i n  10.0 percent  NaCl s o l u t i o n s  a t  401° and 464OF 

were l e s s  than those obta ined i n  15.0 percent  NaCl s o l u t i o n s  a t  t h e  same 

temperatures and pressures. 

reduc t i on  w i t h  i nc reas ing  NaCl concen t ra t i on  ( s a l t i n g  o u t  e f f e c t )  a t  a1 1 

o t h e r  exper imental  cond i t i ons ,  t h e  10.0 percent  NaCl data were c l e a r l y  i n  

e r r o r .  

o f f e r  any exp lana t ion  f o r  these low values. 

t he  ac tua l  exper imental  temperatures were lower than t h e  measured temperatures 

f o r  these data due t o  thermocouple ma l func t i on .  

percent  NaC1, 401° and 464OF, a t  a l l  pressures) were de le ted  from cons ide ra t i on ,  

as w e l l  as occasional  o the r  data p o i n t s  which f e l l  f a r  o f f  t h e  l i n e a r  p l o t s .  

Figures 2 and 3 a r e  examples. When t h i s  

For 

Consider ing t h e  r e g u l a r i t y  o f  methane s o l u b i l i t y  

A c a r e f u l  examination o f  t h e  l a b o r a t o r y  notebooks and f i l e s  d i d  n o t  

A p o s s i b l e  exp lana t ion  i s  t h a t  

I n  any case these data (10.0 

A f t e r  t h e  data were examined, a t o t a l  o f  670 p o i n t s  remained. These 

r a w  data a r e  presented i n  Table A - 1  in t h e  appendix. Th is  body o f  data was 

s t a t i s t i c a l l y  analyzed us ing  a Hewlet t  Packard System 3000 computer and a 

s t a t i s t i c a l  program termed I D A  ( i n t e r a c t i v e  data a n a l y s i s ) .  The mechanics 

o f  t h i s  a r e  descr ibed i n  Blount  e t  a1 (1979). 

a 
Least squares reg ress ion  
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A equat ions were d e r i v e d  t o  best  f i t  the  670 data p o i n t s .  The two "bes t  

f i t "  emp i r i ca l  equat ions which r e s u l t e d  from t h i s  procedure a r e  g iven 

i n  Table 1. 

Graphs, such as Figures 2 and 3, a t  a l l  temperatures and pressures 

f o r  a l l  exper imental  and c a l c u l a t e d  data po in ts ,  show s i m i l a r  s lopes f o r  t h e  

s a l t i n g  o u t  c o e f f i c i e n t  (Setschenow cons tan t ) .  The e m p i r i c a l  equat ions 

(Table 1) show t h a t  methane s o l u b i l i t y  (on a l o g a r i t h m i c  sca le )  i s  a 

l i n e a r  f u n c t i o n  o f  s a l i n i t y  a t  a l l  temperatures and pressures w i t h i n  

the  exper imental  u n c e r t a i n t y .  The use o f  o t h e r  s a l i n i t y  v a r i a b l e s  i n  t h e  

equat ions (Table 1 )d fd  n o t  s i g n i f i c a n t l y  improve t h e  f i t  o f  equat ions 

t o  t h e  exper imental  data. 

c a l c u l a t e d  t o  be 0.1025 (change i n  loglo o f  t he  methane concen t ra t i on  

per mole change i n  t h e  m o l a l i t y  o f  NaCl s o l u t i o n s ) .  

was 0.0047. 

on t h e  Setschenow constant.  

and 16OoF) was t h e  same as t h a t  determined from ou r  measurements a t  h ighe r  temp- 

e r a t u r e  w i t h i n  t h e  exper imental  u n c e r t a i n t y  o f  t h e  measurements (see t h e  s e c t i o n  

on low pressure- low temperature data).  

The value o f  t h e  Setschenow cons tan t  was 

The standard e r r o r  

Over 212O t o  464OF t h e r e  i s  no apparent e f f e c t  o f  temperature 

The Setschenow constant  a t  low temperatures (122O 

The e m p i r i c a l  equat ions i n  Table 1 a p p l y  o n l y  t o  c a l c u l a t i n g  methane s o l u b i l -  

i t i e s  a t  temperatures above 16OoF and below 464OF f o r  pressures above 3500 p s i .  

As w i l l  be discussed, t h e  equat ions w i l l  g i v e  erroneous r e s u l t s  a t  lower  pressures 

and temperatures. Table 2 g i ves  methane s o l u b i l i t y  values c a l c u l a t e d  from t h e  

equat ion i n  Table 1. The values cover t h e  exper imental  c o n d i t i o n s  examined i n  

t h i s  study: temperature - 212°t014640F; pressure - 3,500 t o  22,500 ps i ;  and s a l -  

i n i t y  - 0 t o  300 g r a m s / l i t e r .  

18 



Table 1 Equations f o r  the s o l u b i l i t y  of methane i n  water and i n  NaCl 

s o l u t i o n s  f o r  the temperature ra:i$l: 160° t o  4E4OF arx! the pressure range 

3,500 t o  22,500 p s i .  These equat ions ---_I_- do not  apply t o  lower pressure and 

temperature condi t ions .  

A. loge  CH4* = -1.4053 - 0.002332t + 6.30 x 10-6t2 - 0.004038S 

- 7.579 X 10-6p + 0.5013 lOgep + 3.235 x t loge p.  

Standard Deviation o f  Residuals = 0.0706 

Mu1 t i p l e  R = 0.9944 

B. loge  CH4* = -3.3544 - 0.002277t + 6.278 x 10m6t2 - 0.004042S 

+ 0.9904 log, p - 0.0311 ( l o g e  p )  2 4 + 3.204 x 10- t loge  p. 

Standard Deviation o f  Residuals - 0.0709 

Mul t ip le  R = 0.9943 

*CH4 i s  i n  s tandard cubic  fee t  (SCF) per petroleum bar re l  

(42 g a l l o n s )  a t  2 5 O C  (77OF) and one atmosphere. 

t i s  i n  Fahrenheit. 

S i s  s a l i n i t y  i n  grams per l i t e r .  

p i s  pressure i n  psi. 

All logs  a r e  t o  the base e. 

n 

19 



Table 2. Calculated solubility values of methane from equation 1. Pressure 
(top line) in psi. Methane concentration in SCFfBbl. 

Salinity 212'F 
g/liter 

0 
20 
50 
100 
1 50 
200 
2 50 
300 

0 
20 
50 

100 
150 
200 
25 0  
300 

0 
20 
50 

100 
1 50 
2 00 
2 50 
3 00 

0 
20 
50 
LOO 
150 
200 
250 
300 

0 
20 
50 
100 
150 
200 
2 50 
300 

3,500 5,000 7,000 10,000 13,000 16,000 19,000 22,500 

20.2 
18.7 
16.5 
13.5 
11.0 
9.02 
7.38 
6.03 

25.0 
23.1 
20.5 
16.7 
13.7 
11.2 
9.12 
7.46 

32.6 
30.0 
26.6 
21.8 
17.8 
14.5 
11.9 
9.7 

44.5 
41.1 
36.4 
29.7 
24.3 
19.9 
16.2 
13.3 

64.0 
59.0 
52.3 
42.7 
34.9 
28.5 
23.3 
19.1 

24.5 
22.6 
20.0 
16.4 
13.4 
10.9 
8.94 
7.30 

30.6 
28.2 
25.0 
20.4 
16.7 
13.6 
11.1 
9.10 

40.0 
36.9 

26.7 
21.8 
17.8 
14.6 
11.9 

32.7 

55.1 
50.8 
45.0 
36.8 
30.1 
24.6 
20.1 
16.4 

79.8 
73.6 
65.2 
53.3 
43.6 
35.6 
29.1 
13.8 

29.25 
27.0 
23.9 
19.5 
16.0 
13.0 
10.7 
8.71 

36.7 
33.9 
30.0 
24.5 
20.0 
16.4 
13.4 
10.9 

48.4 
44.7 
39.6 
32.3 
26.4 

17.6 
14.4 

21.6 

67.2 
61.9 
54.9 
44.8 
36.6 
30.0 
24.5 
20.0 

97.9 
90.3 
80.0 
65.4 
53.4 
43.7 
35.7 
29.2 

35.0 39.8 
32.3 36.7 
28.6 32.5 
23.4 26.5 
19.1 21.7 
15.6 17.7 
12.8 14.5 
10.4 11.8 

2 75'F 
44.3 50.5 
40.8 46.6 
36.2 41.3 
29.6 33.8 
24.2 27.6 
19.8 22.5 
16.1 18.4 
13.2 15.0 

338'F 

58.8 67.5 
54.3 62.3 
48.1 55.2 
39.3 45.1 
32.1 36.8 
26.2 30.1 
21.4 24.6 
17.5 20.1 

401°F 

82.2 94.8 
75.8 87.5 
67.2 77.5 
54.9 63.3 
44.9 51 e8 
36.7 42.3 
30.0 34.6 
24.5 28.2 

464OF 

120.7 140.0 
111.4 129.1 
98.6 114.4 
80.6 93.5 
65.9 76.4 
53.8 62.4 
44.0 51.0 
36.0 41.7 

43.8 
40.4 
35.8 

23.9 
19.5 
16.0 
13.0 

29.2 - 

55.8 
51.5 
45.6 
37.3 
30.5 
24.9 
20.4 
16.6 

74.9 
69.1 
61.2 
50.0 
40.9 
33.4 
27.3 
22.3 

105.7 
97.5 
86.4 
70.6 
57.7 
47.1 
38.5 
31.5 

156.7 
144.5 
128.0 
104.6 
85.5 
69.9 
57.1 
46.7 

47.2 
43.5 
38.6 
31.5 
25.8 
21 .o 
17.2 
14.0 

60.4 
55.7 
49.4 
40.4 
33.0 
27.0 
22.0 
18.0 

81.3 
75.0 
66.5 
54.3 
44.4 
36.3 
29.6 
24.2 

115.1 
106.2 
94.1 
76.9 
62.8 
51.3 
42.0 
34.3 

171.3 
158.0 
140.0 
114.4 
93.5 
76.4 
62.4 
51 .O 

50.6 
46.7 
41.4 
33.8 
27.6 
22.6 
18.4 
15.1 

65.0 
60.0 
53.1 
43.4 
35.5 
29.0 
23.7 
19.4 

87.8 
81 .O 
71.8 
58.6 
47.9 
39.2 
32.0 
26.2 

124.7 
115.0 
101.9 
83.3 
68.1 
55.6 
45.5 
37.2 

186.2 
171.8 
152.2 
124.4 
101.6 
83.0 
67.9 
55.5 
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COMPARISON TO PREVIOUS WORK 

Publ ished data on the  NaCl-HzO-CH4 system are  l i m i t e d .  

H20-CH4 system a r e  more ex tens ive  and w i l l  be considered f i r s t .  

Data on t h e  

Table 3 compares t h e  data o f  Sul tanov e t  a1 (1972) and P r i c e  (1979) 

w i t h  our  values c a l c u l a t e d  f o r  t h e i r  exper imental  c o n d i t i o n s  (up t o  482OF) 

us ing  t h e  equat ions of Table 1. 

c a l c u l a t e d  values a r e  moderately t o  s u b s t a n t i a l l y  h ighe r  than t h e i r  exper i -  

mental values. A t  pressures above 3,500 p s i ,  t h e  agreement i s  good and i n  

some cases exact.  

A t  pressures o f  2,000 t o  3,000 p s i ,  our 

The disagreement a t  low pressures a r i s e s  f rom t h e  a t tempt  

t o  model a l a r g e  amount of data o f  wide v a r i a t i o n s  i n  c o n d i t i o n s  t o  a s i n g l e  

equat ion.  It does n o t  a r i s e  f rom bas ic  e r r o r s  i n  t h e  exper imental  technique. 

P l o t s  o f  methane s o l u b i l i t y  on a l o g a r i t h m i c  sca le  versus pressure on 

a l o g a r i t h m i c  sca le  a t  cons tan t  temperature and cons tan t  s a l i n i t y  (F ig .  4 )  

a re  e s s e n t i a l l y  l i n e a r  above 5,000 p s i .  

take  on more and more curvature.  

extreme (see Culberson and McKetta, 1951, F ig .  1 ) .  The bu lk  o f  our  data 

were taken above 4,000 p s i .  

has been superimposed on t h e  lower pressure "curved" p o r t i o n  o f  t h e  data by 

t h e  equat ions o f  Table 1. Th is  probably  cou ld  be r e c t i f i e d  by model ing t h e  

data t o  a more complex equat ions.  However, because t h e  equat ion  w i l l  have 

main ly  h igher  pressure a p p l i c a t i o n s ,  of a p r a c t i c a l  nature,  we opted t o  

keep i t  as s imple as poss ib le .  

However, below 5,000 p s i ,  t h e  p l o t s  

Below 2,000 p s i  t he  cu rva tu re  becomes 

Thus t h e  " l i n e a r ' l  aspect o f  most o f  t h e  data 

The degree o f  t h i s  e f f e c t  a t  low pressures i s  ev iden t  i n  Table 4 

which compares t h e  exper imental  data o f  Culberson and McKetta (1951) w i t h  our  

c a l c u l a t e d  values f o r  t h e i r  exper imental  cond i t i ons .  

pressures,  our  c a l c u l a t e d  values a r e  much h ighe r  than t h e i r  exper imental  

values, however as pressure increases t h e  d i f f e r e n c e  becomes p rog ress i ve l y  

l ess .  

A t  16OoF and low 

153 
Thus a t  330 p s i ,  our  c a l c u l a t e d  va lue i s  60 percent  h ighe r  than 
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Table 3. Comparison of interpolated ( ca lcu la ted)  methane s o l u b i l i t y  data oE t h i s  study 
with experimental data of Sultanov e t  a1 (1972) and Price  (1979).  SCF/Rbl;  standard 
cubic  f e e t  of methane per barre l  of water a t  25OC and one atmosphere. 

Pressure Pressure This Price  
bars ( p s i )  study (1979) 

Si l l  tanov 
Pressure Pressure This e t  a1 
bars ( p s i )  study (1972) 

309°F (1  54OC) 302OF (150°C) 

152.0 
320.2 
468.1 
672.9 
873.6 

1 , 052.1 

1,639.5 
1 ,259  - 0  

2,205 21.9 21.8 
4 ,645  33.9 34.4 
6 ,790  41.8 42.0 
9 , 760 50.7 46.7 

12,670 57.7 49.8 
15,260 63.5 58.8 
18,260 69.2 67.4 
23, 780 78.4 78.8 

403°F (206'C) 

160.2 2,323 35.0 30.8 
294.4 4,270 51.0 48.1 
546.3 7,923 73.0 72.4 
948.6 13,759 98.6 98.1 

1,303.5 18,906 116.2 116.5 
1,630.7 23,652 129.9 127.0 
1,924.6 27 ,915  140.9 143.5 

4 3 0 9  (221OC) 

367.6 5,331 67.8 62.9 
628.0 9,109 92.4 101.7 

1035.6 15,020 121.4 131.4 
1,236.9 17,940 133.3 135.3 

873.6 12,670 110.9 116.4 

1,415.5 20,530 142.9 139.4 

452OF (234OC) 

148.9 2,160 44.0 34.9 
207.8 3,014 54.5 54.8 
277.6 4 ,027  65.4 64.0 

596.9 8,658 103.2 117.3 
- _  781.2 11.330 120.0 -140.0 

471.3 6,836 90.0 108.2 

933.5 13,540 132.4 150.8 
1,081.8 15,690 143-3  161.9 
1,087.3 15,770 143.7 159.2 
1,325.8 19,230 159.6 169.3 
1,471.3 21,340 168.4 172.1 
1,643.0 23,830 178.2 181.0 

147.1 
196.2 
245.2 
294.2 
392.2 
490.3 
588.4 
748.6 
980.4 14,220 59.3 61.4 

1,078.7 15 ,645  62.1 62.1 

392°F (20OOC) 

2 ,133  
2 , 8 4 5  
3,556 
4 ,267  
5,689 
7,112 
8,534 

11,380 

20.8 17.5 
24.8 22.9 
28.2 25.9 
31.4 29.0 
36.8 35.9 
41.5 41.3 
45.8 45.9 
51.8 55.2 

147.1 2,133 31.4 26.7 
196.2 2 ,845  37.6 35.2 
245.2 3,556 43.1 43.6 
294.2 4,267 48.1 49.8 
392.2 5,689 56.9 61.4 
490.3 7,112 64.7 68.3 
588.4 8 , 5 3 4  71.6 76.1 
748.6 11,380 81.7 91.6 
980.4 14.220 94.2 101.8 

1,078.7 15,645 99.0 105.7 

48Z0F (25OOC) 

147.1 2 ,133  52.2 35.1 
196.2 2 ,845  63.1 50.5 
245.2 3,556 72.8 61.6 

79.2 294.2 4 ,267  81 .7  
392.2 5,689 97.5 101.8 
490.3 7,112 111.5 120.6 
588.4 8 ,534  124.1 135.6 
748.6 11,380 142.6 161.7 
980.4 14,220 165.7 180.7 

1,078.7 15 ,645  174.6 185.5 
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t h e i r  exper imental  value. By 1,880 p s i  t h e  d i f f e r e n c e  has dec l i ned  t o  

9 percent;  and w i t h i n  exper imental  e r r o r  a t  2,555 p s i ,  t h e  two values a r e  

equal. 

suggests t h a t  our  equat ions a r e  v a l i d  t o  16OoC, a l though we d i d  n o t  take 

exper imental  data below 212OF. 

above 3,500 p s i ,  t h e  agreement between t h e  two s t u d i e s  i s  ve ry  good 

(Table 4 ) ,  a l though our c a l c u l a t e d  values a re  c o n s i s t e n t l y  s l i g h t l y  h igher  

than t h e  exper imental  values o f  Culberson and McKetta (1951). 

The agreement o f  t h e  16OoF data above 2,555 p s i  f o r  t h e  two s t u d i e s  

A t  a1 1 o the r  temperatures, a t  pressures 

I n  F igu re  5, da ta  from t h r e e  s tud ies  a r e  v i s u a l l y  compared i n  t h e  3020 

t o  309OF (150' t o  154OC) range. 

s tud ies  o v e r l i e  each o t h e r  w i t h i n  experimental e r r o r .  

Above 6,000 p s i  t h e  data f rom a l l  t h r e e  

The o n l y  experimental data f o r  t h e  system NaCl-CH4-HzO remote ly  com- 

parable t o  t h i s  work, i s  t h a t  o f  O ' S u l l i v a n  and Smith (1970). 

methane s o l u b i l i t y  data f o r  pure water, l m  NaC1, and 4m NaCl s o l u t i o n s  between 

122' t o  257OF (50' t o  125OC) a t  2,940 p s i  (200 atm). 

pressure they  used (2,940 p s i )  i s  o u t s i d e  t h e  realm t h a t  we consider  v a l i d  

f o r  our equat ion.  

exper imental  data a t  temperatures above 158OF ( 7OoC) and t h e  d i f f e r e n c e  

increases w i t h  increase i n  temperature (F ig .  6, Table 5. However, we do 

n o t  b e l i e v e  t h a t  our  c a l c u l a t e d  data a r e  v a l i d ,  as: 1) They l i e  o u t s i d e  

They g i v e  

Un fo r tuna te l y ,  t h e  

As expected, our  c a l c u l a t e d  data a r e  h ighe r  than t h e i r  

t h e  boundary c o n d i t i o n s  f o r  ou r  equation, and 2)  The c a l c u l a t e d  data 

e x h i b i t  a s o l u b i l i t y  minimum a t  temperatures below 122OF (5OoC) (F ig .  6 ) .  

I n  con t ras t ,  t h e  data of O ' S u l l i v a n  and Smith (1970), Culberson and McKetta 

(1951) as we1 1 as exper imental  low pr.essure-low temperature methane so l  - 

u b i l i t y  data we have taken, a l l  e x h i b i t  t h e  s o l u b i l i t y  minimum a t  about 

160° t o  175OF. 
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Table 4. Comparison of i n t e r p o l a t e d  ( c a l c u l a t e d )  
methane s o l u b i l i t y  da t a  of t h i s  s tudy  with 
exper imenta l  da t a  of Culberson and McKetta 
(1951). 
f r a c t i o n )  converted t o  SCF/Bbl by d iv id ing  by the  
conversion f a c t o r  0.0001312. SCF/Bbl is  s t anda rd  
c u b i c  f e e t  of methane p e r  b a r r e l  of water a t  25OC 
and one atmosphere. 

Their s o l u b i l i t y  values-MF x l o3  (mole 

NcKetta and This 
Pressure  P res su re  Culberson (1951) s tudy  

( b a r s )  ( p s i )  MF x lo3 SCF/Bbl SCF/Bbl 

160'F (71OC) 

22.8 
32.2 
45.4 
65.0 
91.0 

129.6 
176.2 
243.7 
339.6 
449 . 9 
566.7 
680 . 2 

330 
46 7 
6 59 
943 

1,320 
1,880 
2,555 
3,535 
4,925 
6,525 
8,220 
9,865 

. 340 2.59 
-470 3.58 
.632 4.82 
.go9 6.93 

1.183 9.02 
1 500 11 -43 
1.924 14.66 
2.385 18.17 
2.770 21.11 
3 . 420 26.07 
3. 750 28.58 
4.240 32.32 

4.2 
5.3 
6.6 
8.3 

10.2 
12.5 
14.9 
17.8 
21.1 
24.3 
27.2 
29.7 

( 2 2 0 9  (104OC) 

174.8 2,535 1.980 15.09 17.3 

342.3 4,965 3.140 23.93 25.1 
449.9 6,525 3.610 27.52 28.9 
564.7 8,190 4.080 31.10 32.5 
680.8 9,875 4.510 34.38 35.6 

( 280°F ( 1 3 8 O C )  

246.1 3,570 2.510 19.13 21.0 

171.0 2,480 2.346 17.88 21.0 
245.1 3,555 3.015 22.98 25.9 

449.1 6,525 4.490 34.22 36.2 
570.2 8,270 5.180 39.48 41 .O 

343.0 4,975 3.805 29.00 31.3 

678.1 9 ,835  5.740 43.75 44.9 
.- 

3 4 0 9  (171"C) 

177.9 2,580 3.025 23.06 27.5 
246.8 3,580 3.835 29.23 33.4 
347.8 5,045 4.875 37.16 40.8 
449.9 6,525 5.95 45.35 47.1 
566.0 8,210 6.80 51 .a3 53.4 
689.1 9,995 7.75 59.07 59.3 

26 



T a b l e  5. Comparison of i n t e r p o l a t e d  ( c a l c u l a t e d )  methane s o l u b i l i t y  d a t a  of t h i s  s tudy  wi th  expe r imen ta l  d a t a  OE O’Sullivnn 
and Smith (1970). 
p e r  b a r r e l  of water  or b r i n e  a t  25’C and one atmosphere)  by d i v i d i n g  MF x lo4 by t h e  a p p r o p r i a t e  conve r s ion  f a c t o r s  - 
0.0001312 for pu re  wa te r ;  0.0001317 for l m  NaCl; and 0.0001328 for  4m NaC1. 

Their s o l u b i l i t y  values  MF x lo4 (mole f r a c t i o n )  were conve r t ed  t o  SCF/Rbl ( s t anda rd  cub ic  f e e t  O F  methane 

T°C 

51.5 
60.0 
65.0 
70.0 
75.0 

00.0 

90.0 
102.5 
115.0 
125.0 

85.0 

P r e s s u r e  
b a r s  P s i  

197.3 2,940 

197.3 2,940 
197.6 2,944 
197.6 2,944 

197.6 2,944 

197.3 2,940 

198.0 2,950 
198.0 2,950 
198.3 2,955 
200.0 2,980 
201.3 2,999 

Pure wa te r  
0’ S u l l i v a n  O‘SuLlivan This 
and Smith and Smith Paper 
MF x IO4 SCF/Bbl SCF/Bbl 

22.79 17.37 15.0 

21.51 16.40 15.7 
21.44 16.34 16.1 
21.36 16.28 16.5 

21.33 16.26 16.8 
21.48 16.37 17.1 
21.72 16.55 17.5 

22.76 17.35 20.2 
23.21 17.69 21.5 

22.05 1 6 - 8 1  18.7 

lm N a C l  
O’Su l l ivan  0’ S u l l i v a n  Th i s  
and Smith and Smith paper  
MF x lo4 SCF/Rbl SCF/Bbl 

16.95 12.87 11.8 
16.57 12.58 12.2 

16.25 12.34 12.7 
16.30 12.38 13.0 

16.40 12.45 13.3 

16.74 12. 71 13.8 

17.47 13.27 15.9 
17.52 13.30 17.8 

16.93 12.85 14.8 

4rn NaCl 
0’ S u l l i v a n  0 ‘ s  u l l i v a n  Th is 
and Smith and Smith paper  
MF x IO4 SCF/Bbl SCF/Rhl 

8.05 6.06 5. a 
7.92 5.96 6.0 
7.96 5.99 6.1 
7.91 5.96 6.2 
7.97 6.00 6.4  

8.03 6.05 6.6 

8.08 6.08 6.R 
8.26 6.22 7.3 
8.22 6.19 7.8 
R.25 6.21 8.4 
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Susak and McGee (1980) have pub1 ished t a b l e s  o f  methane s o l u b i l  i t y  f rom 

77O t o  662OF (25O t o  35OoC), 1,000 t o  20,000 p s i ,  and from 0 t o  20 weight  

percent  NaCl , based on t h e  equat ions o f  Haas (1978) , us ing  an assumed 

Setschenow ( s a l  t i n g - o u t )  c o e f f i c i e n t  o f  0.129. 

f rom our  exper imen ta l l y  determined va lue o f  0.1025. 

(1980) appear t o  have overest imated t h e  e f f e c t  o f  i nc reas ing  s a l t  concen- 

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

c a l c u l a t e d  values a r e  l e s s  than our  exper imenta l l y  determined as w e l l  as 

our  c a l c u l a t e d  values (F igures  2 and 3 ) .  

c a l c u l a t e d  va lues o f  Susak and McGee (1980) and our  c a l c u l a t e d  va lues f o r  t h e  

H20-CH4 system (zero  s a l i n i t y ,  F igures 2 and 3 ) .  

Th is  d i f f e r s  cons iderab ly  

Because Susak and McGee 

The agreement i s  f a i r  between t h e  

Al though we d i d  n o t  c o l l e c t  data above 464OF i n  t h i s  study, we used 

t h e  equat ions o f  Table 1 t o  c a l c u l a t e  va lues equ iva len t  t o  t h e  h i g h  

temperature da ta  o f  Sul tanov e t  a1 (1972, 572O, 626O, 66Z0, and 68OoF) 

and P r i c e  (1979, 5360, 558', 6010, and 669OF). 

values a t  pressures lower  than 5,000 p s i  were much h igher  than t h e  exper imental  

We found t h a t  ou r  c a l c u l a t e d  

l y  determined va lues o f  bo th  s tud ies.  From t h i s ,  we concluded t h a t  t h e  equat ions 

o f  Table 1 a r e  n o t  v a l i d  a t  pressures below 5,000 p s i  and temperatures above 482O 

F. A t  pressures above 5,000 psi our  c a l c u l a t e d  va lues show good ( 9 0  percent )  
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agreement w i t h  the experimental da ta  o f  Price (1979) for his 536O, 5580, 

and 601OF isotherms (the experimental da ta  of t h a t  study were w i t h i n  

+7 percent). 

Over 6,000 t o  14,000 psi, our  calculated values are less than the experi- 

mental values of Price (1979). 

between 14,000 t o  16,000 psi, and above 16,000 psi our calculated values 

are higher t h a n  those of Price (1979). 

However, there i s  a systematic trend between the two studies. 

The two d a t a  sets have the same values 

The agreement between our calculated 

was not  good, our  values being 3 

cally increasing t o  ?5 percent 

values and Price's (1979) 601OF isotherm 

percent higher a t  6,200 psi but  systemat 

higher by 24,600 t o  28,600 psi. 

Theagreement o f  our calculated valu s w i t h  the higher-temperature 

experimental da ta  o f  Sultanov e t  a1 (1972) i s  no t  good, except for their 

572OF isotherm a t  pressures above 7,000 psi. 

culated values are 10 t o  13 percent lower than their experimental values. 

Our calculated d a t a  i s  25 t o  60 percent lower t h a n  the experimental da ta  of 

S u l t a n o v  e t  a1 (1972) for their 626O, 662O and 680OF isotherms above 

7,000 psi. 

d a t a  o f  Sultanov e t  a1 (1972)were in error ( t o o  h i g h ) .  

data o f  t h i s  study seem t o  support h i s  conclusion. 

Over this range, our ca l -  

Price (1979) had previously contended t h a t  the higher temperature 

The extrapolated 

Two conclusions result from these comparisons o f  h i g h  temperature d a t a :  

1)  The equations of Table 1 are apparently v a l i d  (can be 

extrapolated t o )  temperatures o f  601OF a t  pressures above 

5,000 psi. 

The da ta  o f  Sultanov e t  a1 (1972) made u p  a major portion of  

the da ta  base for the equations t h a t  Haas, 1978 (and therefore 

Susak and McGee, 1980) derived t o  calculate methane solubility 

over a wide range of  conditions. 

o f  the Sultanov e t  a1 (1972) da ta  appears questionable. 

2) 

The higher temperature portion 
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A STUDIES RELATED TO EXSOLUTION AND THE DETERMTNATION OF EQUILIBRIUM 

i l d l i d  aqueous methane s o l u b i l i t y  data depends upon t h e  at ta inment  o f  a 

r e a l  e q u i l i b r i u m  between a gas phase and t h e  aqueous s o l u t i o n  f o r  the  system 

studied. Our measurements were performed a t  e s s e n t i a l l y  isothermal  and i s o -  

s a l i n i t y  cond i t i ons .  

i n i t y  o f  exper imental  s o l u t i o n s .  The concen t ra t i on  o f  methane d i sso l ved  i n  

s o l u t i o n s  depended upon t h e  pressure and e i t h e r  the  t ime r e q u i r e d  f o r  t h e  

e x s o l u t i o n  o f  methane from oversaturated s o l u t i o n s  o r  t he  uptake o f  methane by 

undersaturated s o l u t i o n s .  

The sampling process d i d  n o t  change temperature o r  s a l -  

Meas rements of t h e  r a t e  o f  methane uptake by aqueous s o l u t i o n s  i n  a s t a t i c  

s.ystem i n  which gas and s o l u t i o n  were n o t  mixed toge the r  was ve ry  slow. Methane 

concentra ons were s t i l l  go ing up a f t e r  several  weeks a t  exper imental  c o n d i t i o n s .  

Very l o n g  t imes would be r e q u i r e d  t o  s a t u r a t e  s o l u t i o n s  us ing  t h i s  procedure. 

I n  order  t o  s a t u r a t e  s o l u t i o n s  more r a p i d l y  we rocked pressure vessel and f u r -  

nace toge the r  a f t e r  s e t t i n g  t h e  pressure t o  t h e  h ighes t  va lue t o  be used f o r  

t h e  proposed s e r i e s  o f  exper imental  measurements (19,000 t o  22,500 p s i )  by 

pumping methane i n t o  t h e  pressure vessel .  A l l  o f  t h e  prev ious exper imental  

work had shown t h a t  t h e  s o l u b i l i t y  o f  methane i n v a r i a b l y  increases w i t h  i n -  

c reas ing  pressure. Genera l l y  two t o  t h r e e  days o f  r o c k i n g  were r e q u i r e d  t o  

s a t u r a t e  s o l u t i o n s  a t  t h i s  i n i t i a l  h i g h  pressure. Several samples were taken 

a t  these cond i t i ons .  

t h e  s o l u t i o n s  had been saturated. I f  a d d i t i o n a l  r o c k i n g  d i d  n o t  r e s u l t  i n  t h e  

uptake o f  more methane, t h i s  would suggest t h a t  our  s o l u t i o n s  were n e a r l y  s a t -  

urated. 

on t h e  system then we have a t  l e a s t  come c l o s e  t o  s a t u r a t i o n  a t  t h e  h ighe r  press- 

ure. 

Two exper imental  checks cou ld  be made t o  determine i f  

I f  t h e  concen t ra t i on  of methane decreased when we dropped t h e  pressure 

The f i n a l  check,so t o  speak,was t o  examine t h e  s o l u b i l i t y  data f o l l o w i n g  
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a s e r i e s  o f  pressure drops. I f  a l l  o f  t h i s  data showed a systemat ic  t r e n d  of 

s o l u b i l i t y  vs pressure, i t  i s  l i k e l y  t h a t  we had reached s a t u r a t i o n  f rom an 

undersaturated c o n d i t i o n  a t  t he  h ighes t  pressure.  

The v a s t  m a j o r i t y  o f  our: s o l u b i l i t y  data was taken f o l l o w i n g  a drop i n  

pressure. 

u r a t i o n .  

so lu t i ons ,  t h e  e x s o l u t i o n  o f  methane from oversa tura ted  s o l u t i o n s  proved t o  be 

a very  r a p i d  process. 

were j u s t  s l i g h t l y  above those taken a f t e r  1 hour o r  more. 

taken a f t e r  3 o r  4 hours f o l l o w i n g  a decrease i n  pressure agreed w i t h  analyses 

a t  t h e  same pressure taken 12, 24 o r  48 hours l a t e r .  A t  low temperature and 

pressure e x s o l u t i o n  seernsto be slower. A s e r i e s  o f  analyses on s o l u t i o n s  a t  

122OF i n  15 weight  percent  NaCl cont inued t o  decrease i n  methane con ten t  over  

a 4 hour per iod .  Samples were n o t  taken u n t i l  a t  l e a s t  4 hours had elapsed 

s ince  t h e  pressure had been dropped. 

Thus most o f  our  data was approached from c o n d i t i o n s  o f  supersat-  

I n  c o n t r a s t  t o  t h e  slow r a t e  o f  methane uptake by undersaturated 

Samples taken o n l y  10 minutes a f t e r  a drop i n  pressure 

Analyses of  samples 

Our exper ience w i t h  t h e  r a p i d  speed o f  methane e x s o l u t i o n  and t h e  slow- 

ness o f  methane uptake i n  s t a t i c  systems showed t h a t  i t  was ve ry  impor tan t  t o  

ma in ta in  pressure d u r i n g  sampling a t  a va lue t h a t  exceeded t h e  exper imen ta l l y  

des i red  pressure.  I f  t h e  pressure had dropped below t h e  des i red  pressure ex- 

s o l u t i o n  o f  d i sso l ved  methane would have occured. The s o l u t i o n s  would then be 

undersaturated when t h e  des i red  pressure was rees tab l i shed.  
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LOW PRESSURE-LOW TEMPERATURE DATA 

Aqueous methane s o l u b i l i t i e s  were measured a t  pressures from 125 t o  2,000 

ps i ,  a t  7 7 O ,  122' and 16OoF i n  NaCl s o l u t i o n s  o f  5, 10 and 15 weight  percent  

( s a l  i n i t i e s  o f  52, 107 and 167 grams per  1 i t e r ) .  Sol ub i1  i t i e s  a t  these con- 

d i t i o n s  were low (between 0.3 and 10 SCF/Bbl). Since standard dev ia t i ons  f o r  

repeated measurements ranged from 0.2 t o  0.5 SCF/Bbl, a n a l y t i c a l  u n c e r t a i n t i e s  

f o r  these c o n d i t i o n s  were u s u a l l y  between $10 and f25 percent  o f  t h e  mean 

values o f  repeated measurements. 

The f i r s t  s tep  i n  t h e  a n a l y s i s  o f  these data was t h e  averaging o f  va lues 

taken a t  t h e  same exper imental  cond i t i ons .  

aga ins t  pressure on l o g - l o g  graph paper a t  cons tan t  s a l i n i t y  and temperature. 

Curves were then drawn through t h e  data a long each isotherm f o r  each NaCl con- 

c e n t r a t i o n .  

were re jec ted .  

i n i t y  a t  cons tan t  temperature and pressure on semi - logar i thmic  graph paper 

w i t h  s o l u b i l i t y  on t h e  l o g a r i t h m i c  scale. The s o l u b i l i t y  o f  methane, thus 

p l o t t e d ,  decreased l i n e a r l y  w i t h  i nc reas ing  NaCl concent ra t ion .  The slopes 

These averaged data were p l o t t e d  

Some data were obv ious l y  i n  e r r o r  ( f o r  t h e  most p a r t  h igh)  and 

The remaining s o l u b i l i t y  data were nex t  p l o t t e d  versus s a l -  

o f  t h e  d i f f e r e n t  i s o b a r i c  and isothermal  l i n e s  were e s s e n t i a l l y  equal which 

s t r o n g l y  suggests t h a t  t h e  Setschenow cons tan t  d i d  n o t  change w i t h  pressure o r  

temperature. 

e ra tu res  and pressures, were equal ( w i t h i n  exper imental  u n c e r t a i n t y )  t o  t h a t  

p r e v i o u s l y  determined a t  h igh  temperature and pressure. 

spur ious data p o i n t s  were a l s o  r e j e c t e d  a t  t h i s  p o i n t .  

temperature s o l u b i l i t y  data of t h i s  s tudy a r e  thus  based on 129 samples taken 

a t  34 d i f f e r e n t  exper imental  pressure, temperature and s a l i n i t y  cond i t i ons  

Ca lcu la ted  values for t h e  Setschenow constant ,  a t  these low temp- 

A few a d d i t i o n a l  

The low pressure- low 

(Table A-2, appendix). 

Aqueous methane s o l u b i l i t y  a t  77O, 122O and 16OoF are  i l l u s t r a t e d  i n  
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Figures 7, 8 and 9 where the s o l u b i l i t y  values of Culberson and McKetta (1951) 

a re  plotted a t  zero sa l in i ty .  Methane s o l u b i l i t i e s  measured in NaCl solut ions 
@ 

of 52, 107 and.167 g/1 s i i l in i ty  agree w i t h  the data of Culberson and McKetta 

a 

(1951), when values of this study a r e  extrapola 

value f o r  the Setschenow determined d u r i n g  t h i s  

representing p lo ts  of methane so lub i l i t y  versus 

temperatures a s  determined by O'Sullivan and Sm 

ed to  zero s a l i n i t y  using the 

study. 

s a l i n i t y  a t  low pressures and 

t h  (1970) agree well w i t h  the 

The  slopes o f  the l i n e s  

slopes of the lines based on the data obtained in t h i s  study. Duffy e t  a1 

(1961) determined methane s o l u b i l i t i e s  a t  77OF as  a function o f  pressure i n  

NaCl solut ions o f  varied concentrations. Interpolated sol ubi1 i t y  values from 

their data a r e  i n  good agreement w i t h  our data a t  500 psi b u t  a r e  def ina te ly  

lower than our 250 psi data. The data of Duffy e t  a1 (1961) generally agree 

w i t h  the data o f  Culberson and McKetta (1951) i n  pure water a t  pressures above 

250 psi however a t  lower pressures the data of Duffy e t  a1 (1961) a r e  a l so  lower 

than those of Culberson and McKetta (1951). 

Graphically interpolated methane s o l u b i l i t i e s  (Table 6)  obtained from the 

low pressure-low temperature empirical data (Table A-2, appendix) were used t o  

construct Figures 10 and 11. Here,methane s o l u b i l i t i e s  i n  NaCl solut ions with 

s a l i n i t i e s  o f  52 and 107 g / l i t e r  are plot ted on a semi-logarithmic sca le  versus 

temperature on an arithmetic sca l e  a t  constant pressure. 

show a minimum near 175OF. 

so lub i l i t y  data a t  temperatures above 212OF. 

methane s o l u b i l i t y  data on brines from the Pleasant Bayou No. 2 well. 

brines had a s a l i n i t y  near 130 g / l i t e r  so these data were extrapolated t o  a 

lower s a l i n i t y  using the previously determined Setschenow constant of 0.1025. 

These extrapolated data agree well w i t h  our methane so lub i l i t y  data i n  NaCl 

The resu l t ing  curves 

We took a l imited amount o f  low pressure methane 

We a lso  took some low pressure 

These 
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S A L I N I T Y  IN G R A M W L I T E R  

Figure 7 Aqueous methane s o l u b i l i t y  a t  77OF as a func t i on  o f  NaCl concen- 
t r a t i o n  a t  constant  ( l ow)  pressures. 
X ' s  a r e  data from Culbertson and McKetta (1951), and t r i a n g l e s @ )  a r e  data 
from Duffy e t  a1 (1961). 

Crosses (+) a r e  data f rom t h i s  study, 
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Figure 8 Aqueous methane so lub i l i t y  a t  122OF as  a function of NaCl concen- 
t r a t ion  a t  constant (low) pressures. Crosses (+) a re  data from this  study. 
Circles a r e  data from O'Sullivan and Smith (1970). 
C u l  bertson and McKetta (1951). 

X ' s  are data from 
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Figure 9 Aqueous methane s o l u b i l i t y  a t  16OoF as  a function of NaCl concen- 
t r a t ion  a t  various (low) pressures. 
Circles a r e  data from O'Sullivan and Smi th  (1970). 
son and McKetta (1951). 

Crosses (+) a r e  data from this  study. 
X's a re  data from Culbert- 
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Table 6 
at low pressures and temperatures from the experimental data of Table A-2 (appendix) 
<Values in parenthesis are extrapolated values. 

Graphically interpolated solubility data for methane in NaCl solutions 

Methane Sol ubi1 i ty in SCF/Bbl 

Temp. Press. Salinity Sa1init.y Salinity Sal ini ty 
'OF psi 0 g/liter 52 g/1 iter 107 g/liter 167 g/liter 

77 

122 

160 

2 , 940 
2 , 000 
1,000 

500 
250 
12 5 

2,940 
2,000 
1,000 

5 00 
250 
125 

2 , 940 
2,000 
1 , 000 

500 
2 50 
125 

22.5 
17.9 
10.8 
6.1 
3.2 
1.6 

17.4 
10.3 
8.3 
4.4 
2.2 

(1.0) 

15.3 
12.4 
7.2 
4.0 
2.0 
0.90 

(16.7) 
13.0 
8.1 
4.7 
2.5 
1.3 

13.7 
10.8 
6.5 
3.6 
1.9 
0.85 

12.5 
9.8 
5.6 
3.2 
1.6 
0.68 

(12.0) 
( 9.6) 
( 5.8) 

3.6 
1.9 
1.0 

10.4 
8.2 
5.0 
2.9 
1.5 
0.69 

9.8 
7.6 
4.3 
2.4 
1.2 
0.48 

8.8 
6.2 
4.0 
2.4 
1.3 
0.54 

7.7 
5.8 
3.4 
1.8 
0.88 
0.35 
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Figure 10 Constant pressure curves (isobars) of low pressure-low temperature 
aqueous methane solubilityversus temperature a t  constant NaCl salinity o f  52 
grams/l i ter .  Dashed 1 ines represent methane solubi 1 i t i e s  calculated from equa- 
t i o n s  by Haas (1978) and Susak and McGee (1980). 
from this study. 

Crosses are experimental da ta  
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Figure 11 
aqueous methane solubility versus temperature a t  constant NaCl salinity o f  107 
grams/l i ter .  Dashed lines represent methane solubilities calculated from equa- 
tions by Haas (1978) and Susak and McGee (1980). 
from this study. 
107 g/1 using a Setschenow constant o f  0.1025. 

Constant pressure curves (isobars) o f  low pressure-low temperature 

Crosses are experimental d a t a  
X 's  are Pleasant Bayou d a t a  extrapolated t o  a salinity of 
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solutions with a salinity of 107 g/liter. 

equation of Susak and McGee (1980) result in values significant y lower than 

our measured values at temperatures above 175OF but their calcu ated values 

agree well with our measured values below that temperature. 

low pressure-low temperature laboratory methane sol ubi1 i ty data agree we1 1 with 

the data o f  previous studies and is in sharp disagreement with the values cal- 

culated f rom our equations modeling the high pressure-high temperature data 

(Table 1). 

valid at temperatures below 16OoF and at pressures below 3,500 psi. 

Solubilities calculated from the 
63 

In general, our 

This reinforces our earlier conclusion that these equations are in- 
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EFFECTS OF CO2 ON METHANE SOLUBILITY 

Equipment and Experimental Procedures 

The equipment used t o  study t h e  e f f e c t  o f  carbon d i o x i d e  on methane s o l -  

u b i l i t y  i s  t he  same as p r e v i o u s l y  described. The sample c e l l  and pressure 

vessel were i n j e c t e d  w i t h  carbon dioxide-methane m ix tu res  i n s t e a d  o f  pure 

methane; however, i t  was n o t  p o s s i b l e  t o  ma in ta in  constant  carbon d i o x i d e  

concentrat ions.  Dur ing sampling e i t h e r  methane o r  a methane-carbon d i o x i d e  

m i x t u r e  was i n j e c t e d  i n t o  the  pressure vessel t o  ma in ta in  constant  pressure. 

As t h e  t e f l o n  sample c e l l  was permeable t o  gases, when methane was pumped i n t o  

the  pressure vessel some o f  i t  migrated i n t o  t h e  sample c e l l  causing a r e l a t i v e  

decrease i n  t h e  carbon d i o x i d e  concentrat ion.  I f  a methane-carbon d i o x i d e  mix- 

t u r e  was pumped i n t o  t h e  pressure vessel, t h e  r e s u l t  was t o  r a i s e  t h e  amount o f  

carbon d i o x i d e  i n  s o l u t i o n .  The r a t i o  between carbon d i o x i d e  and methane i n  the  

gas phase i n  con tac t  w i t h  s o l u t i o n s  was very much l e s s  than t h i s  r a t i o  i n  the  

aqueous s o l u t i o n .  

d i o x i d e  and 98 percent  methane was i n  con tac t  w i t h  a s o l u t i o n  w i t h  a d i sso l ved  

gas composed o f  80 percent  carbon d i o x i d e  and 20 percent  methane. 

One measurement showed t h a t  a gas phase w i t h  2 percent  carbon 

Carbon d i o x i d e  

i s  a p o l a r  molecule t h a t  i n t e r a c t s  chemical ly  w i t h  w a t e r  t o  produce a number of  

un ion i zed  and i o n i z e d  substances such as H2C03 and HC03. 

s o l u b i l i t y  o f  carbon d i o x i d e  i s  f a r  g r e a t e r  than methane a t  t h e  same temperature, 

pressure and s a l i n i t y .  

Thus t h e  aqueous 

For  example accord ing t o  t h e  data o f  Todheide and Frank 

(1963) t h e  s o l u b i l i t y  o f  carbon d i o x i d e  a t  22,5000 p s i  and 302OF i s  about 

400 SCF/Bbl as compared t o  75 SCF/Bbl f o r  methane a t  t h e  same cond i t i ons .  

The emphasis of t h i s  aspect o f  t h e  s tudy was t o  determine t h e  e f f e c t s  t h a t  

carbon d iox ide-has on t h e  aqueous s o l u b i l i t y  o f  methane. Because o f  t he  many 
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va r iab les  t o  be considered (methane concent ra t ion  , temperature,  pressure,  

s a l i n i t y  and carbon d i o x i d e  concent ra t ion)  a complete s tudy o f  t h i s  system 

would r e q u i r e  a l a r g e  amount o f  t ime. 

we decided t o  s tudy  t h e  system a t  302OF a t  t h r e e  pressures,  two s a l i n i t i e s ,  

and a range of aqueous carbon d i o x i d e  concent ra t ions  (1  t o  80 mole percent ) .  

Because of l i m i t e d  t ime and equipment, 

A t o t a l  o f  84 da ta  p o i n t s  were taken a t  27 exper imental  cond i t i ons  (Table A-3). 

A n a l y t i c a l  Procedures 

Gas samples were c o l l e c t e d  and t o t a l  gas conten t  q u a n t i t a t i v e l y  analyzed 

as p r e v i o u s l y  descr ibed. To min imize t h e  amount o f  carbon d i o x i d e  r e t a i n e d  by 

t h e  aqueous s o l u t i o n  a t  1 abora tory  cond i t i ons ,  a q u a n t i t y  o f  s o l  i d  monochloro- 

a c e t i c  a c i d  s u f f i c i e n t  t o  reduce t h e  pH o f  s o l u t i o n s  t o  around 3.0 was p laced 

i n  t h e  empty sample f lask .  S ince l a b o r a t o r y  a i r  con ta ins  carbon d iox ide ,  t h e  

sample f l a s k s  were vacuum evacuated and back f i l l e d  w i t h  n i t r o g e n  a t  l a b o r a t o r y  

pressure.  

carbon d i o x i d e )  was determined by q u a n t i t a t i v e  gas chromatography. 

ins t rumenta l  cond i t i ons  f o r  t h i s  ana lys i s  a re  descr ibed i n  Appendix B. 

o f  known composi t ion (Matheson Corp.) were used t o  c a l i b r a t e  t h e  gas 

chromatograph. 

The r a t i o  o f  carbon d i o x i d e  t o  methane (expressed as mole percent  

The 

Gases 

Data Presenta t ion  

The methane-carbon d i o x i d e  aqueous s o l u b i l i t y  data a r e  g i ven  i n  Table A-3 . 

and i n  F igures  12 and 13. 

carbon d i o x i d e  was ob ta ined f rom t h e  emp i r i ca l  equat ions o f  Table 1. 

The aqueous methane s o l u b i l i t y  data i n  0 percent  
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as a function of 
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l i t y  of methane and total  gas (methane and carbon dioxide) 
the percentage of CO i n  gases dissolved i n  a solution of 
per l i t e r  a t  302OF. ‘Heavy curves represent total gas con- 

tent of solutions containing b o t h  C02 and methane a t  the designated pressure. 
Dashed horizontal lines are the methane solubility values for C02 free brines 
a t  the pressure of the jo in ing  t o t a l  gas curves. 
methane concentrations i n  the presence of varying amounts o f  C02 a t  the press- 
ure of the t o t a l  gas curve t h a t  they j o i n  a t  0 percent C02. 

T h i n  curves represent 

44 



A 

A 

80 

70 

6 0  

50 

4 0  

30 

20 

70 

0 

+ T O T A L  G A S  

- x M E T H A N E  

Mole Percent  C 0 2  

1 5 10 20 30 4 0  60 8 0  
I I I I . I  1 . I 

a I 
I ,  

I 

2 4 6 8 10  0 

SQUAREROOT % C 0 2  
Figure 13 S o l u b i l i t y  of methane and t o t a l  gas (methane and carbon d iox ide)  
as a func t i on  of t he  percentage of CO2 i n  gases d isso lved i n  a s o l u t i o n  o f  
107 grams o f  NaC1 per 1 i t e r  a t  302OF. Heavy curves represent t o t a l  gas con- 
t e n t  o f  so lu t i ons  conta in ing both C02 and methane a t  t he  pressure designated. 
Dashed ho r i zon ta l  l i n e s  a re  the  methane s o l u o i l i t y  values for  C02 f r e e  br ines 
a t  the pressure o f  the j o i n i n g  t o t a l  gas curves. Thin curves represent meth- 
ane concentrat ions i n  the presence o f  varying amounts o f  C02 a t  the pressure 
of t he  t o t a l  gas curve t h a t  they j o i n  a t  0 percent CO2. 
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Table 7 
carbon dioxide in NaCl solutions at 302OF obtained from the experimental 
data o f  Table A-3 (appendix). Salinity is in grams o f  NaCl per liter o f  
sol ution . 

Graphically interpolated values for the solubility o f  methane and 

Pressure Salinity Percent CO., in dissolved qases 
psi g/1 iter 0 5 10- ‘20 - ~ -  

22,500 

13,000 

52 

52 

5,000 52 

22,500 107 

13,000 107 

59.6 A 64.0 65.8 68.5 
B 60.8 59.2 54.8 
c 102 99 92 

46.1 A 49.8 51.1 53.5 
B 47.3 46.0 42.8 
c 102 100 93 

27.6 A 29.7 30.6 32.0 
B 28.2 27.5 25.6 
c 102 100 93 

47.7 A 54.0 57.0 63.0 
B 51.3 51.3 50.4 
C 108 108 106 

36.9 A 43.2 45.8 50.0 
B 41.0 41.2 40.0 
c 111 112 108 

3u 

70.8 
49.6 
83 

54.8 
38.4 
83  

33.2 
23.2 
84 

68.5 
47.9 

100 

53.5 
37.4 

101 

- 
40 60 80 

73.0 77.5 83.4 
43.8 31.0 16.7 
73 52 28 

- - -  

56.2 59.7 64.5 
33.7 23.9 12.9 
73 52 28 

34.2 36.8 39.8 
20.5 14.7 8.0 
74 53 29 

73.8 82.5 105 
44.3 33.0 21.0 
93 69 44 

59.0 67.0 76.0 
35.4 27.0 15.0 
96 73 41 

T.otal gas in SCF/Bbl. 

Methane i n  SCF/Bbl .  

Methane percentage compared.to methane at 0 percent C02. 

n 
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Graphically interpolated values from experimental d a t a  (Table A-3, appendix) 

for  the so lubi l i ty  of methane a t  CO2 concentrations of 5 ,  10,  20, 30, 40, 60 

and 80 mole percent are  presented in Table 7. 

Several effects  are produced by increasing the concentration o f  CO2 in 

solution ( F i g .  1 2  and 13). 

crease in the concentration of methane. 

s a l t s  methane o u t  of solution as the total  gas concentration approaches the 

saturation concentration for  C02. The total  gas curves should show a sharp 

upward inflection in the region of 90 t o  95 mole percent C02 (See discussion 

page 42 this t ex t ) .  I t  i s  evident ( F i g .  12  and 3) t h a t  increasing pressure 

markedly increases total  gas so lubi l i ty .  

on the e f fec ts  of C02 on aqueous methane so lubi l i ty .  

s a l in i ty  of 52 g / l i t e r  methane so lubi l i ty  decreases below the value fo r  solu- 

tions without C O Z Y  when C02 makes up more t h a n  10 mole percent of the gas in 

solution. I n  a NaCl solution w i t h  a s a l in i ty  107 g / l i t e r  t h i s  occurs when 

CO2 makes up more t h a n  30 mole persent of the gas in solution. A t  t h i s  time, 

we only have data for  302OF, thus the e f fec t  of temperature on the CO2 ef fec t  

i s  not  known. 

First, a small smount of CO2 causes a s l i gh t  in- 

A t  higher C02 concentrations C O 2  

Salini y has a s ignif icant  influence 

In a NaCl solution with a 

The fac t  tha t  carbon dioxide i n  h i g h  concentrations suppresses aqueous 

As sediment- methane so lubi l i ty  has application to  the geopressured resource. 

b u r i a l  temperatures increase to  360°F, we can expect increasing amounts of 

carbon dioxide t o  be dissolved in the sandstone pore waters of the Late Tertiary 

Gulf Coast sequences. 

from the thermal cracking of kerogen are C O Z Y  H20 and N2 with very l i t t l e  methane 

or higher molecular-weight- hydrocarbons being formed. 

t o  v i t r i n i t e  reflectances of 0.8 t o  1.0) are s ignif icant  amounts of methane 

thermally generated. 

Over the temperature range 212OF t o  36OoF, the main products 

Only by 36OoF (corresponding 

The d a t a  of Huc and H u n t  (1980 - uncorrected log 
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A temperatures) i n  t h e  T e r t i a r y  offshore Texas, Brown (1979 - analyses o f  

P leasant  Bayou f i ne -g ra ined  sediments), 1 abora tory  experiments o f  I s h i w a t a r i  

e t  a1 (1977) and unpubl ished data o f  L. C. P r i c e  (o rgan ic  thermal d i a g e n i s i s  

l a b o r a t o r y  exper iments) a l l  suppor t  t h i s  conclus ion.  Based on t h e  above, as 

w e l l  as on a l a r g e  amount o f  o t h e r  l a b o r a t o r y  and f i e l d  data,  we can expect t h a t  

above 212OF i n  t h e  T e r t i a r y  G u l f  Coast t h e  shale (and associated sand) pore-waters 

w i l l  have g r e a t e r  and g r e a t e r  concent ra t ions  of carbon d i o x i d e  i n  them, from t h e  

progress ive  thermal breakdown o f  kerogen w i t h  i nc reas ing  temperature.  Th is  ex- 

p e c t a t i o n  i s  v e r i f i e d  by l i m i t e d  f i e l d  data f rom t h e  geopressured w e l l s  thus f a r  

s t u d i e d  (Table 8).  

i n  t h e  t r e n d  o f  i nc reas ing  mole percent  COP and abso lu te  COP s o l u b i l i t y  

(SCF/Bbl ) versus i nc reas ing  temperature. 

concent ra t ions  much h ighe r  than t h e  o t h e r  four  we l l s .  It i s  p o s s i b l e  t h a t  f o r  

i s o - s a l i n i t y  cond i t i ons ,  t h e  CO2 s o l u b i l i t y  data o f  these two w e l l s  would f a l l  

w i t h i n  t h e  t r e n d  de f ined by t h e  o t h e r  f o u r  we l l s .  

inc rease i n  these C02 s o l u b i l i t y  values i s  due t o  t h e  inc rease i n  t h e  s o l u b i l i t y  

of C02 i n  water  f rom t h e  increased pressure and temperature o f  b u r i a l .  

t h e  da ta  o f  Takenouchi and Kennedy (1964) suggest t h a t  t h e  lower  b r i n e  concen- 

t r a t i o n  waters  of Table 8 would be undersaturated w i t h  respec t  t o  C02. 

t r e n d  i n  these two C02 s o l u b i l i t y  parameters (Table 8) versus temperature i s  much 

more l i k e l y  due t o  a supply  e f f e c t ,  f rom t h e  thermal breakdown o f  kerogen. 

There a re  two reve rsa l s  ( F a i r f a x - S u t t e r  and Pleasant  Bayou) 

However these two we1 1 s have b r i  ne 

I t  can be argued t h a t  t h e  

However. 

The 

Ten ta t i ve  conclus ions can be drawn f rom cons ide ra t i on  o f  t h e  above: 

1 )  The amount o f  C02 d i sso l ved  i n  geopressured b r i n e s  i s  much g rea te r  than 

o r i g i n a l l y  suspected. These h i g h  values o n l y  have become apparent f rom 

recen t  analyses due t o  t h e  i n s t i t u t i o n  (by P h i l  Randolph o f  IGT) o f  a c i d  

l i b e r a t i o n  o f  COP f rom t h e  separa tor  b r i n e  samples. 



A 

o r i g i n a l  
of  Chris 

We 

Leer 

Table 8 Mole percent CO2 of the t o t a l  d i sso lved  gas (column 3 )  and a s  
abso lu t e  concent ra t ion  (column 4 )  d i sso lved  i n  brines f o r  various geothermal 
wel ls .  Fa i r fax-Sut te r  da t a  from McCoy and Hartsock (1979). All o t h e r  d a t a ,  
personal communs. of Chris Hayden, I n s t i t u t e  o f  Gas Technology (IGT) , 
Chicago, I l l . ,  J u l y ,  1981. Sal . ini ty  for P leasant  Bayou from Bebout e t  a1 
(1979). The Fairfax - S u t t e r ,  Riddle and Leer CO2 concent ra t ions  were o r i -  
g i n a l l y  repor ted  for non-acid l i b e r a t i o n  o f  the sepa ra to r  brine. An addi-  
t i ona l  3 0 SCF/Bbl of C02 was added t o  the o r i g i n a l  C02 was added t o  the 

CO2 da ta  for these wel l s .  T h i s  co r rec t ion  f a c t o r  personal commun. 
Hayden, I n s t i t u t e  of Gas Technology, Chicago, I l l .  J u l y  27, 1981. 

1 Temp. Mole % CO2 S a l i n i t y  
O F  C0.2 SC F/ B bl m9/ L 

260 18.3 7.0 15,000 

P r a i r i e  Canal 294 17.0 7.6 44,000 
Riddl e 300 28.9 15.4 32,000 

Crown Zel 1 arbach 32 7 38.0 14.8 18.200 

Fai r f ax -Su t t e r  2 70 18.4 4.8 190,900 

Pleasant  Bayou 308 22.9 6.8 120,000 
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2 )  C02 i n  h i g h  concent ra t ions  i n  b r i n e s  can d r a s t i c a l l y  reduce methane 

s o l u b i l i t y .  Because o f  t h i s  e f f e c t ,  waters which appear t o  be undersaturated 

w i t h  respec t  t o  methane, a c t u a l l y  may be a t  o r  above sa tu ra t i on .  An example 

3)  

o f  t h i s  i s  t h e  R idd le  w e l l  which had a "bes t  guess'' gas/water r a t i o  o f  

50 SCF/Bbl (Personal communication, Chr is  Hayden, I n s t i t u t e  o f  Gas Technology, 

Chicago, I L ,  J u l y  1981) of which 68.9 mole percent  o f  t he  gas was CH4 

(34.4 SCF/Bbl of CH4) and 28.8 mole percent  of t he  gas was C02. 

equat ion  o f  Table 1, 34.7 SCF/Bbl o f  methane would be expected f o r  t he  r e s e r v o i r  

c o n d i t i o n s  (3OO0F, 6,627 p s i ,  32,000 mg/L), and a f t e r  t h e  CO? s a l t i n g  o u t  ef- 

f e c t  i s  co r rec ted  f o r  (F ig .  6 ) ,  we cou ld  expect 28.8 SCF/Bbl o f  CH4. 

appear t h a t  t he re  cou ld  be a smal l  amount of excess ( f r e e )  gas i n  t h i s  w e l l .  

However o t h e r  w e l l s  o f  Table 8 appear undersaturated a f t e r  s i m i l a r  c a l c u l a -  

t i o n s  are  made. 

t h e  c o n t r o l l i n g  parameters o f  aqueous methane s o l u b i l i t y ,  no conclus ions r e -  

gard ing  methane s a t u r a t i o n  o f  geopressured b r i n e s  or t h e  presence o r  absence 

o f  f r e e  gas may be c o n c l u s i v e l y  drawn. 

A t  t he  i n i t i a t i o n  o f  s u b s t a n t i a l  methane generat ion i n  t h e  f i n e - g r a i n e d  

rocks of the T e r t i a r y  Gulf Coast (about 36OoF), t h e r e  may be such a h i g h  

From t h e  

I t  would 

It appears t h a t  be fore  we have a b e t t e r  knowledge o f  - a l l  

concen t ra t i on  o f  CO2 i n  t h e  sand and shale waters t h a t  t h i s  methane 

immediately form a f r e e  gas phase. 
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EFFECT OF ETHANE ON METHANE SOLUBILITY 

The equipment and procedures used t o  determine t h e  e f fec t  of ethane on 

methane s o l u b i l i t y  were i d e n t i c a l  t o  those used f o r  t he  CO2 aspect o f  t he  

s tudy except t h a t  gas m ix tu res  were n o t  used f o r  p ressu r ing  the  sample vessel. 

A small  amount o f  ethane was i n j e c t e d  i n t o  t h e  pressure vessel then a d d i t i o n a l  

methane was i n j e c t e d .  We prepared known gas m ix tu res  f o r  gas chromatographic 

standards by vacuum evacuat ing a f l a s k  o f  known volume and f i l l i n g  i t  w i t h  

methane a t  room temperature and barometr ic  pressure.  

i n j e c t e d  i n t o  t h e  f l a s k  t o  r a i s e  the  pressure t o  a predetermined value above 

the  barometr ic  pressure. The r a t i o  o f  gases was computed us ing  the  i d e a l  gas 

law, barometr ic  pressure f o r  methane and t h e  measured overpressure f o r  ethane. 

We encountered some d i f f i c u l t y  i n  g e t t i n g  rep roduc ib le  r e s u l t s  on the  gas 

chromatograph probably due t o  i n j e c t i o n  techniques. A n a l y t i c a l  c o n d i t i o n s  

a r e  l i s t e d  i n  Appendix B. 

Ethane gas was then 

While t h e  present  work i s  o n l y  a beginning, some i n t e r e s t i n g  r e l a t i o n s h i p s  

sur faced based on 26 measurements a t  9 d i f f e r e n t  exper imental  cond i t i ons .  

The o r i g i n a l  exper imental  r e s u l t s  a re  g iven i n  Table A-4, Appendix. Smoothed 

and g r a p h i c a l l y  i n t e r p o l a t e d  values from t h e  data of  Table A-4 a r e  g iven i n  

Table 9. Average exper imental  r e s u l t s  obta ined a t  t h e  9 exper imental  c o n d i t i o n s  

a r e  i l l u s t r a t e d  i n  F i g u r e  14. 

i n t o  s o l u t i o n .  

s o l u t i o n ,  methane i s  s t r o n g l y  s a l t e d  o u t  by ethane. I n  c o n t r a s t  t o  t h e  e f f e c t  

o f  C02 on aqueous methane s o l u b i l i t y ,  t h e  t o t a l  gas concen t ra t i on  o f  s o l u t i o n s  

c o n t a i n i n g  ethane i s  l e s s  than t h a t  o f  methane alone when ethane exceeds 

A t  low concentrat ions,  ethane s a l t s  methane 

Above 6 t o  8 mole percent  ethane of t h e  d i sso l ved  gas i n  
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10 mole percent  o f  t h e  gas d i sso l ved  i n  s o l u t i o n .  

depar tu re  f rom t h e  s o l  u b i  1 i ty  behavior  o f  1 ow molecular  weight  hydrocarbons 

observed by A m i r a j a t a r i  and Campbell (1972). 

Th is  i s  a s i g n i f i c a n t  

52 
n 



I I 1 I 
3020 F 

0 I I I I 
20 0 10 

MOLE PERCENT ETHANE 

Figure 14 S o l u b i l i t y  o f  methane and t o t a l  gas (methane and ethane) as a 
f u n c t i o n  o f  t h e  percentage of ethane i n  gases d i sso l ved  i n  a s o l u t i o n  o f  
107 grams o f  NaCl pe r  1 i t e r  a t  302OF. 
con ten t  o f  s o l u t i o n s  c o n t a i n i n g  bo th  methane and ethane. Dashed h o r i z o n t a l  
l i n e s  a r e  t h e  methane s o l u b i l i t y  values f o r  ethane f r e e  b r i n e s  a t  t h e  
pressure o f  t h e  j o i n i n g  t o t a l  gas curve. 
methane concen t ra t i ons  i n  t h e  presence o f  v a r y i n g  amounts ao ethane a t  t h e  
pressure o f  t h e  t o t a l  gas curve t h a t  they j o i n  a t  0 percent  ethane. 

Sol i d  curves rep resen t  t o t a l  gas 

Shor t  dashed curves represent  
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Table 9 Smoothed values for t h e  s o l u b i l i t y  of  methane and t o t a l  
gas (methane and ethane) a t  302OF i n  aqueous NaCl s o l u t i o n s  a t  a 
sa l  i n i t y  of -107 g/1 i t e r .  

Pressure 
p s  i 0 2.5 5.0 7.5 10.0 12.5 15.0 20.0 

Percent ethane i n  d isso lved gas 
__-------- 

22,500 
Tota l  Gas 47.7 50.0 51.0 50.0 46.0 41.5 35.0 21.0 
Methane 47.7 48.8 48.4 46.2 41.4 36.3 29.8 16.6 

10,000 
Tota l  Gas 32.3 35.5 37.0 35.5 31.0 25.5 19.5 -- 
Methane 32.3 34.6 35.2 32.8 27.9 22.3 16.6 -- 
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SOLUBILITY OF CRUDE OIL AND WATER I N  METHANE 

I n  t r o d u c t  i on 

The f o l l o w i n g  i s  a b r i e f  d e s c r i p t i o n  o f  a research s tudy on t h e  s o l u b i l i t y  

o f  crude o i l  i n  methane gas i n  t h e  presence o f  water.  A d e t a i l e d  r e p o r t  i s  

presented i n  Appendix C o f  t h i s  r e p o r t .  

Equi pmen t 

Equipment f o r  t h i s  p a r t  o f  t h e  s tudy was supp l ied  by t h e  U.S. Geologica l  

Survey. A number o f  s t a i n l e s s  s t e e l  pressure vessels were used w i t h o u t  l i n e r s .  

The vessels  had pressure connect ions a t  both ends so t h a t  f l u i d s  o r  gas 

cou ld  be pumped i n t o  o r  o u t  o f  the  vessel .  

rock ing  furnaces so  t h a t  they  cou ld  be rocked t o  speed up t h e  a t ta inment  of 

These vessels  were p laced i n  

equi  1 i b r i  um between o i  1 , water  and gas. 

Exper imental  Procedures 

Pressure vessels  were loaded and heated t o  t h e  exper imental  temperature.  

Methane,water and o i l  were added accord ing t o  t h e  planned experiment. 

cou ld  be es tab l i shed  by pumping gas o r  water  i n t o  t h e  vessel .  

Pressure 

The vessel 

was then rocked f o r  a p e r i o d  o f  t ime 

gas ,o i l  and water  t o  separate i n t o  l aye rs .  

l a r g e  round bottom f l a s k s  s i m i l a r  t o  t h e  procedure used f o r  sampling methane 

sa tu ra ted  aqueous so lu t i ons .  

g r e a t l y ,  t h e r e f o r e  l a r g e  f l a s k s  a re  needed t o  avo id  b lowing theni up. 

was mainta ined i n  t h e  pressure vessel  by pumping d i s t i l l e d  water  i n t o  t h e  

and then s e t  v e r t i c a l  t o  a l l o w  the  

The gas l a y e r  was then sampled i n  

I n  con t ras t ,  however, gas samples expand 

Pressure 

bottom o f  t h e  vessel .  Thus repeated samples cou ld  be taken u n t i l  t h e  gas 

phase was depleted. , Then methane cou ld  be pumped i n t o  t h e  vessel and t h e  

n 

experiment cont inued. 

methane gas were determined a t  50, 100, 150, 200 and 250°C as a f u n c t i o n  of 

I n  t h i s  way t h e  s o l u b i l i t i e s  o f  crude o i l  and water  i n  
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n 

pressure. Experiments were generally performed a t  h i g h  pressure i n i t i a l l y ,  

then a f t e r  a se r ies  of samples were taken a t  t h a t  pressure t h a t  showed good 

agreement, the pressure was then reduced and another se r ies  o f  samples taken. 

Experimental samples consisted of  crude o i l ,  the asphaltic f r a c t i o n  o f  crude 

o i l  and t a r .  

Experimental Results 

The fo l lowing  description i s  a brief summary of  the experimental resu l t s  

of the experimental studies. A detailed description i s  given i n  Appendix C 

of t h i s  report. 

Experimental studies conducted during th i s  project include the fo l lowing :  

1)  Solubi l i ty  of  crude o i l  and water i n  a pure methane gas phase as 

a function of pressure until co-solubili ty was reached. Co-solubility 

i s  attained when the crude o i l  and  methane gas cease t o  ex is t  as 

separate phases. A t  low pressure, the methane gas dissolves some 

crude o i l  and the crude o i l  dissolves some methane gas. As pressure 

increases, the so lubi l i ty  of each increases i n  the other until  they 

become equal a t  some high pressure. A t o t a l  o f  60 d a t a  points were 

obtained a t  various pressures a t  50, 100, 150, 200 and 25OoC. 

general, the pressure a t  which co-solubil i t y  i s  reached decreases w i t h  

i nckas iny  temperature. The resu l t s  suggest t h a t  methane gas could 

dissolve and carry a large amount of crude oil’ from deep source areas 

(high temperature and pressure conditions) u p  t o  shallower sands 

where the crude oi l  could exolve from the gas a t  conditions o f  

lower temperature and pressure. 

Further experiments o f  the above type were conducted on an asphaltic 

fraction of the crude o i l .  This material has a boiling point below 

In  

2 )  

56 



24OoC a t  6 microns pressure and corresponds roughly t o  C38 t o  C50 

carbon numbers. 

a t  various pressures a t  temperatures of 50, 150, and 25OoC. 

The solubility of  t a r  was also determined a t  25OoC as a function of  

pressure by eight d a t a  points. 

above 266OC a t  6 microns pressure. 

The effect of carbon$ioxide on the solubility o f  crude oil i n  methane 

Twenty-eight da ta  points were taken on this material 

3 )  

This material had a boiling p o i n t  

4 )  

was briefly examined. 

In the above studies, samples of the solute crude o i l ,  asphalt and tar  

Gas chromatography was per- fractions were taken for  qualitative analysis. 

formed on over 50 crude oil samples. 

in the carbon number distribution of the solute crude o i l  as a function o f  

pressure and temperature. Compound class analysis (saturated and aromatic 

hydrocarbons and N-S-0 bearing compounds) was performed on the C15t fraction 

of about  25 of the crude oil solute samples. The purpose was t o  examine the 

The purpose was t o  examine the changes 

change in compound class distribution as  a function of pressure and temper- 

ature. 

samples of the asphalt samples for the 50 and 15OoC runs. 

t o  determine changes i n  t h e  d i s t r i b u t i o n  o f  sa tu ra t ed  and aromatic hydro- 

Compound class distribution analyses have been performed on solute 

T h e  purpose was 

carbons, N-S-0 bearing compounds, and asphaltenes as a func t ion  o f  pressure 

and temperature. 
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D I S C U S S I O N  

The s o l u b i l i t y  data f o r  methane i n  aqueous NaCl s o l u t i o n s  prov ides a l a r g e  

amount o f  bas i c  da ta  a t  t h i s  t ime. There a re  s t i l l  remain ing quest ions t o  be 

answered be fo re  i t  w i l l  be poss ib le ,  a t  l e a s t  i n  some s i t u a t i o n s ,  t o  conclude 

whether p a r t i c u l a r  sandstone pore waters a r e  sa tura ted  w i t h  methane o r  not .  

These ques t ions  are:  

1 )  

2 )  

3 )  

The e f f e c t  o f  carbon d i o x i d e  i s  complex. 

The e f f e c t  o f  carbon d iox ide ,  

The e f f e c t  o f  b r i n e  composit ion, 

The e f f e c t  o f  o t h e r  d i sso l ved  h ighe r  molecular  weight  hydrocarbons. 

S a l i n i t y  appears t o  i n f l u e n c e  t h e  

p o i n t  a t  which a d d i t i o n a l  carbon d iox ide  suppresses aqueous methane s o l u b i l i t y ,  

Carbon d i o x i d e  i s  more e f f e c t i v e  i n  s a l t i n g  o u t  methane from s o l u t i o n  a t  low 

s a l i n i t i e s  than a t  h i g h  s a l i n i t i e s .  

The e f f e c t  o f  b r i n e  composi t ion i s  almost unknown and s ince  sandstone (and 

sha le )  pore waters a r e  chemica l l y  complex, t h i s  e f f e c t  cou ld  have a s t rong  con- 

t r o l  on aqueous methane s o l u b i l i t y  i n  n a t u r a l  b r i nes .  We made a l i m i t e d  s tudy 

of methane s o l u b i l i t y  i n  b r i n e  f rom t h e  Pleasant  Bayou No. 2 w e l l  (Table 10, 

Column 3 )  and compared t h e  exper imental  data t o  methane s o l u b i l i t i e s  c a l c u l a t e d  

from t h e  emp i r i ca l  equat ion (Table 10, Column 4) .  

agree w i t h  t h e  exper imen ta l l y  measured s o l u b i l i t i e s  w i t h i n  t h e  u n c e r t a i n t y  i n  

t h e  data, however the re  i s  a s l i g h t  tendency toward lower  s o l u b i l i t i e s  i n  

P leasant  Bayou .br ine.  There a r e  severa l  problems w i t h  t h i s  comparison. It 

should be noted t h a t  when we rece ived  them, t h e  Pleasant  Bayou b r ines  conta ined 

a reddish-brown p r e c i p i t a t e  (probably  i r o n  ox ide)  which conta ined t o  form w i t h  

t ime, so t h a t  t h i s  b r i n e  c e r t a i n l y  had changed from i t s  o r i g i n a l  composi t ion.  

The c a l c u l a t e d  s o l u b i l i t i e s  

A 
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Table 10. S o l u b i l i t y  of methane i n  P leasant  
Bayou b r i n e  a t  va r ious  . t empera tures  and pressures ,  
as w e l l  as c a l c u l a t e d  values  (Table 1) f o r  an 
equ iva len t  N a C l  concent ra t ion  (130,000 mg/l). 

[NA, not a p p l i c a b l e ]  

Temper a t u r  e 
OF 

201.6 
196.3 

198.2 , 

198.2 

198.7 

248.1 
248.0 
248 .O 
249.8 

248.9 
250.3 
250.3 

250.3 

301.1 

302.8 
299.5 

299.7 

301.3 

301 1 

301 1 

301 1 

300 2 

Pressure  
P s i  

12,016 
9,126 
5,076 
2,021 
1,059 

12,024 
11,950 
11,893 

9,083 
5,018 
2,060 
2,002 
1,001 

12,300 
12,040 
9,040 
5,076 
2,002 
1,004 

50 7 
260 
104 

Exper irnental 
s o l u b i l i t y  
SCF/Bbl 

20.4 
19.8 
13.4 
8.3 
4.2 

24.8 
24.1 
25.2 
22.3 
17.5 

9.9 
9.4 
5. 7 

29.3 
27.2 
25.0 
19.6 
12.2 

7.7 
3.9 
3.4 
1.3 

Calculated 
s o l u b i l i t y  
SCF/ Bbl 

21.9 
18.8 
14.0 
8.5 
NA 

25.8 
25.7 
25.7 
22.5 
16.5 
10.0 
9.9 
NA 

32.6 
32.2 
28.0 
20.1 
11.9 

NA 
NA 
NA 
NA 
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A 

A question of considerable importance i s  the role of dissolved carbonate 

species i n  solution as compared to dissolved carbon dioxide gas which has a 

s ignif icant ly  greater e f fec t  on methane so lubi l i ty  t h a n  does an equivalent 

concentration of ionic species. 

solved substances be treated or  considered a s  equivalent C02 gas or as a n  

increase i n  s a l in i ty?  Also the relat ive percentage of each ionic ( o r  neutral)  

species will change with changes in pH, s a l in i ty ,  pressure and temperature. 

We have no insight into the mechanics of t h i s  system yet.  

Should HCO3- and other ionic or neutral dis-  

The presence o f  higher molecular weight hydrocarbons probably has a s ign i f i -  

cant e f fec t  on the so lubi l i ty  of methane i n  brines based on the behavior of 

similar systems (Price,  1982). While methane i s  the dominant gas in natural 

brines other hydrocarbon gases are  also present. 

probably i s  t o  lower the so lubi l i ty  of methane in natural brines. 

i s  great uncertainty a b o u t  the application of the resul ts  of our  methane solu- 

b i l i t y  studies t o  determine i f  t e s t  well brines are  saturated with methane, 

these d a t a  have revealed problem areas t h a t  need fur ther  research. 

The cumulative e f fec t  of these 

Although there 

Data fo r  a number of t e s t  wells from the geopressured program are  given i n  

Table  11 .  Sources of  d a t a  fo r  t h i s  compilation inc lude  correspondence from 

Mr. Keith Westhusing (formerly w i t h  the Department of Energy in Houston), a 

report by Mr. P h i  1 ip  Randol f (presented a t  the 5th Geopressured-Geothermal Con- 

ference) and final reports supplied by Eaton Operating Company. 

certainty i n  the values for  COz percentage and total  measured gas in th i s  table.  

There i s  u n -  

Column s ix  i s  the quantity o f  methane tha t  saturated brines should contain a t  

the conditions of temperature, pressure and sa l in i ty  for  the reservoir of each 

well. These saturation values were calculated from Table 1 .  The measured 

60 



n
 

I 

5
 

v
w

 
L
 

c
5
 

U
 

- 
0

 
1

0
 

N
d

 
cn 

I
C

0
 

O
m

 
co 

I
N

 
W

C
O

 
R

 

lc
n

 
m

a
 

W
 

1
W

 
d

W
 

W
 

0 
U

) 
d

h
r

n
 

Q
I 

R
 

N
 

d
 

L
o
 

N
 

N
 

M
 

LD
 

m
 

.
.

.
 

0
 

X
h

 
r

n
m

 
N

 
N

 
c

,w
 

w
3

 

m
 
.
I
-
 

3
 

o
m

 
W

L
 

3
w

 
m

E
 

3
 

u
z
 

aJ >
 

L
.

 
w

v
, 

m
c

 
0
 -
r
 

-
C
,
 3
 

m
- 

a
J

0
 

t
m

 

u
n
 

n
o
 

.
r
 

-
0

-
 

L
M

 
5
 
3
1
 

a
 

m
L

L
 

m
v

 
W

v
,

 
E

 

w
n
 

b
c

n
N

L
o

 
h

d
M

L
o

r
n

 
C

O
b

b
C

O
N

 

N
O

O
d

O
 

N
N

 

.
.

.
.

.
 

M
d

W
N

b
 

*
N

o
d

0
 

C
U

N
 

.
.

.
.

.
 

R
C

O
N

N
 

b
N

4
0

 
M

N
 
d
 

.
.

.
.

 
.

.
.

.
 

N
O

O
O

O
 

N
N

 

.
.

.
.

.
 

d
d

O
N

O
 

N
N

 

c
,
 

t
 

L
 

W
 
a
 

co 
N

 

O
N

d
d

N
 

O
m

 

W
C

O
c

n
R

 

O
c

n
d

R
O

 
O

m
 

.
.

.
.

 
d
 

M
d

Q
 

.
.

.
 

b
b

N
 

O
W

M
m

d
 

O
W

 
N

 

.
.

.
 

O
d

C
U

L
D

d
 

o
m

 
d
 

d
 

d
 

m
 

W
 

m
 

W
 

m 
W
 

0
,
 

C
 

w
5

 
- 

b
I
 
N

-
 

-
I
 N

O
5

 
a

v
v

v
m

 

m
 

a, 
V

I 
m
 

W
 

m 

L
 

W
 

C
,
 

r
c

w
 

o
s
 

m 
L
 

.- 
aJ 

m
c

,
 

Q
.
C

 

L
 

.r- 
w 

m
c
,
 

Q
*
I
-
 

N
 

W
 
L
 

n
 

5 
m

- 
0

 
d
 

0
 
z
 

t
 

0
 

C
-
 

E
 

o
d

 
-
C

 u
 
.
r
-
 

v, 
L
c
,
 

F
 

.
w

 
W

d
O

 
n

z
 

o
m

 
t
 Q

L
 

ZZJ 
aJm

 
3
 

3
3

l
f
l
 

w
o

x
 

m
m

u
 

A
 

- n 

61 



8 (D 

Table 11 (continued) 

We1 1 designation 
and references) 

Prairie Canal 
Well No. 1 

( 3 ) ( 6 )  

Sal dana 
Well No. 2 

( 4 )  6) 

P. R. Girouard or 
ru Well No. 1 

( 5 M  

Lear G .  M. 
Koel emay 
Well No. 1 

( 6 )  

Sweet Lake 
5 t h  Sand. 

( 7 )  

Physi ca 1 
conditions 

2 94O F 
12,942 psi 
43.4 g / l i t e r  

3OO0F 
6,627 psi 
12.8 g / l i t e r  

274OF 
13 , 203 
23.5 g / l i t e r  

26OoF 
9,449 psi 
15.0 g / l i t e r  

299OF 
12,053 psi 
165 g/1  i t e r  

Percent 

gases gas 
All gases 100 

84 
2.3 iii 6 13.5 

Ba ance 0.2 

Type o f  of 

All gases 100 
CH4 
C2Hg 
CO2 

79.2 
3.9 

16.5 
0.4 Balance 

prob. more C02 

All gases 100 
91.3 

2 . 4  
6.0+ 
0 .3  

CH;f c2 6 

All gases 100 
83.9 

4.7 
7.5+ 

All gases 100 
88 

1 .7  
9.9 

Baiance 0.4 

Gas 
mea sur ed 

SCF/Bbl 

42.1 
35.4 

1.0 
5.7 
0.1 

49.2 
39 

1.9 
8.1 

. 2  

40 
36.5 

1.0 
2.4 
0.1 

35 
29.4 

1.6 
2.6 

23.7 
20.9 

0.4 
2.3 
0.1 

Gas calc. Percent 
equation saturation 
Table 1 o f  brine 

45.9 

42.7 
x .  93= 

37.5 

31 
x .  83= 

46.1 

44.2 
x .96= 

38.1 

35.7 
x.  94= 

27.7 

82.9- 
88 

130+ 

82- 
87 

82 - 
88 

75- 
83 

References: ( 1 )  Letter from Keith Westhusing; (2-5)  Eaton Operating Company (1981);  ( 2 )  Final Report 
Crown Zellerbach Well No. 2 ;  (3 )  Final Report Prair ie  Canal Well No. 1 ; ( 4 )  Final Report 
Saldana Well No. 2 ;  ( 5 )  Final Report Girouard Hell No. 7 ;  ( 6 )  Raymond (1381); 
( 7 )  Karkalits and Hankins (1981). 



q u a n t i t y  o f  methane (Column 5 )  exceeds t h e  c a l c u l a t e d  methane s o l u b i l i t y  i n  o n l y  

one w e l l .  

gas phase. A l l  o t h e r  w e l l  b r i n e s  c o n t a i n  l e s s  methane than t h e  concen t ra t i on  

p r e d i c t e d  from the  equat ions i n  Table 1. I n  some o f  these w e l l s ,  t h e  gas con- 

c e n t r a t i o n  r e p o r t e d  i s  from " f l a r e  l i n e  a n a l y s i s "  and some a d d i t i o n a l  gases 

o b v i o u s l y  remained i n  s o l u t i o n .  

o f  methane should remain i n  s o l u t i o n ,  however i n  some cases considerable C02 

cou ld  remain i n  s o l u t i o n  (Caption, Table 8). 

P a r t  o f  t he  produced gas o f  t h i s  w e l l  was thought  t o  be from a f r e e  

Under most ope ra t i ng  c o n d i t i o n s  o n l y  about 2 SCF 

The e f f e c t  of CO2 i n  suppressing methane s o l u b i l i t y  would n o t  seem t o  be 

such a l a r g e  f a c t o r  f o r  h i g h  s a l i n i t y  w e l l s  such as t h e  Edna DelCambre, Pleasant 

Bayou, F a i r f a x  Foster ,  Beulah Simon, and Sweet Lake. Among these w e l l s  the 

F a i r f a x  Fos te r  seems t o  be c l o s e s t  t o  s a t u r a t i o n .  While the  Beulah Simon w e l l  

would seem t o  be w e l l  below s a t u r a t i o n .  

carbon d i o x i d e  contents ( e s p e c i a l l y  t he  Crown Zel lerbach and Saldana w e l l s ) .  

E x t r a p o l a t i o n  o f  t he  data f o r  t h e  COP e f f e c t  on methane s o l u b i l i t y  a t  low 

s a l i n i t i e s  suggests t h a t  t h e  s a t u r a t i o n  concen t ra t i on  o f  methane would be 75 t o  

80 pe rcen t  o f  t h e  s o l u b i l i t y  i n  COP f r e e  so lu t i ons1 ,  

e f f e c t  r e s u l t s  i n  a p r e d i c t e d  CH4 content t h a t  exceeds t h e  measured methane 

con ten t  i n  these geopressure w e l l  t e s t s .  Only f o r  t he  Saldana w e l l  does measured 

Some o f  t h e  low s a l i n i t y  w e l l s  have h i g h  

Even c o r r e c t i n g  f o r  t h e  

methane exceed ca l cu la ted .  

Most o f  t h e  w e l l s  of Table 11 have a measured methane concen t ra t i on  between 

80 and 90 pe rcen t  of t h e  p r e d i c t e d  methane concentrat ion.  

a r e  s l i g h t l y  undersaturated w i t h  methane o r ,  if they a re  indeed saturated,  some 

o t h e r  unknown f a c t o r ( s )  must be reducing t h e  observed methane concen t ra t i on  

E i t h e r  these w e l l s  

A t e n t a t i v e  procedure f o r  e s t i m a t i n g  t h e  e f fec t  of CO on methane s o l u b i l i t y  
i s  g i ven  i n  Appendix D. 2 
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very uniformly below the predicted value. 

i s  below t h a t  needed t o  suppress methane concentration. 

In  a l l  wells the ethane concentration 

There are  too many unknowns a t  t h i s  time, t o  be able t o  conclude i f  these 

well brines are  methane saturated o r  not .  

e f fec t  on the suppression of methane so lubi l i ty  especially a t  low s a l i n i t i e s .  

The e f fec t  produced by dissolved higher hydrocarbons also i s  probably s igni f i -  

cant. 

species, are not understood. 

Ethane plus C02 may have a combined 

Also the roles of solution composition, especially of the carbonate 

Correlations between resul ts  of 1 aboratory sol ubi 1 i ty  measurements and  the 

resu l t s  of well t e s t s  need much closer co-ordination. Flare l ine  gas flows give 

values t h a t  depend on separator pressure, temperature and f lu id  composition and 

dynamic solution kinetics.  

to ta l  gas content of the well brines with appropriate d a t a  a b o u t  gas composition. 

This i s  not an easy task considering the high flow rates and  the dynamics o f  a 

well under t e s t  conditions. Some of the uncertainties of t e s t  well resu l t s  

Solubili ty data should be compared on the basis of  

i s  indicated by the poor agreement between some well d a t a  in Tables 8 and 11 

supplied by different  sources. 
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RECOMMENDATIONS 

1. The e f f e c t  of carbon d i o x i d e  on t h e  aqueous s o l u b i l i t y  o f  methane should 

be examined f u r t h e r  t o  determine t h e  e f f e c t  o f  temperature v a r i a t i o n  on 

t h i s  system. 

D i r e c t  r e c o n s t i t u t i o n  s t u d i e s  should be c a r r i e d  o u t  us ing  b r i n e s  f rom 

t h e  va r ious  geothermal t e s t s  as they become a v a i l a b l e ,  t o  a s c e r t a i n  i f  

t h e  b r i n e s  a r e  methane sa tu ra ted  i n  nature.  Carbon d i o x i d e  should be 

p r o g r e s s i v e l y  added t o  these systems and samples taken and analyzed f o r  

methane s a t u r a t i o n  up t o  t h e  carbon d i o x i d e  l e v e l  found i n  na tu re  f o r  

t h a t  sample. 

Low temperature-low pressure measurements o f  aqueous methane s o l u b i l i t y  

should n o t  be examined f u r t h e r  unless t h e r e  i s  an impor tan t  ( c u r r e n t l y  

unknown) engineer ing need f o r  such data.  

Because t h e  emp i r i ca l  equat ions developed i n  t h i s  paper t o  c a l c u l a t e  

aqueous methane s o l u b i l  i t y  apparen t l y  can be e x t r a p o l a t e d  t o  601OF a t  

pressures above 5,000 p s i ,  t h e r e  appears t o  be no need t o  take  aqueous 

methane s o l u b i l i t y  data above 464OF. 

2. 

3. 

4. 

5. Fu r the r  c r i t i c a l  research should focus on t h e  e f f e c t s  o f  i o n i c  species, 

e s p e c i a l l y  t h e  e f fec ts  o f  C02 d i s s o c i a t i o n ,  on aqueous methane s o l u b i l i t y .  

The e f f e c t  o f  h ighe r  molecular  weight  hydrocarbons (C,+) on methane 

s o l u b i l i t y  must be examined t o  f u l l y  understand t h e  system. 

6. 
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CONCLUSIONS 

Q 

4) 

7 )  

The previously reported aqueous methane s o l u b i l i t y  da t a  o f  Blount e t  

a1 (1979) are i n c o r r e c t  due t o  an  e r r o r  in  the  experimental procedure. 

New data  as well as t he  o l d e r  cor rec ted  da ta  has been modeled i n t o  an 

equation which computes aqueous methane s o l u b i l i t i e s  over  a broad range 

of condi t ions :  160' t o  464OF a t  pressures  above 3,500 ps i ,  464O t o  

t o  25 weight 6Ol0F a t  p ressures  above 5,000 p s i ,  a l l  f o r  s a l i n i t i e s  o f  0 

percent  NaC1. 

Calculated da ta  from t h i s  s tudy by in l a r g e  agree with prev 

mental work within t h e  l i m i t s  of t h e  equat ion o f  t h i s  s tudy 

Calculated data  from t h i s  s tudy do n o t  agree with t h e  high 

(626O, 662O, and 69OoF isotherms)  of Sultanov e t  a1 (1972) .  

ous exper i -  

emperature 

This agrees  

with an e a r l i e r  observat ion ( P r i c e ,  1979) t h a t  t he  high temperature da ta  

of  Sultanov e t  a1 (1972) appear t o  be too  high and i n  e r r o r .  

The  r e s u l t s  of  low temperature low pressure methane s o l u b i l i t y  determinat ions 

of t h i s  s tudy agree very well with t h e  previous r e s u l t s  o f  Culbertson and 

McKetta (1950) ,  Duffy e t  a1 (1961) and O'Sul l ivan and  Srni+.h (1970).  

The ca l cu la t ed  data  o f  t h i s  s tudy do n o t  agree w i t h  t h e  ca l cu la t ed  d a t a  o f  

Haas (1978) or Susak and McGee (1980). 

o u t  c o e f f i c i e n t  they assumed (0.129) i s  not  i n  agreerrient with our  exper i -  

mentally measured value: 0.1025, 

made up  of t h e  data  o f  Sultanov e t  a1 (1972) ,  the higher temperature po r t ion  

of  which we f i n d  ques t ionable .  

The e f f e c t  t h a t  brine composition has on the aqueous s o l u b i l i t y  o f  methane 

i s  an unknown. 

A t  3OO0F and a s a l i n i t y  of 529 NaCl l l i t e r ,  increas ing  C02 concent ra t ion  u p  t o  

10 mole percent  of the dissolved gas i n  so lu t ion  enhances aqueous methane 

This i s  n o t  s u r p r i s i n g  as the s a l t i n g  

Also a l a r g e  p a r t  of t h e i r  da ta  base was 
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s o l u b i l i t y .  

gas i n  s o l u t i o n ,  methane s o l u b i l i t y  i s  decreased by i n c r e a s i n g  C02 content .  

Th i s  e f f e c t  i s  cons iderable a t  COP contents  o f  40 mole percent  o r  g rea te r .  

The e f f e c t  o f  i n c r e a s i n g  s a l i n i t y  t o  107 g / l i t e r  i s  t o  p e r m i t  up t o  30 mole 

pe rcen t  C02 i n  t h e  d i sso l ved  gas be fo re  a d d i t i o n a l  CO2 causes a suppression 

o f  methane s o l u b i l i t y  t o  a va lue below t h a t  observed i n  t h e  absence o f  C02. 

I n  T e r t i a r y  G u l f  Coast sediments i t  i s  expected t h a t  carbon d i o x i d e  w i l l  

make up an i n c r e a s i n g  amount o f  t h e  d i sso l ved  gas i n  sand and shale pore 

When C02 makes up more than 10 mole percent  o f  t h e  d i sso l ved  

waters ( g r e a t e r  than 40 mole percent)  w i t h  i n c r e a s i n g  depth o f  b u r i a l  f rom 

t h e  e a r l y  d iagenesis  o f  t h e  kerogen i n  shales. 

I n  theory,  a t  t h e  onset o f  s i g n i f i c a n t  methane generat ion ( b u r i a l  temper- 

a t u r e s  o f  about 36OoF) G u l f  Coast sand and shale pore waters cou ld  have such 

h i g h  concen t ra t i ons  of  carbon d iox ide ,  t h a t  t h e  newly generated methane would 

immediately form a f r e e  gas phase. 

Comparison o f  our  c a l c u l a t e d  methane so l  ub i1  i ty data w i t h  observed ( b u t  quest-  

i onab le )  methane concen t ra t i on  values from na tu re  shows t h a t  most geothermal - 

geopressured b r i n e s  c o n t a i n  between 80 and 90 percent  o f  t h e  p r e d i c t e d  meth- 

ane concentrat ion.  

p r e d i c t e d  value. 

A t  t h i s  p o i n t  we do n o t  understand t h e  c o n t r o l l i n g  parameters ( o t h e r  than 

pressure, temperature and sa l  i n i  ty) o f  aqueous methane sol u b i  1 i t y  we1 1 enough 

t o  be a b l e  to-.ascertain i f  Gulf Coast geopressured b r i n e s  a r e  sa tu ra ted  o r  

undersaturated w i th  respec t  t o  methane. Thus from s o l u b i l i t y  cons ide ra t i ons  

alone, we a r e  n o t  a b l e  t o  say i f  we a r e  d e a l i n g  w i t h  a f r e e  gas phase o r  n o t  

a t  t h e  temperature and pressure c o n d i t i o n s  of t h e  present  and pas t  DOE geo- 

pressured t e s t s .  

w i l l  be necessary i n  t h e  f u t u r e  t o  speak t o  t h i s  problem. 

Orily t h e  Saldana w e l l  conta ined more methane than t h e  

A t i g h t e r  cooperat ion between l a b o r a t o r y  and f i e l d  s t u d i e s  
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APPENDICES 

A. Tables o f  experimental data. 

1. Original empirical data of aqueous methane solubility as determined 
in this study. 

2 .  Original empirical data for the solubility o f  methane in NaCl sol- 
utions at low temperature and pressure. 

3. Original empirical data for the solubility of methane and carbon 
dioxide at 302'F in aqueous NaCl solutions. 

Origin81 empirical data for the solubility o f  methane and ethane 
at 302 F in aqueous NaCl solutions at a salinity o f  107 g/liter. 

4. 

B. Gas chromatographic analysis conditions. 

C. Results o f  study o f  petroleum solubility in methane. 

Estimation of effect of C02 on methane solubility. D. 
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Table A-1 

A 
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED I N  THIS 

STUDY 
N U M B E R  

1 * 0  
2 * 0  
3 t O  
4 t O  
5 * 0  
6 t O  
7eO 
8 + 0  
9 t O  
10*0 
1 1 t o  
1 2 * 0  
1 3 + 0  
1 4 t O  
15*0 
1 6 * 0  
1 7 + 0  
1 8 + 0  
1 9 , O  
2 o t o  
2 1 * 0  
22 ,O 
2 3 , O  
2 4 + 0  
2 5 . 0  
2 6 + 0  
27 ,O  
28,O 
29eO 
3 0 4 0  
31 + O  
3 2 * 0  
33+0 
3 4 t O  
3 5 * 0  
3 6 + 0  
3 7 t O  
3 8 t O  
3 9  0‘ 
4 0 . 0  
4 1  + O  
4 2 t O  
4 3 e O  
4 4 + 0  
4 5 t O  
4 6 6 0  
4 7 t O  
4 8 * 0  
4 9 + 0  
s o t 0  

TDEGF 
212e.4 
2 1 2 + 4  
2 1 2 * 4  
2 1 1 4 1  
2 1 1 , l  
2 1 1 * 1  
2 1 1 * 1  
2 1 1 t 1  
2 1 2 + 4  
2 1 2 t 4  
2 1 2 + 4  
2 1 2 t 4  
212,o 
2 1 2 t o  
2 1 3 * 8  
2 1 3 t 8  
2 1 2 * 0  
2 1 2 * 0  
2 1 2 4 4  
2 1 2 b 4  
2 1 2 + 4  
2 1 2 t 4  
2 1 2 + 4  
2 1 2 + 4  
2 1 2 + 4  
2 1 3 + 4  
2 1 3 + 4  
2 1 3 . 4  
2 1 2 t 4  
2 1 2 t 4  
2 1 2 + 4  
2 1 2 e 4  
2 1 2 9 4  
2 1 2 6 4  
2 1 3 + 4 .  
2 13 t-4 
2 1 3 + 4  
2 1 2 + 9  
2 1 2 * 9  
2 1 2 + 9  
2 1 2 e 9  
2 1.2 t 9 
212  +.9 
.21 .2+4 
. 2 1 2 * 4  
2 1 2 * 0  
212,o 
212,o 
212,o 
2 1 2 * 0  

PSI 
2 2 3 6 4  9 
2 2 3 6 4  9 
22335 t 9 
1 9 1 0 1 . 5  
1 9 1 0 1 t 5  
1 9 1 0 1  t 5  
1 9 1 0 1 + 5  
1 9 1 0 1 + 9  
1 6 0 2 6  t 7 
1 6 0 2 6  t 7 
1 6 0 8 4 4 7  
1 6 0 8 4  + 7 
1 6 1 2 8 + 2  
16128 * 2 ,  
1 3 1 6 9 + 4  
1 3 1 6 9 * 4  
1 0 2 3 9 t 7  
1 0 2 3 9  t 7 

7 1 0 6 6 9  
5 0 0 3  t 8 
5 0 0 3  8 
3 5 2 4  4 
3 5 2 4  4 
2 1 7 5 , 6  
2 1 7 5 e 6  

2 2 5 3 8  t 9 
1 9 0 0 0  t 0 
1 9 0 0 0 * 0  
1 6 0 5 5  7 
1 6 0 5 5 * 7  
1 3 2 2 7 b 5  
1 3 2 2 7  5 

- 1 0 0 0 7 t 6  
1 0 0 0 7 t 6  

7 0 6 3  t 4 
5 1 0 5 + 3  
5 1 0 5 + 3  
3 6 4 0  t 5 
3 6 4 0  5 
2 1 4 6 * 6  
2 1 4 6 , 6  

’ 2 2 1 9 , l  
. ’  221PIl 

1 9 4 2 0 e 6  
1 9 4 2 0 e 6  
1 9 4 2 0  t 6 
1 9 4 2 0 , 6  
1 6 0 2 6 . 7  
1 3 1 1 1 , 4  
1 3 1 1 1 t 4  

SAL 
* o  
* o  
* o  
* o  
* o  
* o  
* o  
t o  
* o  
* o  
* o  
* o  
t o  
* o  
* o  
* o  
.o  
* o  
* o  
* o  
* o  
* o  
* e  
* o  
t o  

3 * 2  
3 * 2  
3 * 2  
3 . 2  
3 * 2  
3 + 2  
3 * 2  
3 * 2  
3 t 2  
3 * 2  
3 * 2  
3 * 2  
3 t 2  
3 * 2  
3 * 2  . 
3 * 2  
3 * 2  
3 * 2  

5 1 t 1  
5 1 t 1  
51*1 
51*1 
51*1 
51*1 
51*1 

SCF 
4548 
4 9 + 8  
52*5 
4 8 * 7  
4 7 * 7  
4 8 + 0  
4 9 + 8  
49,:  
4 3 t 4  
.43 * h 
4 5 , s  
4 3 * 2  
4 4 * 4  
4 5 * 2  
40 .9  
4 1  60 
3 4 1 4  
3 5 * 5  
30*5 
2 5 + 8  
2 4 t 3  
1 9 * 7  
1 8 . 7  
1 4 + 8  
1 5 , G  
4 8 , s  
4 7 * 9  
4 6 * 2  
4 2 . 2  
4 3 + 0  
3 9 . 1  
3 Q , 2  
3 3 + 8  
3 2 . 0  

-c 

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

’ 2011 
1 6 * 6  
13+7 
1 4 + 2 .  
15*1 
3 8 + 0  
3 5 * 3  
3 5 * 9  
3 7 + 6  
3 3 * 4  
3 2 * 3  
3 2 * 6  
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Table A-1 
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 

STUDY 

N U M B E R  
5140 
5 2 4 0  
5340 
54+0 
5 5 4 0  
5640 
5740 
5840 
59.0 
6040 
61.0 
6240 
6340 
6440 
65.0 
6640 
67.0 
68,O 
6940 
7040 
7140 
7240 
7340 
7440 
7540 
7640 
7740 
78.0 
7940 
8040 
81.0 
8249 
83,O 
8440 
85*0 
8640 
8740 
8840 
8 9 4 0 '  
9040 
9140 
9240 
93.0 
94+0 
9540  
96.0 
97.0 
9840 
9940 

l O Q * O  

TIlEGF 
21240 
2s 1 . 5 
211+5 
211.1 
211.1 
21240 
21240 
21240 
21240 
21348 
213+8 
21348 
212.0 
21240 
212to 
21240 
21240 
212.0 
212,9 
21249 
21244 
212.4 
21249 
21249 
21249 
21249 
2 1 2 A  
21249 
21240 
212.0 
21240 
212,o 
21249 
212 4.9 
2i2.9 
21249 
21244 
21244 
212.4 
21244 
21249 
21240 
21244 
212*4 
21240 
21240 
21145 
21145 
211.1 
21141 

I 

PSI 
13111.4 
10181 47 
10181.7 
7222 . 9 
7222 4 9 
50324 8 
5032 8 
3596 + 9 
3596 + 9 
1618642 
13213+0 
1321340 
22509 + 9 
22509 4 9 
22509 4 9 
22509 4 9 
223934 9 
22393 4 9 
19043,s 
1904345 
15359 5 
15359.5 
15272 4 5 
15272 4 5 
1324240 
1324240 
1290844 
1290844 
1018147 
10181 47 
10094.6 
10094 4 6 
716449 
7164.9 
7077 4 9 
7077 4 9 
516344 
5163.4 
511948 
511948 
3669 e 5 
3698 + 5 
3640 5 
3640 5 
2059 + 5 
2059 4 5 

21842.7 
2184247 
22103,8 
19087tO 

S A L  
5141 
5141 
5141 
51.1. 
51.1 
51.1 
51.1 
51*1 
5141 
10640 
10640 
10640 
106.5 
10645 
10645 
10645 
106+5 
106.5 
10645 
10645 
10645 
10645 
106.5 . 

10645 
106+5 
10645 
106,s 
10645 
10645 
10645 
106.5 
10645 
10645 
10645 
10645 
10645 
104.0 
10440 
10540 
10540 
10540 
10540 
105.0 
10540 
10540 
105.0 
16643 
166+3 
166.3 
166.3 

SCF 
32.9 
28.5 
2661 
23.9 
2441 
2046 
2047 
1740 
17.4 
28.7 
25.4 
2547 
34.4 
33+3 
34 4 1 
33t8 
34.6 
34.9 
3241 
31 47 
29.3 
3oto 
2 8 + 5  
2 9 . 4  
25.8 
2641 
26+3 
27t1 
2441 
2347 
21 + 8  
22t7 
2 0 . 6  
18.8 
19,6 
19.9 
1 8 * 2  
17,s 
15t8 
18*@ 
13.7 
14t3 
13t4 
1340 
9 * 7  
9tl 

2648 
2641 
27.3 
24.5 



Table A - 1  

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

A 

N U M B E R  
101,o 
102.0 
103.0 
104.0 
105.0 
106.0 
107.0 
108+0 
10960 
11040 
11140 
112.0 
11340 
11440 
11540 
1 1 6 4 0  
11760 
11840 
11940 
120.0 
12140 
12260 
12340 
124.0 
12540 
126.0  
127,O 
128.0 
12940 
13040 
131.0 
132.0 
133.0 
134.0 
135.0 
13640 
137.0 
138.0 
139.0 
140.0 
14140 
14240 
143.0 
14440 
14540 
14640 
14740 
14860 
1.t9.0. 
150.0 

TDEGF 
21141 
210+6 
211,s 
211.5 
211.5 
211.5 
211.5 
21145 
2 1 0 4 6  
210.6 
212.0 
21240 
21244 
212.4 
2 1 0 4 9  
209 8 
209 8 
2 0 9  + 8 
209+8 
211.5 
21145 
211*5 
21145 
21049 
210.9 
211.1 
211+1 
21 1 4 . 1  

211+1 
211.5 
211.5 
2114d 
21145 
211w5 
211.5 
21145 
21145 
21145 
21046 
21046 
211+1 
210.6 
21046 
210.6 
21046 
21046 
21062 
2 1 0 4 6  
2 1 0 4 6  
2 1,o 4 2 

c 

1 

PSI 
19087.0 
16157.2 
13314.5 
13314.5 
13198.5 
1319845 
13372 + 5 
1337245 
9993 e 1 
9993 1 
9833 6 
9833 e 6 
9935 + 1 
9935 + 1 
7208 4 
7106.9 
7106.9 
7106.9 
7106.9 
7034 + 3 
7034 3 
5018.3 
501843 
3205 4 3 
3205 + 3 
1914.5 
1914.5 
1972.5 
197245 

22466 4 
2 2 4 6 6 . 4  
22466 + 4 
22466.4 
22437 4 4 
2243744 
17462+6 
17462+6 
15345.0 
1551941 
1551941 
1630263 
16360.3 
16360 3 
13285t5 
13517.5 
13517,5 
9746 6 

10181 e7 
10181 + 7  
7280.9 

SAL 
166.3 
166.3 
166.3 
166+3 
163.5 
163.5 
163+5 
-1 63 6 5 
16446 
1 6 4 4 6  
163.5 
16345 
16345 
163.5 
16446 
163.5 
163,s 
163.5 
163.5 
163,s 
163.5 
163.5 
163.5 
163.5 
163.5 
163.5 
163.5 
163.5 
16345 
227 6 
227 + 6 
227 + 6 
227 + 6 
227 6 
227 6 
227 6 
227 6 
227 + 6 
22746 
L A -  ,737 * 6- 
227.6 
227 + 6 
22746 
227 + 6 
227+6 
227 + 6 
227 6 
227 6 
227 + 6 
225.1 

SCF 
24.4 
23.1 
2 0 . 3  
20.7 
2 2 6 6  
2 0 , s  
22.6 
21.3 
17.6 
18.1 
20.5 
1746 
17,s  
l9,8 
1 5 , 4  
17.3 
1 6 . 6  
17+0 
17.0 
1 6 4 4  
16,O 
1445 
1 4 . 5  

9 . 8  
0.7 
8.6 
8.5 
8.6 
8 . 6  
1740 
1 8 . 6  
20.9 
1?+6 
20+7 
19.4 
18.2 
18*1 
1 7 + 7  
1 8 . 4  
19.1 
16.9 
16.0 
l6.a 
14+7 
1441 
15.5 
13.0 
1242 
1347 
1 1 . 4  

73 



Table A-1 
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 

STUDY 

N U M B E R  
151,o 
152,o 
15340 
154eO 
155,o 
156,O 
157,O 
158+0 
159,O 
l60*0 
161eO 
1 6 2 + 0  
163,Q 
164,O 
1 6 5 + 0  
166*0 
167,O 
168.0 
169,Q 
17060 
171*0 
1 7 2 , o  
173+0 
174+0 
175+0 
176.0 
177+0 
178*0 
179,O 
180,O 
181+0 
182+0 
183+0 
184+0 
185*0 
186.0 
187,O 
1 8 8 + 0  
189+0 
19OeO 
191+0 
192+0 
193.0 
194+0 
195+0 
1 9 6 * 0  
197,O 
198+0 
199,O 
2 0 0 * 0  

TIIEGF 
21012 
210.6 
21012 
21016 
210+6 
21016 
2 1 0 + 6  
2 1 0 + 6  
2 1 0 + 6  
2 1 0 * 2  
2 1 0 * 2  
213+4 
212+9 
212+9 
212+9 
212+9 
212.9 
212.9 
212*9 
212+9 
212+9 
214+2 
214+2 
213.4 
213+4 
213+8 
213+8 
213+4 
213*4 
213+8 
213.8 
214+2 
214+2 
213w4 
213+4 
213+4 
213+4 
272 + 8 
272 + 8 
272 8 
272 8 
273 * 2 
273 * 2 
272 + 8 
272 8 
273 * 2 
273 * 2 
273 * 2 
273 2 
2 7 2  * 3 

PSI 
7280 9 
5047 3 
5366 + 4 
5395 * 4 
5395 4 
3596 9 
3596 + 9 
3596 + 9 
3567 9 
2117*6 
2117.6 

22219e8 
1 9 0 0 0 + 0  
19000*0 
19000 0 
19000+0 
19000*0 
15997*7 
15997+7 
13067e9 
13067+9 
13169+4 
13169*4 
13111*4 
13111*4 
10239+7 
10239+7 
7193*9 
7193+9 
517769 
5177.9 
3625 9 
3625 9 
2045 0 
2045 + 0 
2045 + 0 
2045 + 0 

22495 * 4 
22495 + 4 
19203 + 0 
19203 0 
19217,s 
19217.5 
16186e2 
16186+2 
13169+4 
13169e4 
10399 2 
10399 + 2 
10384+7 

S A L  
225,l 
225*1 
223 7 
223 * 7- 
223*7 
223.7 
223 + 7 
223 * 7 
223 7 
223*7 
223 7 
293 5 
293 * 5 
293.5 
293.5 
293 * 5 
293.5 
293 5 
293 * 5 
293,s 
293 * 5 
294+6 
294 + 6 
2 ? 4 + 6  
294 + 6 
294.6 
29446 
294+6 
294 6 
294 6 
294 + 6 
294 6 
294 6 
294 + 6 
294 6 
294 * 6 
294 6 

3 * 2  
3 * 2  
3.2 
3 * 2  
3;2 
3*2 
3 * 2  
3*2 
3.2 
3 * 2  
3 * 2  
3 * 2  
3.2 

SCF 
11*9 
12,o 
10,o 
8t6 
9.5 
8 + 1. 
8.4 

10,s 
8 + l  , 
6 * 5  
6 . 2  

1 2 + 4  
1 3 + 7  
1 4 . 3  
14.9 
1 3 . 9  
14+7 
lot4 
1362 
l l * l  
1 2 * 2  
1 0 + 7  
1 1 * 4  

12,s 
11*2 
l o , ?  

8 * 7  
? * 1  
7.7 
7 . 3  . 
5 * ?  
6 + 7  
5*1 
4 * 9  
4 , s  
4.9 

6 0 + 6  
60+4 
5 ? + 8  
53*3 
56*4 
56+4 
53+6 
49+0 
47 * 5 
49.3 
44+8 
40+6 
43.2 

i i , a  
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Table A-1 

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

A 
N U M B E R  
201 * 0 
202.0 
203+0 
204 + 0 
2 0 5 * 0  
206.0 
207.0 
208 0 
209 t 0 
2 1 0 , o  
211 ,o  
212*0 
213+0 
214.0 
2 1 5 . @  
216.0 
217,O. 
218.0 
21940 
220 . 0 
2 2 1  t o  
222 * 0 
223.0 
224 + 0 
225 * 0 
226 t 0 
227 0 
2 2 8  o 
229 0 
230 + 0 
231 e 0  
232 0 
233 * 0 
234 + 0 
2 3 5 . 0  
236 * 0 
237 t 0 
238 0 
239 + 0 
2412 + 0 
241+0 
242 4 0 
243*0 
244.0 
245,O 
245 0 
247,O 
248 + 0 
249+0 
250 0 

TDEGF 
272 * 3 
273.7 
272.8 
272.8 
273*2 
273*2 
274 + 1 
273*2 
273 . 7 
273 * 7 
273 * 2 
273*2 
274+1 
274 * 1 
275 + 0 
274 * 5 
274 * 5 
275 + 0 
275 0 
275 0 
274.5 
274 + 5 
272 + 8 
272 8 
272 + 0 
272 0 
272+8 
272 * a 
272 8 
272 8 
272 * 3 
272 * 3 
275.0 
275+0 
275 0 
275.0 
275 . 0 
275.0 
275 + 0 
275 0 
275 5 
273 * 2 
273 * 2 
274 * 5 
274 . 5 
274,s 
276 8 
276.8 
276 + 8 
276 . 8 

P S I  
10384e7 
7222.9 
7266 + 4 
7266 + 4 
7629 0 
762940 
5148e8 
5163e4 
5134+3 
5134.3 
3625 9 
3625 * 9 
2248 + 1 
2248 1 

16128.2 
16186+2 
16186+2 
13154e9 
13242.0 
13242eO 
10326.7 
10326 + 7 
io34 + 3 
7034 + 3 
7034+3 
7034 + 3 
5051 ,a 
5061.8 
3567 + 9 
3567 9 
2 0 1 6 * 0  
2016+0 
19014+5 
1901465 
16273*3 
16273+3 
16157.2 
16157+2 
16128.2 
16128+2 
13169+4 
1337245 
13372,s 
13096 6 9 
13096+9 
1325665 
13082+4 
13082+4 
10312.2 
10312.2 

SAL 
3*2 
3*2 
3*2 
3 * 2  
3*2 
3.2 
3 * 2  
3 * 2  
3.2 
3 * 2  
3 * 2  
3 * 2  
3.2 
3 * 2  

51.1 
51*1 
51*1 
51*1 
5 1 * 1  
51*1 
51*1 
51.1 
51.. 1 
51*1 
51,l 
51*1 
51*1 
5 1 * 1  
51*1 
5 1 * 1  
51.1 
51.1 
106,O 
106.0 
106+0 
106 +'O 
1 0 6 + 0  
106,O 
106,O 
106,O 
106,O 
106,Q 
106*0 
106+0 
106,O 
105,O 
106+0 
106+0 
10640 
106.0 

SCF 
40+6 
33*9 
33*0 
35.3 
35+8 
34+8 
30+6 
28+2 
28.6 
31*1 
23.5 
2 5 * 2  
18*4 
2 0 + 6  
48.9 
45*7 
4 6 * 2  
40.3 
41*3 
38.8 
35.9 
38.5 
2 9 * 4  
2 8 + 1  
28+F3 
29+8 
23+8 
2 3 . 9  
2 0 , o  
2 0 * 1  
1 3 * 2  
1 2 + 7  
3 6 , s  
3 6 + 8  
3 2  t 4 
3 1 + 9  
34.1 
37.2 
38,4 
37.9 
31+6 
29+6 
30+6 
29*9 
29*7 
3 2 * 2  
31 + 3  
31 + 9  
30.7 
3 0 . 2  
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A 

Table A-1 
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 

STUDY 

NUMBER 
2 5 1  * o  
2 5 2  6 0 
2 5 3  4 0 
254  0 
255 4 0 
25640 
2 5 7 4 0  
2 5 8 . 0  
259  + 0 
260  0 
2 6 1  0 
2 6 2  4 0 
2 6 3 + 0  
264 0 
265  + 0 
266  0 
2 6 7  4 0 
26840 
269,O 
2 7 0  + 0 
2 7 1  + O  
2 7 2 . 0  
273  * 0 
274 4 0 
2 7 5 t O  
2 7 6 4 0  
277  + 0 
2 7 8  0 
2 7 9 4 0  
2 8 0  + 0 
2 8 1  4 0 
282 0 
2 8 3 4 0  
284 0 
285  0 
286  4 0 
2 8 7 4 0  
2 8 8 4 0  
2 8 ? * 0  
2 9 0  4 0 
2 9 1  e0 
2 9 2 4 0  
2 9 3  4 0 
294  + 0 
2 9 5  0 
2 9 6  4 0 
2 9 7 + 0  
2 9 8  0 
2 9 9 4 0  
3 0 0 t O  

TUEGF 
274 + 1 
2 7 4 t 1  
274 ,s  
274,s 
274  4 5 
2 7 4 + 1  
274 4 1 
2 7 4 4 1  
2 7 4 4 1  
2 7 5 * ?  
276  4 
276  4 4 
276  4 8 
276  8 
277  0 
277  0 
277  * 2 
277  4 2 
276  8 
2 7 7  * 2 
2 7 7 . 2  
277  * 2 
2 7 7 . 2  
277,2 
276  + 8 
276  4 8 
276  4 8 
2 7 6 t 8  
277  4 0 
277  + 0 
2 7 7  0 
2 7 7  4 0 
271 + O  
2 7 1  40 
275 0 
2 7 5  4 0 
275  + 0 
2 7 5  4 0 
275  4 0 
275 6 0 
275  + 0 
2 7 5  0 
2 7 5  + 0 
2 7 5 + 0  
2 7 5  9 
275  5 
2 7 5 4 0  
275  4 0 
2 7 5  4 9 
2 7 5 * 0  

PSI 
7 2 2 2  9 
7222 .9  
7 4 2 5 4 9  
7925.9 
5279.4 
3 5 9 6  4 9 
3 5 9 6 + ?  
3 6 2 5  9 
3 6 2 5 4 9  

1 9 0 4 3  + 5 
1 9 1 3 0 + 5  
1 9 1 3 0 4 5  
15939 .7  

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

1 3 0 2 4 + 4  
1 3 1 5 4 4 9  
1 3 1 5 4 4 9  
1 3 1 2 5 + 9  

7 0 1 9 4 8  
7 0 6 3  + 4 
7 0 6 3  4 4 
5 0 1 8 * 3  
5 0 1 8 4 3  
5 1 4 8 4 8  
5 1 4 8 4 8  
5 1 4 8 * 8  
3 6 8 4  4 0 
3 3 6 4  + 9 
3 3 6 4  + 9 
2016.0 

2016,O 
2 0 1 6 * 0  

2 2 5 3 8 *  9 
2 2 2 7 7  4 8 
22350 4 
2 2 4 3 7 4 4  
1 9 0 2 9 4 0  
1 9 2 0 3  4 0 
1 9 2 0 3  0 
1 6 1 5 7 + 2  
1 6 1 5 7 t 2  
1 3 2 2 7 + 5  
1 2 5 5 0  4 4 
1 3 0 2 4 + 4  

2 0 1 6 4 0  

2 2 5 3 8  4 9 

13024  . 4 

1 0 1 8 1  ,7 
1 0 2 1 0 4 7  

SAL 
10640 
10.6 4 0 
1 0 6 t O  
10640 
1 0 6 + 0  
1 0 6 4 0  
1 0 6 4 0  
1 0 6 4 0  
106.0  
105,o 
105,o 
105,o 
1 0 5 4 0  
105 .0  
1 0 5 . 0  
10540 
10540 
1 0 5 * 0  
1 0 5 4 0  
1 0 7 4 0  
1 0 7 4 0  
1 0 7 . 0  
1 0 7 . 0  
10740  
1 0 7 4 0  
1 0 7 + 0  
1 0 7 + 0  
107,O 
1 0 7 + 0  
1 0 7 4 0  
106.8 
1 0 6 4 8  
106 .8  
1 0 6 4 8  
1 6 3 4 5  
1 6 3 4 5  
1 6 1 4 7  
1 6 1 + 7  
1 6 1 4 7  
161,7 
1 6 1 4 7  
1 6 1 4 7  
1 6 0 t 7  
1 6 0 4 7  
163,s 
1 6 0 4 7  
1 6 0 4 7  
1 6 0 4 7  
1 6 3 4 5  
1 6 3 6 5  

SCF 
2542  
2540  
2549 
2 6 + 7 .  
1 9 + 0  
1 6 4 7  
1 5 t 4  
1 7 . 1  
1 6 4 0  
3 6 . 7  
3 7 * 2  
3 6 * 7  
3 3 . 9  
3 5 . 1  
2 7 . 5  
2 ? * 7  
3 0 , s  
2 9 , s  
3 0 * 1  
2 2 * 7  
2 4 + 4  
2 2 t 8  
1 9 t 4  
1 9 + 7  
20 .8  
2 0 . 7  
20,7 
1 5 * 5  
1 5 . 8  
1 6 + i  
1 1 . 2  
11 .2  
10,7 
1 0 . 2  
3 5 , 7  
34.8 
3 4 t o  
3 6 . 0  
35 .6  
3 4 * 4  
31 .2  
32,O 
3 1 4 0  
32 .7  
26.0 
2 7 , s  
2 9 . i  
27 .9  
24.8 
24 .4  
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Table A-1 

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

N U M B E R  
3 0 1  e 0  
3 0 2  0 
3 0 3  0 
3 0 4  0 
305 + 0 
306,O 
307,O 
3 0 8  0 
3 0 9  0 
310,o  
3 1 1 + 0  
312,O 
313,O 
3 1 4 . 0  
315.0 
3 1 6 * 0  
3 1 7 * 0  
3 1 8 * 0  
319,O 
320,O 
3 2 1  e 0  
3 2 2 . 0  
3 2 3  * 0 
324  6 0 
3 2 5  * 0 
326  t 0 
3 2 7  . 0 
3 2 8  0 
3 2 9  + 0 
3 3 0  + 0 
3 3 1  e0 
3 3 2  + 0 
3 3 3  0 
3 3 4  0 
3 3 5  t 0 
3 3 6  t 0 
3 3 7  0 
3 3 8  0 
3 3 9  + 0 
3 4 0  0 
3 4 1  * O  
3 4 2  + 0 
343,O 
344,O 
3 4 5 + 0  
3 4 6  + 0 
3 4 7  0 
3 4 8  + 0 
349,O 
3 5 0  0 

TriEGF 
2 7 5  + 0 
275  5 
2 7 5  5 
2 7 5 + 0  
2 7 5  0 
275  * 5 
275  5 
275.5 
2 7 5  t 0 
274.5 
274,s  
275  0 
2 7 5  + 0 
274  5 
2 7 4 , s  
2 7 5  + 0 
2 7 5  0 
275  + 0 
274 ,s  
273  . 7 
2 7 3  * 7 
273.7 
273 7 
273  . 7 
2 7 3 * 7  
273  * 7 
2 7 3 * 7  
273  7 
2 7 3 4 7  
2 7 3 * 7  
273.7  
273  * 7 
2 7 3  * 7 
273  i 7 
2 7 3 * 7  
273 4 7 
2 7 2 * 3  
2 7 2  3 
2 7 3 * 7  
273  2 
2 7 3 * 2  
273  7 
2 7 3 * 7  
2 7 3  . 7 
273  7 
273 * 7 
273  * 7 
273  * 7 
275 . 9 
275  * 9 

FSI 
1 0 1 8 1  e7 
1 0 1 5 2 + 7  
1 0 1 5 2 . 7  

7 1 3 5 * 9  
7 1 3 5 + 9  
5 1 6 3 + 4  
5 0 9 0  8 
5 0 9 0  + 8 
3 5 6 7  9 
3625  9 
3 6 5 5  0 
2146.6 
214666  
2291.6 
2291,b 

19087,O 
19087,O 
19232,O 
19174 .0  
1 9 0 7 2  5 
1 9 0 7 2 e 5  
19072 .5  
1 9 0 7 2 + 5  
16041 .2  
1 6 0 7 0 b 2  
1 6 0 7 0 + 2  
13024 .4  
1 3 0 2 4  4 
1 0 0 6 5  6 
1 0 0 6 5 + 6  
10080.1 
1 0 0 8 0 t 1  
1 0 0 9 4 + 6  
101096 1 
1.0109 1 

7135.9 
7 1 9 3 * 9  
7 1 9 3 4 9  
4 8 7 3  3 

- 4 9 3 1 . 3  
4 9 3 1  * 3  
3 5 9 6 + 9  
3 5 9 6  9 
2.1 7 5  + 6 
2 1 7 5 4 6  
2175.6 
2 1 6 1  1 
2 1 6 1  + 1 

2 2 6 4 0  + 4 
2 2 6 4 0  + 4 

S A L  
163 ,s  
1 6 0 4 7  
1 6 0 + 7  
16017 
1 6 0 e 7  
1 6 0 1 3  
1 6 0 + 3  
160.3 
1 5 9 + 7  
1 6 3 * 9  
163.9 
1 6 3 * 9  
1 6 3 * 9  
1 6 3 * 9  
1 6 3 + 9  
2 2 4 * 3  
224  + 3 
224  . 3 
2 2 4 * 3  
227 8 
2 2 7  8 
227 + 6 
2 2 7 , 6  
227 * 1 
225 7 
225 * 7 
2 2 5 * 4  
225.4 
2 2 3  + 7 
223.7 
22.2 . 6 
222 + 6 
2 2 1 + 3  
2 1 9 4 9  
219e9  
218t6 
2 2 4 * 3  
2 2 4 * 3  
224  3 
224.3 
224  * 3 
223  . 7 
2 2 3  * 7 
223 * 2 
222.. 4 
222 6 
2 2 2  + 6 
222 + 6 
295 * 2 
2 9 5 + 1  

SCF 
2 7 + 1  
2 7 * 2  
24.0 
1 9 + 2 -  

. 1 9 + 2  
1 6 + 3  
1 5 * 9  
1 5 + 8  
12t3 
1 2 . 4  
1 5 + 6  

9.4 
8 . 7  
8 . 6  

1 0 . 6  
2 4 * 5  
24.6 
2 2 * 5  
23.6 
2 3 . 5  
2 2 . 1  
2 2 . 1  
24.1 
2 2 * 4  
2 3 + 8  
2 3 * 2  
1 9 . 5  
21 .6  
21.4 
2 2 + 0  
2 0 . 9  
1 8 , 9  
2 2  t2 
1 8 + 9  
1 8 + 9  
1 6 + 4  
1 5 + 9  
14 .6  
1 4 . 2  
1 2 + 4  
1 2 * 1  

9 * 1  
9 * 5  
7 + 1  
9 * 0  
8 + 4  
7.2 
6 . 9  

2 1 + 6  
21  t6 

77 



Table A-1 

A 

ORIGINAL EMPIRICAL 

N U M B E R  
351 + O  
352tO 
353+0 
354 t 0 
355 t 0 
356 t 0 
357 + 0 
358+0 
359 + 0 
360 t 0 
361 60 
362 e 0 
363 + 0 
364 t 0 
365 + 0 
366 + 0 
367 t 0 
36840 
369 + 0 
370 + 0 
371+0 
372 0 
373 * 0 
374+0 
375 + 0 
376tO 
377 + 0 
378 t 0 
379 t 0 
380+0 
381 + O  
382 + 0 
383 t 0 
384 t 0 - 
385 t 0 
386 t 0 
387 0 
388tO 
389+0 
390 t 0 
391tO 
39240 
393 0 
394 + 0 
395 + 0 
396 t 0 
39760 
398 + 0 
399 + 0 
400 + 0 

DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

T D E G F  
275t9 
275 9 
275 t 9 
275 t 9 
277 3 
277t3 
277 t 7 
277 * 7 
276+8 
276 + 8 
276+4 
276+4 
276+8 
276 + 8 
335 * 1 
335+1 
335 t 8 
335t8 
335 + 8 
335 t 8 
335 + 8 
336+2 
336 + 2 
336 + 2 
336 t 2 
336 + 2 
336 + 2 
335 8 
335 t 8 
335 + 8 
336 t 6 
336 t 6 
336 + 6 
335 + 8 
336 + 2 
337 * 5 
337 5 
33642 
336 t 2 
336+2 
336 + 2 
340+3 
340 t 3 
340 t 3 
340t3 
34040 
340 t 0 
340+7 
340 + 7 
340 + 0 

PSI 
19217+5 
19217+5 
16273+3 
16273t3 
13067+9 
13067t9 
10167+2 
10167+2 
7150+4 
7150*4 
5163t4 
5163t4 
2262 + 6 
2262 6 

22538+9 
22538 + 9 
22277 + 8 
22277 t 8 
21842+7 
22596 + 9 
2 2 5 9 6  + 9 
2 2 8 0 0 + 0  
22771 t0 
22771 + O  
18332 t 8 
18332t8 
17926 + 7 
19217t5 
16360 + 3 
16360+3 
13169+4 
13169+4 
1 0 2 2 5 * 2  
10268+7 
10167t2 
5076.3 
5076 + 3 
3625+9 ' 
3625 t 9 

, 3640+5 
3640 t 5 
18347.3 
18347+3 
17984 t 7 
17984 + 7 
15649+6 
15649 + 6 
12821+4 
12821 + 4  
9775 + 6 

S A L  
295 e 1 
,295 t 1 
294t4 
294 0.4 
293 t 6 
293 6 
293+0 
293 + 0 
292 + 1 
292+1 
291,s 
291,s 
2 8 6 + 0  
286 + 0 

3 + 0  
3tO 
3 + 0  
3 + 0  
3 + 0  
3 + 0  
3 . 0  
3 + 0  
3 + 0  
3.0 
340 
3 + 0  
310 
3tO 
3 + 0  
3 + 0  
3.0 
3 + 0  
3 + 0  
3tO 
3.0 
3tO 
3 * 0  
3+1 
3+1 
3+1 
3+1 

5ltl 
5ltl 
51t1 
51.1 
51to 
51to 
50+7 
50+7 
50+4 

SCF 
19+3 
1 ? * 1  
18t9 
1 7 + 7 -  
15t6 
15t2 
13t8 
14tO 
1 1  + 6  
11+4 
9.5 
9.4 
6 + 3  
5 + 8  

80+9 
91,s 
89+Y 
82+9 
89+4 
8 0 + 6  
85+9 
8 3 . 6  
9 4 . 8  
92*9 
8 0 . 2  
8 5 + 8  
e7t4 
84t7 
73.0 

7 2 + 8  
71t4 
59*2 
5846 
63+3 
4 6 + 3  
44+9 
31t8 
3 2 , s  
35*3 
37*4 
63t7 
63+0 
63+4 
6 6 + 2  
60+6 
6 2 + 0  

78+8 

53,O 
56+1 
49*5 

78 



Table A - 1  

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

N U M B E R  
401.0 
40240 
403,O 
404 0 
40540 
406,O 
407 0 
408.0 
409 4 0 
410.0 
411.0 
412.0 
413eO 
414.0 
41540 
41640 
41740 
418,O 
41940 
42040 
421 4 0 
422.0 
423 + 0 
424.0 
42540  
42640 
427,O 
428 4 0 
429 0 
430 + Q 
43160 
432 4 0 
433.0 
434 4 0 
435 0 
436.0 
43740 
438 + 0 
439 0 
44040 
44140 
44240 
443 4 0 
444.0 
445 4 0 
446 4 0 
44740 
448.0 
449 + 0 
45040 

T D E G F  
34040 
340 e 0 
340 4 0 
33941 
33?*1 
339.1 
338.9 
338b9 
339 * 3 
33943 
339.4 
339 e 8 
339 + 8 
3 3 9  + 8 
33948 
339.8 
339 + 8 
339 4 8 
33918 
339 4 8 
339t8 
338 4 4 
338.4 
339 4 8 
339+8 
339 4 8 
339 4 8 
339.8 
339 4 8 
3 3 9  8 
33948 
339 8 
339 8 
339.8 
339 4 8 
3 3 9 ~ 1  
339 + 8 
339 8 
339t8 
339+8 
33948 
339 4 8 
339 + 8 
338 4 0 
338 4 0 
338 4 0 
338 0 
338 4 4 
330 +.4 
336 * 2 

PSI 
9775 4 6 
6773 + 3 
6773 + 3 
4800 o 8 
480048 
4800 4 8 
3553 4 4 
3553 4 4 
1958,O 
195840 

19043.5 
1907245 
1907245 
16157,2 
16157+2 
16026  4 7 
16026 + 7 
1602647 
1602647 
13024 4 
13024+4 
13024e4 
13024 4 
10007 4 6 
10007+6 
10036 4 6 
7048 4 8 
7019.8 
7019.8 
6990 4 8 
6990 + 8 
504743 
5047 e 3 
5250+4 
5250 4 4 
3553 4 4 
3553 4 4 
3567 9 
3567 4 9 
,2001 t5 
200145 
2001 e5 
2001.5 

2 2 5 6 7  4 9 
2256749 
22582 4 4 
22582 4 4 
1907245 
19072 + 5 
1609942 

S A L  
50.4 
50*0 
5040  
494-7 
4947 
4947 
49.5 
4945 
49.5 
4945 
104.6 
1 0 4 . 6  
104.6 
104.6 
10446 
104.6 
10446 
10446 
104.6 
10446 
104e6 
104.6 
104.6 
1 0 6 4 0  
IO6 0 
106.0 
106.0 
106.0 
1 0 6 4 0  
106 .0  
106.0 
106.0 
106.0 
10640 
106.0 
106.0 
10640 
10440 
lG4.0 
104.0 
104+0 
10440 
10440 
163+9 
163.9 
16241 
162.1 
163.4 . 
16344 
1 5 9 . 5  

S C F  
45.2 

. 3 8 * 2  
4041 
35,s- 
33.2 
33*4 
27*4 
28.2 
18t8 
18 .0  
46.9 
51.5 
52.4 
46.8 
45+6 
45.8 
44*9 
4 7 . 6  
4746 
4@*7 
41.7 
41,7 
4 3 . 3  
37.8 
3 9 . 0  
3 6 4 4  
29,6 
28.7 
29.8 
2942 
29tQ 
2442 
2 5 . 9  
25.6 
23.9 
21.1 
19t6 
22.5 
20.0 
1742 
16+7 
13.9 
15.6 
4 6 4 3  
45t6 
4640 
44.4 
42.1 
41*0 
3 9 . a  

79 



Table A - 1  

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 

N U M B E R  
45160 
452 + 0 
453+0 
454 0 
455*0 
456 0 
457 0 
458+0 
459*0 
460,O 
461+0 
462 0 
463 0 
464eO 
465+0 
466 + 0 
467+0 
468 0 
469+0 
470,O 
471.0 
472+0 
473 4 0 
474,O 
475;O 
476,O 
477,o 
478,O 
479,O 
480 + 0 
481+0 
482 0 
483*0 
484 0 
485 0 
486+0 
487eO 
488 0 
489+0 
490 0 
491+0 
492 0 
493+0 
494+0 
495 0 
496 * 0 
45'7 0 
498+0 
499 4 0 
500 0 

TLIEGF 
336 + 2 
338 + 4 
338 4 
336 2 
336 2 
336 2 
336 2 
336 + 2 
336 2 
336 2 
336 + 2 
337 + 1 
337 6 
337 + 6 
338 + 4 
338*4 
338 4 
338+4 
338*0 
33840 
337 * 6 
338 + 0 
338 + 0 
338 * 0 
338+0 
338 e 0 
337 + 6 
338 + 4 
338*4 
335 8 
338 + 0 
338 0 .  
338 0 
3 3 8 ~ 0  
338 + 0 
338 4 0 
338 0 
338 + 4 
338 4 
338 0 
338 0 
339 8 
338 + 0 
33840 
338*0 
338 0 
338 + 0 
338 + 0 
338 + 0 
338 4 0 

STUDY 

PSI 
16099e2 
13096+9 
13096+9 
10297+7 
10297+7 
7164*9 
7164*9 
5105+3 
510543 
3553 4 
3553 4 
2059 e 5 
2016*0 
201640 

22538 + 9 
22538 9 
22335 9 
22335 9 
19087 + 0 
19087,O 
16026+7 
16070 + 2 
16070+2 
13082 * 4 
13096 9 
13096 9 
10065e6 
10051 * 1  
10051 1 
7034 + 3 
7 0 9 2 * 4  
7092 4 
5177*? 
5032 e 8 
5032 + 8 
3625 + 9 
3625 + 9 
2262 e 6 
2277 1 

22480 + 9 
22480 9 
21552+6 
19232 0 
19232,O 
16258 8 
16258+8 
13256 * 5 
13256 5 
13256 + 5 
13256 4 5 

80 

SAL 
159*8 
157+8 
1!57+8 
159+5 
159.5 
159,s 
159,s 
159,s 
15995 
15945 
159,s 
15945 
159+5 
159*5 
224.3 
224.3 
224,3 
224*3 
223 7 
223*7 
223 * 5 
223 * 5 
223 * 5 
223 7 
223 * 7 
223 7 
223 5 
223 5 
223 5 
220+4 
220 t 4 
22044 
226 5 
226 5 
226 5 
220+4 
220+4 
226,s 
226 5 
289 9 
289 9 
289 + 9 
287 2 
287 2 
294.5 
284 5 
283 0 
283,l 
283 1 
283 + 1 

SCF 
41*8 
32*9 
33,l 
29+8. 
27*5 
2 6 + 8  
26+3 
21+7 
21,5 
1741 
17,h 
13+2 
1244 
12+4 
38*2 
37+6 
39+0 
39*2 
34*3 
31+9 
30+1 
2?,4  
3145 
2841 
2 ? , 0  
39*4 
2343 
23*3 
2344 
19.4 
2 1 * 2  
2 0 e 7  
1542 
1446 
1 5 * 1  
1 2 * 9  
1169 
9 + 6  
9,s 

29*3 
2 8 , s  
29+1 
2 6 . 9  
27,i 
26+3 
2 5 * 2  
23+1 
21 * 4  
21+7 
2 2 * 5  



Table A - 1  

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

n 

NUMEER 
501 40 
502 0 
503 0 
504 e 0 
505 0 
506 0 
507 0 
508 0 
509 + 0 
51040 
511,o 
512.0 
513,O 
514+0 
515.0 
516,O 
5 1 7 * 0  
518.0 
519,O 
5 2 0 , o  
521.0 
522 . 0 
523 0 
524 0 
525 4 0 
526 + 0 
527,O 
528 0 
5 2 9  * 0 
530 0 
531 40 
532 0 
533 0 
534 0 
535 0 
536 + 0 
537 0 
53840 
539 0 
540 0 

I 54140 
542+0 
54340 
544 0 
54540 
54640 
5 4 7 4 0  
548,O 
549,O 
5 5 0 . 0  

4 

TKIEGF 
338*9 
338.9 
339*4 
33944 
339 4 4 
339 4 4 
338*9 
338 9 
401 40 
4.0145 
401 45 
401 e5 
40145 
400 5 
400 5 
40149 
401 +9 
40149 
401 *9 
401.9 
401 45 
401+2 
400*8 
400 8 
39848 
3.98 8 
398 3 
398 3 
398 1 
398 + 1 
397 2 
397 4 2 
40149 
401 4.9 
401 4 5  
40145 
401,s 
40145 
401 e 5  
401.5 
401 + 5  
401*5 
401.5 
40149 
401 +9 
402+3 
401+0 
401 * O  
401+0 
401.0 

PSI 
1021017 
1021017 
7251 + 9 
7251e9 
516344 
5163+4 
3538 9 
3538 * 9 

22451 + 9  
22742,O 
22742 4 0 
1940641 
19406,l 
19319+1 
19319 1 
16418e3 
16360.3 
16360*3 
13140*4 
1314044 
10355*7 
1026847 
10326 7 
10326 4 7  

7309 9 
7309 * 9 
5206 9 
5206 + 9 
3655eO 
3655 + 0 
2 0 5 9  5 
2059 5 
19246,s 
19377+ 1 
19522 1 
1952241 
16070 2 
16244 3 
16244 3 
13227.5 
13227 5 
9978 * 6 
9978 6 
719349 
7193+9 
7513.0 
4073 3 
491648 
4960 + 3 
4960 + 3 

SAL 
283 1 
283+1 
283 1 
283+1 
282.1 
282.1 
282 + 1 
282*1 

3.1 
3.5 
3.5 
3 * 5  
3 * 5  
3.5 
3.5 
3 * 5  
3.5 
345 
3*5 
345 
345 
3.5 
345 
3.5 
345 
3.5 
3,s 
345 
3 * 5  
3 * 5  
3.5 
3 * 5  

49+8 
4944 
4943 
49.3 
4942 
49+0 
4 9 , O  
49.0 
4940 
49,O 
49+0 
48.8 
48*8 
4848 
46+8 
46+a 
46.8 
46+8 

SCF 
20.2 
19*3 
15*0 
1547 
12.9' 
13*6 
1045 
1018 

1 2 5 * 1  
122.6 
125*9 
114+4 
123t7 
119t4 
1 2 2 t o  
108,l 
114,9 
1 1 1 e 6  
96.3 
98+5 
86tO 
?1 .5  
87,4  
85.0 
79t2 
8040 
5 6 . 8  
56 .6  
43.6 
43.8 
36.8 
33.1 
96.7 
96+1 
92.5 
93*5 

94*9 
91 e 0  
90.6 
84+6 
7 5 * 4  
7349 
53*6 
5 5 4 6  
57+6 
47*7 
51 t o  

52.8 
5341 

a7,3 

81 



Table A - 1  

n 

n 

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

NUMBER 
Jdl.0 
952 4 0 
553 0 
ad4 0 
555 4 0 
556 0 
557 + 0 
~ ~ 8 4 0  
559 4 0 
560,O 
561,O 
5 6 2 + 0  
563 4 0 
564 0 
565 4 0 
566 + 0 
56740 
56840 
56940 
570 + 0 
571+0 
572,O 
573+0 
574 * 0 
57540 
576 + 0 
577 4 0 
578 4 0 
579 e 0 
580 4 0 
581+0 
58240 
583 4 0 
584 4 0 
585 0 
586 + 0 
58740 
588 0 
589 4 0 
59040 
591 * o  
59240 
593 0 
594 4 0 
59540 
596 4 0 
59740 
598 4 0 
5 9 9  0 
600 4 0 

I== 

cc 

CE: 

TDEGF 
401 44 
40144 
40144 
401 64 
404 4 6 
404 6 
404 6 
40446 
404 6 
404 + 6 
404 + 6 
404 + 6 
404 2 
403*7 
404t2 
404 4 2 
404 4 2 
404 4 2 
404 2 
404 4 2 
404 2 
404 + 2 
40442 
404*2 
402 + 4 
402+4 
401 49 
40149 
401 49 
402*4 
402 + 4 
402 4 
402 4 
401 4.9 
40149 
401+9 
402 4 4 
402 4 4 
402 4 4 
402 4 
40244 
402 t 4 
401 49 
401 49 
398 4 8 
398*8 
398 8 
39942 
398 8 
398+8 

PSI 
3553 4 
3553 * 4 
2161 4 1 ,  
2161 1 

22277.8 
22277 8 
22292 3 
22292 4 3 
18854 4 9 
1885449 
15968 7 
15968+7 
1296644 ' 

1295149 ' 

1012347 
1012347 
7005 4 3 
7005 3 
5076 3 
5076 4 3 
3567 e 9 
3567 4 9 
2074 4 0 
2074 0 

22480 4 9 
22480 4 9 
1921745 
1908740 
19087*0 
1563541 
15635+1 
1316944 
13169*4 
1306749 
13067+9 
10384e7 
1042842 
1042862 
-7092 4 4 
7092 4 4 

* 4989*3 
4989 + 3 
35094 9 
3509 9 

22683 + 9 
22567 4 9  
22567 9 
22451 49 
2221948 
2221948 

SAL 
46*3 
4643 
4643 
4643 
16147 
16147 
161 47 
16147 
161+7 
161 + 7  
16147 
161+7 
161 47 
161 + 7  
161+7 
16147 
16147 
161.7 
161*7 
16147 
161 + 7  
161+7 
161+7 
16147 
22140 
221.0 
221 * o  
21640 
216bO 
21246 
212.6 
212t3 
212.3 
21145 
21145 
21947 
21846 
218+6 
21640 
21640 
211,s 
21145 
207 0 
207,O 
281+7 
281 + 7  
281+7 
281+7 
281 e7 
281 4 7  

SCF 
41;O 
43*0 
2742 
27+8- 
5946 
6045 
6068 
6142 
57.4 
58+3 
55+1 
5 2 . 9  
52*1 
49.3 
45,3 
4347 
38+7 
37*2 
3149 
35*2 
2544 
2 5 , O  
19 ,'5 
17+2 
47+4 
5044 
47,o 
46+? 
46.1 
42,2 
45.9 
35t8 
36+4 
36.4 
37+0 
34*7 
36*1 
36+0 
2841 
25*1 
23+0 
2 0 + 6  
1749 
1744 
4444 
41 e 2  
41 + 6  
42+6 
4449 
46+0 

82 



Table A-1 

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

N U M E E R  
601+0 
60240 
603 0 
604 0 
605 + 0 
606 4 0 
607 e 0 
608 0 
609 + 0 
6 1 0 * 0  
611+0 
612.0 
613tO 
614*@ 
615+0 
6 1 6 + 0  
617.0 
618,O 
619*0 
62040 
621*0 
622 0 
623 . 0 
624.0 
6 2 5 + 0  
6 2 6 + 0  
627 0 
628+0 
629 0 
630tO 
631.0 
632 .O 
63340 
634 * 0 
635*0 
636 + 0 
637+@ 
638+0 
639 0 
640.0 
64140 
642,O 
643 0 
64440 
645.0 
6 4 6 * 0  
647.0 
648+0 
64960 
650 + 0 

TIIEGF 
398t8 
398 + 8 
399*2 
399 * 2 
399+2 
399 * 2 
398 8 
398 8 
398 + 3 
398 + 3 
398 + 3 
398+3 
398 + 3 
398 8 
398 4 8 
398 * 3 
398 + 3 
462+2 
462+2 
462 2 
462 2 
462 * 2 
462 + 2 
462+2 
4 6 2 6 2  
462*2 
462t2 
462 t 2 
462 + 2 
462.2 
462 + 2 
462t2 
4 6 2 * 2  
462 e . 2  
462 2 
462+2 
4 6 2 + 2  
460 + 4 
460 4 
460 + 4 
460 + 4 
460 + 4 
46148 
461+8 
462.2 
462 + 2 
461 +3 
461 + 3  
461 t8 
461 + 8  

1 

PSI 
22596 + 9 
22596 + 9 
19362 + 6 
19362+6 
16273+3 
16273.3 
131983 
13198,s 
10268+7 
10268 t 7 
7106+9 
5163*4 
5163b4 
5453 * 4 
5453 4 
3684 e 0  
3684 4 0 
18942,O 
19145.0 
19145+0 
19217,s 
15968t7 
15968 + 7 
1332940 
13329+0 
13575 6 
14213e7 
14503 + 8 
14503e8 
9572 t 5 
9572 5 
7396 t 9 
7396 9 
501843 
5221 + 4 
5308 + 4 
5308 + 4 
3567 4 9 
3567 9 
2030 5 
2030 4 5 
2045+0 
19203 0 
1920340 
16171 +7 
16171+7 
13169*4 
13169+4 
9964 + 1 
9964 1 

SAL 
281 47 
281 +7 
281 e 7  
281 e 2 1  

281+7 
281+7 
281+7 
281*7 
273 * 7 
273.7 
273 7 
255 + 8 
255.8 
24?+1 
249.1 
243+6 
243+6 
47*7 
47+6 
47.6 
47,s 
47.4 
47*4 
46+3 
46*3 
46.1 
45*8 
45+8 
45+8 
45+8 
45.8 
45*3 
45*3 
4541 
4440 
43*7 
43*7 
43.7 
43*7 
43*2 
43*2 
43*2 
158+4 
158.4 
158+4 
158*4 
158+4 
158+4 
161 + ?  
161t9 

S C F  
42*9 
44*7 
38+4 
4147 
3844 
35*7 
33+1 
32.7 
2 9 t 6  
2 9 t 3  
24*1 
1844 
17+1 
19.3 
19.2 
15.2 
14+3 

135+2 
15@,3 
141 + 3  
137+7 
126+6 
122.0 
127.1 
124.6 
107.3 
118*9 
117+8 
119+4 
101.5 
101.0 
92+4 
84.7 
74*7 
67+6 
67.8 
6 7 + 9  
62+3 
54.0 
41t4 
37+0 
35+1 
78t7 
78+2 
74*2 
74.4 
6 5 + 9  
69e7 
58+1 
57.7 

a3 



Tab1 e A-S 

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS 
STUDY 

N U M B E R  
651 + O  
652 . 0 
653 + 0 
654 + 0 
655 + 0 
656 + 0 
657 + 0 
658 e 0 
659 0 
660tO 
661.0 
662 0 
663 0 
664 + 0 
465 0 
666 0 
667 0 
668+0 
669 + 0 
670 + 0 

TDEGF 
461 e 8  
461.8 
459 . 5 
459.5 
461.8 
461.8 
461.8 
461.8 
462t2 
462t2 
464 0 
464.0 , 

464 + 0 
464 0 
464 + 0 
464tO 
464 0 
464 + 0 
464 + 0 
464.0 

PSI 
7077 9 
7077t9 
5003 + 8 
5003 + 8 
3509  + 9 
35094 9 
3451.9 
3451 * ?  
19232 + 0 
19232 t 0 
1633 l'+ 3 
i633i.3 
15867.2 
15867 + 2 
13140e4 
13140.4 
13256 + 5 
13256 5 
10297 + 7 
10297.7 

SAL 
161+9 
161.9 
161.9 
161 +9 
161+9 
161.9 
161 t9 
161+9 
253 + 8 
253 + 8 
253 t 2 
253 2 
250 + 4 
250 4 4 
248.3 
248t3 
243 + 6 
243+6 
229 . 4 
229t4 

S C F  
47+0 
44.2 
42.8 
43t1- 
31t7 
32.5 
32.0 
31.7 
5?*4 
58.4 
52.7 
59.7 
54.2 
52.4 
51.8 
52.8 
5049 
51 t o  

44.0 
42.7 

Temerature in OF. 
Psi is absolute 
Salinity i n  grams/liter. 
SCF at 25OC (77OF) 

A 

84 



Table A-2 E m p i r i c a l  d a t a  f o r  t h e  s o l u b i l i t y  o f  methane i n  NaCl 
s o l u t i o n s  a t  low temperature and pressure  

NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

TDEGF 

75-0 
75.0 
75.0 
74.0 
74.0 
74.5 
74.5 
75.0 
74.5 
74.5 
74.5 
74.5 
74.0 
74.0 
74.0 
124.5 
124.5 
124.5 
124.5 
124.5 
124.5 
124.0 
124.0 
124.0 
124.0 
120.0 
120.0 
120.0 
120.0 
120.0 
157.0 
157.0 
156.5 
156.5 
155.5 
155.5 
155.5 
156.0 
156.0 
156.0 
156.0 
156.0 
156.0 
78.5 
78.5 
78.0 
78.0 
78.0 
78.0 
78.0 

PSI 

1922 
1015 
1010 
1005 
1005 
510 
510 
510 
505 
505 
2 58 
258 
255 
249 
249 
2045 
2045 
2031 
2031 
1033 
1033 
355 
355 
154 
154 
150 
130 
130 
130 
130 

1976 
1976 
1044 
1044 
540 
251 
251 
261 
261 
240 

- 240 
149 
149 
500 
500 
496 
496 
312 
312 
125 
85 

SAL 

52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
51 
51 
51 
51 
52 
52 
52 
52 
52 
46 
46 
46 
46 
46 
49 
49 
49 
49 
49 
49 
49 
49 
105 
105 
105 
105 
105 
105 
105 

SCF 

11.5 
8.2 
8.0 
8.3 
8.1 
4.6 
4.3 
5.4 
4.4 
5.6 
2.4 
2.1 
3.1 
2.2 
2.4 
11.4 
10.7 
10.1 
10.9 
6.8 
6.8 
2.4 
2.4 
0.9 
1.3 
0.8 
0.9 
1.0 
0.7 
0.8 
9.0 
10.1 
6.0 
5.1 
3.3 
1.9 
1.7 
1.5 
1.6 
1.4 
1.3 
0.8 
0.8 
3.4 
3.4 
3.3 
3.3 
2.6 
2.5 
0.8 



Table A-2 continued 

Q 

NUMBER 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81  
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 

TDEGF 

78.0 
78.0 
78.0 
78.0 
78.0 

120.5 
120.5 
120.5 
120.5 
120.0 
120.0 
122.0 
122.0 
122.0 
120.0 
120.0 
120.0 
122.5 
123.0 
123.0 
123.0 
123.0 
123.0 
123.0 
120.5 
120.5, 
120.5 
120.5 
121.0 
121.0 
120.0 
120.0 
121.5 
121.5 
121.5 
123.0 
123.0 
123.0 
123.0 
121.5 
121.5 
121.5 
121.5 
121.5 
122.0 

PSI 

125 
125 
125 
125 
125 

2010 
2010 
2 000 
2000 
1040 
1040 
1000 
1000 
1000 
500 
500 
500 
500 
500 
500 
133 
133 
130 
130 

2000 
2000 
2000 
2000 
2000 
2000 
1000 
1000 
1000 
1000 
1000 
500 
500 
500 
500 
2 50 
250 
2 50 
2 50 
250 
130 

86 

SAL 

105 
105 
105 
105 
105 
107 
107 
107 
107 
106 
106 
106 
106 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
163 
163 
163 
163 
163 
163 
163 
163 
163 
163 
163 

SCF 

1.1 
0.7 
1.4 
1.5 
1.3 
8.5 
8.5 
8.1 
8.3 
5.7 
5.4 
5.1 
5.4 
5.2 
3.0 
2.9 
3.0 
3.0 
2.6 
2.5 
0.7 
0.7 
0.6 
1.0 
6.1 
6.5 
5.9 
6.4 
5.8 
6.2 
4.1 
3.9 
4.4 
4.1 
4.2 
2.4 
2.6 
2.4 
2.3 
1.5 
1.4 
1.5 
1.4 
1.5 
0.5 



Table A-2 continued 

NUMBER TDEGF PSI 

96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

122.0 
122.0 
161.0 
161.0 
161.0 
160.0 
160.0 

158.5 
158.5 
158.5 
158.0 
158.0 
158.0 
158.0 
159.0 
159.0 
159.0 
159.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 
212.0 

158.5 

Temperature in OF. 
Psi is absolute. 

125 
125 

2000 
2000 
2000 
1002 
1002 
1000 
1000 
1008 
1008 
505 
505 
500 
128 
125 
12 5 
12 5 
12 5 

2010 
2010 
2000 
2000 
2006 
1010 
1010 
1006 
1006 
500 
5 00 
500 
500 
500 

SAL 

166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 

SCF 

0.53 
0.51 
6.4 
6.7 
6.6 
3.5 
3.5 
4.0 
3.7 
3.7 
3.1 
1.9 
1.8 
1.9 
0.2 
0.6 
0.2 
0.2 
0.5 
8.2 
8.1 
7.7 
7.7 
8.3 
4.7 
4.1 
4.6 
4.5 
2.7 
2.4 
2.2 
2.2 
2.7 

Salinity i n  grams/liter. 
SCF at 25 C (77OF). 
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Table A-3 (continued, page 2 )  

I Averaged Experimental Data Experimental Results I 
1 
I 

CH4 
SCF 

Total Gas co2 
C& SCF 

Cond. Tgmp. Pressure Salinity Total Gas % 
psi g/1 - 1  F SCF 



Table A-3 (continued, page 3) 

I Averaged Experimental Data 
I 
I 
I 

Experimental Results 

3 co2 Cond. Temp. Pressure Sal in i ty  Total Gas % CH4 ; Total Gas % 
OF ps i  g/ 1 SCF A2 SCF I 422 SCF 

I 
I 
I 

I 

II I 1  II I 

I 

- 
73.4 42.0 30.8 42.6 43.2 I 107 72.7 42.0 

41.4 I 71.4 42.0 
43.5 I 74.9 42.0 

74.6 42.0 43.2 I 

II II II 
17-1 305 22,553 

I 1  II II 

2 
3 
4 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ - ~ ~ ~ ~ ~ ~ ~ ~ - - ~ ~ - ~ ~ ~ + ~ ~ ~ ~ - ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - ~ ~ ~ ~  

105 74.6 36.4 47.4 : 71.8 37.2 26.7 45.1 
71.6 39.0 43.7 i 0 2 . 2  61 .0  0 1 . 4  

44.8 I 71.6 37.5 
45.1 I 72.2 37.5 

45.8 I 72.0 36.5 

47.4 69.3 30.0 20.8 48.5 67.6 30.0 
52.2 I 73.9 29.0 
47.5 I 68.3 

67.6 30.5 47.0 ; 
51.2 I 

66.1 21.0- 52.2 ; 
63.1 19.2 51.0 
61.4 19.6 49.4 

I1 II I 1  

II 

18-1 299 22 , 480 
2 
3 298 22,470 
4 
5 300 22 , 500 
6 

II II II I 

II I 68.4 36.5 43.7 ; 

30.5 I 

I1 II 11 

I """"""""""""""---------------------------------------------+-------------------------------------- 
II II 

II I1 I 

II 

I 1  II II 

I 

19- 1 300 
2 30 1 
3 300 22 , 520 
4 

a 
0 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -+-------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
II 63.8 20.1 12.8 51.0 

I 

II 11 II I 
107 64.5 20.5 20- 1 22 , 500 

I I  II 

II I I  I I  

2 
3 301 
4 



Table A-3 (continued, page 4 )  

Experimental Results I Averaged Experimental Data 
I 
I 

CH4 
SCF 

Cond. Temp. Pressure Sal ini t y  Total Gas % CH I Total  Gas % co2 
- - 222 scF i co2 SCF OF psi g/1 SCF 

I 



Table A-4 Em i r i c a l  data f o r  the so lub i l i t y  o f  methane and 
ethane a t  302 g F i n  aqueous NaCl solut ions a t  a s a l i n i t y  o f  107 

Sample 
number - 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

gramsjl i t e r .  

2 1  
22 
23 
24 
25 

26 

Temp. 
OF - 
301 

II 

II 

II 

II 

11 

302 
II 

II 

II 

II 

I1 

I t  

II 

II 

II 

II 

II 

II 

I 1  

II 

I 1  

II 

II 

II 

11 

Pressure 
psi 

22,500 
I 1  

II 

I1 

II 

11 

II 

I 1  

II 

I1 

II 

11 

I 1  

II 

10 , 000 
II 

II 

II 

II 

II 

I1 

I 1  

II 

II 

9,980 
II 

Sal i n i  t y  
91 1 

107 
I 1  

II 

II 

II 

II 

II 

I 1  

I1 

II 

105 
I 1  

II 

II 

I1 

II 

II 

II 

107 
II 

II 

I 1  

II 

II 

II 

II 

% 
C2H6 

0.9 
1.1 
3.8 
3.9 
4.5 

4.5 
7.8 
8.4 
12.7 
13.7 

14.9 
15.1 
17.2 
20.0 
0.9 

1.5 
3.9 
4.2 
6.0 
6.3 

9.2 
9.4 
10.6 
10.9 
11.2 

11.3 

Total Gas 
SCF/B bl 

CH4 SCF/ B bl 

44.8 
45.1 
49.5 
52.1 
51.1 

50.46 
50.8 
49.2 
38.5 
35.1 

34.2 
34.4 
31.9 
29.6 
30.2 

33.7 
35.2 
35.2 
38.6 
39.1 

34.2 
32.2 
30.6 
29.2 
25.2 

22.7 

44.4 
44.6 
47.6 
50.1 
48.8 

48.19 
46.8 
45.1 
33.6 
30.3 

29.1 
29.2 
26.4 
23.7 
30.0 

33.2 
33.8 
33.7 
34.5 
36.6 

31.0 
29.2 
27.3 
26.0 
22.3 

20.2 
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APPENDIX B 

Gas Chromatographic Analysis Conditions 

Instrumentation: 

Hewlett-Packard Model 5840A Gas Chromatograph 

Methane-Carbon dioxide Analysis: 

Column - Stainless steel, 6 feet by 1/8 inch packed with 
Spherocarb 80/100 mesh. 

Carrier Gas - Helium at 20 ml/min. 
Detector - Thermal Conductivity. 
Injection Temperature - 25OoC. 
Oven Temperature - 6OoC. 
Detector Temperature - 30OoC. 
Analysis - Area integration by HP 5840 microprocessor. 

Methane-Ethane Analysis: 

Column - Stainless steel, 6 feet by 1/8 inch packed with 
Other analytical conditions were the same as for the methane- 

Carbosieve B 80/100 mesh. 

carbon diox ide  analysis (above). 
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APPENDIX C 

SOLUBILITY OF 

LEIGH C. 

CRUDE OIL IN METHAEU'E AS A FUNCTION OF PRESSURE AX?> TE!!EilkTUE' 

PRICE2, LLO'm M. WENGER3, TOM G I N G 2  AND CHARLES W. BLOUZ\'T4 

'U. S . Geologica l  Survey, Denver, Colorado 
3Rice U n i v e r s i t y ,  Geology Department , Houston, Texas 
'Idaho Sta te  Universi ty ,  Pocatello, Geology Department, I d a h o  

I P a r t i a l l y  suppor ted  by DOE ( c o n t r a c t  DE-AS08-78ET121.45). T h i s  a r t i c l e  
i s  ded ica t ed  t o  H o l l i s  Hedberg and Stef ano Negl ia ,  both e a r l y  proponents .  

A 
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ABSTRACT 

The solubility of a 44O API (0.806 specific gravity) whole crude oil has 

been measured in methane with water present at temperatures of 50' to 25OoC 

and pressures of 740 to 14,852 psi, as have the solubilities of two high 

molecular weight petroleum distillation fractions at temperatures of 50' to 

25OoC and pressures of 4,482 to 25,266 psi. Both increases in pressure and 

temperature increase the solubility of crude oil and petroleum distillation 

fractions in methane, the effect of pressure being greater than that of 

temperature. Unexpectedly high solubility levels (0.5 to 1.5 grams of oil per 

liter of methane -at laboratory temperature and pressure) were measured at 

moderate conditions (50' to 200°C and 5,076 to 14,504 psi). 

were found f o r  the petroleum distillation fractions, one of which was the 

highest molecular weight material of petroleum (material boiling above 266OC 

at 6 microns pressure). Unexpectedly mild conditions (10O0C-15,2O0 psi; 

200°C-7,513 psi) resulted in cosolubility of crude oil and methane. 

these conditions, samples of the gas-rich phase could give solubility values 

of 4 t o  5 g/L,  or greater. 

Similar results 

Under 

Qualitative analyses of the crude-oil solute samples showed that at l o w  

pressure and temperature equilibration conditions, the solute condensate would 

be enriched in C5 to C15 range hydrocarbons and in saturated hydrocarbons in 

the CIS+ fraction. With increases in temperature and especially pressure, 

these tendencies were reversed, and the solute condensate became identical to 

the starting crude oil. 

The data of this study, compared to that of previous studies, shows that 

methane, with water present, has a much greater carrying capacity for crude 

o i l  than in dry systems. The presence of water also drastically lowers the 

temperature and pressure conditions required for cosolubility. 



A 

The d a t a  of t h i s  a n d / o r  p r e v i o u s  s t u d i e s  d e m o n s t r a t e  t h a t  t h e  a d d i t i o n  of 

c a r b o n  d i o x i d e ,  e t h a n e ,  propane ,  o r  b u t a n e  t o  methane a l s o  h a s  a s t r o n g  

p o s i t i v e  e f f e c t  on c r u d e  o i l  s o l u b i l i t y ,  as does t h e  p r e s e n c e  of f i n e  g r a i n e d  

r o c k s .  

The n - p a r a f f i n  d i s t r i b u t i o n s  ( a s  w e l l  as t h e  o v e r a l l  composi t ion)  of t h e  

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

and e x s o l u t i o n ,  as w e l l  as by t h e  c o m p o s i t i o n  of t h e  o r i g i n a l  s t a r t i n g  

material ,  It a p p e a r s  q u i t e  p o s s i b l e  t h a t  p r i m a r y  m i g r a t i o n  by gaseous  

s o l u t i o n  c o u l d  " s t r i p "  a s o u r c e  rock  of c r u d e - o i l  l i k e  components l e a v i n g  

behind  a b i tumen t o t a l l y  u n l i k e  t h e  m i g r a t e d  c r u d e  o i l .  The da ta  of t h i s  

s t u d y  d e m o n s t r a t e  p r e v i o u s  c r i t i c i sms  of pr imary  p e t r o l e u m  m i g r a t i o n  by gas  

s o l u t i o n  a r e  i n v a l i d ;  t h a t  p r imary  m i g r a t i o n  by g a s e o u s  s o l u t i o n  cannot  o c c u r  

b a s e d  on t h e  inadequacey  of methane t o  d i s s o l v e  s u f f i c i e n t  volumes of c r u d e  

o i l  o r  t o  d i s s o l v e  t h e  h i g h e s t  m o l e c u l a r  weight  components of pe t ro leum ( t a r s  

and a s p h a l t e n e s ) .  

INTRODUCTION 

Of t h e  d i f f e r e n t  p r o c e s s e s  which l e a d  t o  t h e  a c c u m u l a t i o n  of commercial 

o i l  d e p o s i t s ,  t h e  pr imary  m i g r a t i o n  of p e t r o l e u m  i s  s t i l l  c o n s i d e r e d  by most 

i n v e s t i g a t o r s  t o  be t h e  least  u n d e r s t o o d .  It is  an  a r e a  where,  s p e c u l a t i v e  

h y p o t h e s i s  f a r  outweigh h a r d  d a t a  -a s i t u a t i o n  best summed up by S .  L. 

Clemens' a.k.a. Mark Twain (1883, p. 174) q u o t e  "There is  something 

f a s c i n a t i n g  a b o u t  s c i e n c e .  One g e t s  s u c h  w h o l e s a l e  r e t u r n s  of c o n j e c t u r e  o u t  

of such  a t r i f l i n g  i n v e s t m e n t  of fact . ' '  

Here w e  p r e s e n t  d a t a  f rom a s o l u b i l i t y  s t u d y  of c r u d e  o i l  (and h i g h  

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

of w a t e r .  These 

pe t ro leum d i s t i l l a t i o n  f r a c t i o n s )  i n  methane i n  t h e  p r e s e n c e  

d a t a  a l l o w  a more s o l i d  a p p r a i s a l  ( P r i c e  and Wenger, 1982),  
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than  h e r e t o f o r e  has been p o s s i b l e ,  of t h e  f e a s i b i l i t y  of gaseous s o l u t i o n  as a 

mechanism of primary petroleum migra t ion .  Here gaseous s o l u t i o n  is  taken  a s  

t h e  s o l u t i o n  of t h e  components of a crude  o i l  i n t o  a f r e e  methane gas  phase i n  

t h e  pores  of f i n e  g ra ined  rocks and t h e  movement of t h a t  phase from t h o s e  

rocks t o  a carrier system o r  d i r e c t l y  t o  a r e s e r v o i r - t r a p  system. 

Primary petroleum migra t ion  by gaseous s o l u t i o n  has  been championed 

p rev ious ly  by Sokolov (1948),  Sokolov e t  a1 (1963) ,  Neglia ( 1 9 7 9 )  and Hedberg 

(1980).  

t h a t  a methane gas  phase cannot d i s s o l v e  the  h ighes t  molecular  weight ( t a r  and 

The mechanism has been c r i t i c i z e d  on an u n s u b s t a n t i a t e d  assumption 

. a s p h a l t )  components of a crude o i l  (Uspenski i ,  1962; Sokolov e t  a l ,  1963; 

Welte, 1965; Corde l l ,  1972; P r i c e ,  !976; T i s s o t  and Welte, 1978, and o the r s .  

McAuliffe (1980, p .  97) noted ,  "However it is d o u b t f u l  t h a t  gas  can c o n t a i n  

t h e  heav ie r  hydrocarbons and N-S-0 'compounds i n  high-molecular weight crude 

oil f r a c t i o n s . "  Data of t h i s  paper  r ep ly  t o  t h a t  c r i t i c i s m .  M c A u l i f f e  (1978) 

and Hunt (1979) have c r i t i c i z e d  t h i s  mig ra t ion  mechanism on t h e  basis t h a t  t h e  

crude o i l  t o  gas  r a t i o s  of many producing f i e l d s  nega te  t h e  p o s s i b i l i t y '  of 

primary mig ra t ion  by gaseous s o l u t i o n .  Data of t h i s  paper a l so  rep ly  

p a r t i a l l y  t o  t h a t  c r i t i c i s m .  Other cri t icisms of t h i s  mechanism are d i scussed  

e l sewhere  ( P r i c e  and Wenger, 19821, as is t he  r e l a t i o n  of these l abora to ry  

d a t a  t o  t h e  n a t u r a l  system. 

PRESENTATION OF DATA 

Q u a n t i t a t i v e  S o l u b i l i t y  Data 

The s o l u b i l i t y  of t h e  Sp ind le  f i e l d  whole crude o i l  i s  g iven  i n  Figure 1 

and Table  1 ( s e e  appendix f o r  a d e s c r i p t i o n  of t h e  crude o i l ) .  Obvious breaks 

i n  s lope  occur  i n  the  50' and 100°C curves.  

of t h e  s o l u t e  hydrocarbons (Table  2 ,  d i scussed  below), t he  lower p re s su re  

As shown by q u a l i t a t i v e  a n a l y s i s  

-49 
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Figure 1.--Solubility of Spindle f i e ld  whole crude o i l  (see appendix for 
description) i n  pure methane as a function of pressure for  different  isotherms. 
The so lubi l i ty  scale of the l e f t  hand side of the figure,  grams o f  crude oi l  
per 1 i t e r  o f  methane ( a t  25OC and one atmosphere), i s  accurate. The scale on 
the right hand side i s  only an approximation for descriptive purposes as a 
constant A P I  gravity of 35O (.850 specif ic  gravity) was assumed for a l l  crude 
o i l  solute samples fo r  ease o f  calculation. 
the lower pressure-temperature samples which would have much higher API (lower 
specif ic)  gravi t ies  t h a n  the assumed value. 
volumetric scale (Bbl s/MCF) a t  1 ower pressures and temperatures woul d actual ly 
be s l igh t ly  higher t h a n  those shown. 
samples thi's approximation i s  l ikely close t o  rea l i ty .  
o f  most crude o i l  solute samples prevented determination of t he i r  API ( spec i f ic )  
gravi t ies .  Data from Table 1.  

This assumption i s  invalid f o r  

Therefore so lubi l i ty  values on the 

For higher temperature and pressure 
The recovered volumes 
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T a b l e  1 . - - S o l u b i l i t y  of t h e  S p i n d l e  whole c r u d e  o i l ,  and w a t e r ,  i n  methane i n  grams p e r  l i t e r  of g a s  a t  25's and o n e  a t m o s p h e r e .  
Bars may b e  c o n v e r t e d  t o  p s t  by m u l t i p l y i n g  by 14.594 and t o  atmospheres  by m u l t i p l y i n g  by 1.0132. 
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Table Z . - - Q . ~ a l i t a t i v e  a n a l y s e s  of Spindle  whole crude o i l  s o l u t e  samples .  a n a l y t i c a l  methods g i v e n  in appendix. 
Bars may be converted to  p s i  by m u l t i p l y i n g  by 14.504 and t o  atmospheres by m u l t i p l y i n g  by 1.0132. 

- 
Normalized Carbon Number D i s t r i b u t i o n  C l  5+ Compound D i s  t r i b u t  ion  

i n  percent i n  percent 
Temper- 

. i ture  Pressure ‘2 5+ 
In ‘C in bars C I - C l 0  CIO-Cl5 Cl5-Cz0 CzO-Cz5 Cz5-CJ0 C3Dc C 1 - C I 5  C 1 - C 1 5  Saturates  Aromatics N-S-0’s 
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samples of t h e  50' and 100°C i so therms were composed a lmost  e n t i r e l y  of C4-Cl0 

A or  C4-C15 hydrocarbons.  

a r t i f a c t s ,  caused by a d e p l e t i o n  of t h e  lowest  molecular  weight  hydrocarbons 

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

l e v e l  of roughly 0.16 g/L. Crude o i l  s o l u b i l i t y  d a t a  a t  25OoC (Fig .  2 ,  Table  

1) p l o t  as a h y p e r b o l i c  curve  as a f u n c t i o n  of p r e s s u r e ,  w i th  a minimum a t  

around 2,900 p s i .  Again t h i s  behavior  was due t o  s e l e c t i v e  s o l u t i o n  (Table  

2 )  of t h e  lower molecu la r  weight  hydrocarbons (C4 t o  Cis) a t  lower p r e s s u s r e s ,  

and a d e p l e t i o n  of those  hydrocarbons i n  t h e  hydrocarbon r e s e r v o i r  of t he  

p r e s s s u r e  v e s s e l .  

Thus t h e s e  b reaks  i n  s l o p e  were a c t u a l l y  exper imenta l  

* 

The ex t remely  high s o l u b i l i t i e s  (1.0 g r a d l i t e r  and h ighe r )  t h a t  w e  

measured f o r  moderate  tempera tures  (50' t o  15OoC) and p r e s s u r e s  (10,150 t o  

14,500 p s i )  were s u r p r i s i n g  and unexpected. With wa te r  p re sen t  i n  the system, 

as would be t h e  case i n  n a t u r e ,  methane e x h i b i t s  an  extreme c a r r y i n g  c a p a c i t y  

f o r  c rude  o i l .  

C o s o l u b i l i t y  w a s  encountered  f o r  t h e  looo, 150°, and 2OO0C i so therms a t  

p r e s s u r e s  s l i g h t l y  h ighe r  (435 t o  870 p s i )  t han  t h e  h i g h e s t  p r e s s u r e  p o i n t s  

shown f o r  each  i so the rm (Fig.  1). The r e l a t i v e l y  mild c o n d i t i o n s  (lOO°C, 

15,230 p s i ;  150°C, 13,634 p s i ;  and 200°C, 7,513 psi-we found t h a t  a s  

t empera tu re  i n c r e a s e d ,  lower p r e s s u r e s  were r e q u i r e d  f o r  c o s o l u b i l i t y )  a t  

which w e  encountered  c o s o l u b i l i t y  were s u r p r i s i n g ,  and a g a i n  t e s t i f y  t o  a n  

extreme carrying c a p a c i t y  that methane has  f o r  crude o i l  a t  e l eva ted  

* We have g iven  p r e s s u r e s  he re  i n  t h e  non-me t r i c  p s i  (pounds per  square inch )  
a s  most of t h e  people  who w i l l  u se  t h e s e  d a t a  ebploy t h a t  u n i t  of 
measurement. An excep t ion  t o  t h i s  is i n  our t a b l e s  of o r i g i n a l  da ta  where the  
d a t a  were 'g iven  i n  our l a b o r a t o r y  u n i t  of measurement, b a r s .  Bars may be 
conve r t ed  t o  p s i  by m u l t i p l y i n g  by 14.504 and t o  atmospheres by mul t ip ly ing  bq* 
1.0132. Data of o t h e r  i n v e s t i g a t o r s  d i scussed  h e r e  w a s  a l s o  converted t o  p s i  
f rom t h e i r  o r i g i n a l  u n i t  of measurement. 
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Figure 2.--Solubility of Spindle f i e l d  whole crude o i l  (see appendix for  
description) in pure methane as a function of pressure a t  25OoC. 
scale of the l e f t  hand side of the figure,  grams of crude o i l  per l i t e r  o f  
methane ( a t  25OC and one atmosphere), i s  accurate. The scale on the right hand 
side i s  only an approximation fo r  descriptive purpose as a constant API gravity 
of 350 (.850 specif ic  gravity) was assumed for  a l l  crude oi l  solute samples f o r  
ease of calculation. See discussion i n  the figure 1 caption. Data from Table 1 

The solubi l i ty  
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t empera tu re  and p r e s s u r e .  A t  p r e s s u r e s  i n  excess of c r i t i c a l  p r e s s u r e ,  c rude  

o i l  and methane became a one phase system and under  t h i s  c o n d i t i o n ,  i n  our  

tests f o r  c o s o l u b i l i t y  ( s e e  append ix ) ,  we recorded  s o l u b i l i t y  va lues  z s  high 

as 4 t o  5 g r a m s / l i t e r  ( o i l  t o  gas ) .  

An a r i t h m e t i c  p l o t  of crude o i l  s o l u b i l i t y  v e r s u s  p r e s s u r e  (no t  shown) 

r evea led  a s i g n i f i c a n t  break  i n  s l o p e  f o r  t h e  50°, 100' and 15OoC i so therms a t  

around 8,700 p s i ,  where t h e  e f f e c t  of p r e s s u r e  on i n c r e a s i n g  crude o i l  

s o l u b i l i t y  became dominant. I s o b a r i c  arithmetic p l o t s  of c rude  o i l  

s o l u b i l i t y  v e r s u s  t empera tu re  (no t  shown) demonstrated t h a t  i n c r e a s e s  i n  

t empera tu re  had a smaller e f f e c t  on i n c r e a s i n g  c rude  o i l  s o l u b i l i t y  than  d i d  

i n c r e a s e s  i n  p r e s s u r e .  

The e f f e c t  of adding carbon d i o x i d e  t o  t h e  methane was examined f o r  one 

d a t a  p o i n t  (Tab le  3 )  t o  v e r i f y  t h e  r e s u l t s  of a p rev ious  s tudy  (Zaks,  1952).  

We found,  as Zaks (1952) d i d ,  t h a t  t h e  a d d i t i o n  of carbon d iox ide  t o  methane 

s i g n i f i c a n t l y  i n c r e a s e d  t h e  s o l u t e  c a p a c i t y  of methane. Unfo r tuna te ly  

however, t i m e  l i m i t a t i o n s  prevented  d e t a i l e d  examinat ion  of t he  carbon d iox ide  

inf l u e n c e  . 
The s o l u b i l i t y  of t h e  t w e l f t h  (F-12) d i s t i l l a t i o n  f r a c t i o n  (material 

d i s t i l l e d  off  a t  215OC, 6 microns p r e s s u r e ,  roughly  C31 t o  C4,> i n  methane gas 

as a f u n c t i o n  of p r e s s u r e  f o r  t h r e e  d i f f e r e n t  i so the rms  50°, 150°, and 25OoC 

i s  g iven  i n  F i g u r e  3 and Table  4 .  P r e s s u r e  i n c r e a s e s ,  a t  a l l  t empera tu res ,  

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

hundreds of times. With t h i s  f r a c t i o n  p r e s s u r e  was a l s o  more dominant t h a n  

t empera tu re  i n  i n c r e a s i n g  c rude  o i l  s o l u b i l i t y .  However h e r e ,  t he  e f f e c t  of 

t empera tu re  on i n c r e a s i n g  c rude  o i l  s o l u b i l i t y  was much more pronounced than  

ir was f o r  t h e  whole crude o i l .  The h igh  s o l u b i l i t i e s  measured f o r  t h i s  h i g h  

molecular  weight  f r a c t i o n  were unexpected. The s o l u b i l i t y  of t h e  f i f t e e n t h  
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T a b l e  3.--Comparison of t h e  s o l u b i l i t y  of t h e  S p i n d l e  w h o l e  c r u d e  o i l  a n d  
water i n  p u r e  m e t h a n e  a n d  i n  a m i x t u r e  of 71.8 p e r c e n t  m e t h a n e  a n d  
28.2 p e r c e n t  c a r b o n  d i o x i d e  i n  g r a m s  p e r  l i t e r  of gas a t  25OC and 
o n e  a t m o s p h e r e .  The o i l / g a s  s o l u b i l i t y  v d l u e  € o r  t h e  p u r e  m e t h a n e  
i s  from f i g u r e  I ,  a n d  t h e  w a t e r l g a s  s o l u b i l i t y  v a l u e  f r o m  € i g u r e  
5. Bars may b e  c o n v e r t e d  t o  p s i  by m u l t i p l y i n g  by 14.504 and t o  
a t m o s p h e r e s  by m u l t i p l y i n g  by 1.0132.  

T e m p e r a t u  re  P r e s s s u r e  O i l /Gas  \Ja t e r/Ga s P e r c e n t  
i n  OC i n  b a r s  i n  g / L  i n  g /L  w a t e r  

28.2 P e r c e n t  C a r b o n  D i o x i d e  

102.2 4 1 6  0.405 0.00977 2.36 

- 
P u r e  F le thane  

100 4 1 6  (1.237 0.006 2.45 
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Figure 3.--Solubility of the twelfth d i s t i l l a t i o n  fraction (F-12)  of the Kimball 
f i e ld  crude o i l  (see appendix fo r  description) i n  pure methane as a function o f  
pressure a t  three different  isotherms. The l e f t  hand solubi l i ty  scale (grams of 
asphalt per l i t e r  o f  methane a t  25OC and one atmosphere) i s  valid. 
scale on the r i g h t  hand side (Bbls/MCF) i s  only an approximation f o r  descriptive 
purposes. See discussion i n  the figure 1 caption. In the case of the F-12 f ract ior  
a constant A P I  gravity of 15O (.966 specif ic  gravity) was assumed. 

The so lubi l i ty  

Data from Table 

106 



T a b l e  4 . - - S o l u b i l i t y  o€ t h e  t w e l f t h  (F-12) d i s t i l l a t i o n  f r a c t i o n  (material  
b o i l i n g  be low 215'C a t  6 m i c r o n s  p r e s s u r e )  of t h e  Kimba l l  c r u d e  o i l ,  
a n d  water,  i n  methane  i n  grams p e r  l i t e r  of g a s  a t  25OC and one  
a t m o s p h e r e .  Bars may be  c o n v e r t e d  t o  p s i  by m u l t i p l y i n g  by 14.504 
a n d  t o  a t m o s p h e r e s  by m u l t i p l y i n g  by 1.0132. 

T e m p e r a t u r e  P r e s s s u r e  O i  11 Gas Wa t e r / Ga s P e r c e n t  
i n  OC i n  b a r s  i n  g / L  i n  g/L water 
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( F - 1 5 )  d i s t i l l a t i o n  f r a c t i o n  (material  b o i l i n g  above 2 6 6 O C  a t  6 microns 

p r e s s u r e ,  roughly  C47+) i s  g iven  i n  F i g u r e  4 and Table  5 f o r  25OoC as a 

f u n c t i o n  of p r e s s u r e .  Again i n c r e a s e s  of p r e s s u r e  had a s t r o n g  p o s i t i v e  

e f f e c t  on i n c r e a s i n g  t h e  gaseous s o l u b i l i t y  of even tar .  

F i g u r e  5 g i v e s  t h e  s o l u b i l i t y  of water  i n  t h e  methane gas phase f o r  t he  

looo ,  150°, 200°, and 25OoC i so the rms  as a f u n c t i o n  of p r e s s u r e .  

d a t a  show sca t te r ;  f o r  a l l  t empera tu res ,  wi th  i n c r e a s e  i n  p r e s s u r e ,  water  

becomes less s o l u b l e  i n  ne thane .  

Although t h e  

Q u a l i t a t i v e  S o l u b i l i t y  Data 

Q u a l i t a t i v e  a n a l y s e s  performed on s o l u t e  samples of t h e  crude o i l  and 

pe t ro leum d i s t i l l a t i o n  f r a c t i o n s  (see appendix f o r  methods) revea led  t h a t  

t empera tu re ,  and e s p e c i a l l y  p r e s s u r e ,  c o n t r o l l e d  t h e  molecular  weight (carbon 

n**mher) d i s t r i b u t i o n s  of t h e  s o l u t e  hydrocarbons (Table  2 and Fig.  6 ) .  A t  low 

p r e s s u r e s  and low tempera tures  the  lower molecular  weight ( C 1  t o  Cis) 

hydrocarbons made up almost  a l l  of t h e  s o l u t e  sample .  A t  any given p r e s s u r e ,  

a s  t empera tu re  i n c r e a s e d  from 50' t o  25OoC, t h e  C15+ m a t e r i a l  became more 

dominant as t h e  C 1  t o  C15 material decreased  i n  abundance (column 9 ,  Table  

2 ) .  This  demonst ra tes  t h a t  methane, a t  high t empera tu res ,  has an inc reased  

c a r r y i n g  capacity f o r  h ighe r  molecular  weight hydrocarbons compared t o  low 

t empera tures .  

However, p r e s s u r e  has an even g r e a t e r  e f f e c t  t han  temperature  on 

i n c r e a s i n g  the ave rage  molecu la r  weight of t h e  s o l u t e  hydrocarbons.  A t  any 

g i v e n  t empera tu re ,  as p r e s s u r e  i n c r e a s e d ,  t h e  C1 t o  C15 hydrocarbons decreased 

from between 87 t o  90 p e r c e n t  a t  low p r e s s u r e s  t o  between 40 t o  45 percent  a t  

h l g h  p r e s s u r e s  (column 9 ,  Table  2 ) .  

i n c r e a s e d  from z e r o  t o  between 8 t o  16 pe rcen t  (column 8 ,  Table  2 ) .  This  

A t  the  same t i m e ,  the  C30+ m a t e r i a l  
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F i g u r e  4 . - - S o l u b i l i t y  of  t h e  f i f t e e n t h  d i s t i l l a t i o n  f r a c t i o n  (F-15) o f  t h e  
K imba l l  f i e l d  crude o i l  (see appendix f o r  d e s c r i p t i o n )  i n  pure  methane as a 
f u n c t i o n  o f  p ressure  a t  25OOC. 
a s p h a l t  p e r  l i t e r  o f  methane a t  25OC and one atmosphere) i s  v a l i d .  
s o l u b i l i t y  s c a l e  on t h e  r i g h t  hand s i d e  (Bbls/MCF) i s  o n l y  an approx imat ion 
f o r  d e s c r i p t i v e  purposes. See d i s c u s s i o n  i n  t h e  F i g u r e  1 capt ion .  
case of t h e  F-15 f r a c t i o n ,  a c o n s t a n t  A P I  g r a v i t y  o f  7 . 5 O  (1.015 s p e c i f i c  
g r a v i t y )  was assumed. 

The l e f t  hand s o l u b i l i t y  s c a l e  (grams o f  
The 

I n  the  

Data f rom Table 5 .  
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T a b l e  5 . - - S o l u b i l i t y  of t h e  E i E t e e n t h  (F-15) d i s t i l l a t i o n  Erac t ion  ( m a t e r i a l  
b o i l i n g  a b o v e  2 6 6 O C  a t  6 m i c r o n s  p r e s s u r e )  oE t h e  K i n b a l l  c r u d e  o i l ,  
a n d  water ,  i n  m e t h a n e  i n  g r a m s  p e r  l i t e r  o€ gas <it 2 5 O C  and o n e  
a t m o s p h e r e .  Bars may be c o n v e r t e d  t o  p s i  by m u l t i p l y i n g  by 14.504 
a n d  t o  a t m o s p h e r e s  by m u l t i p l y i n g  by 1.0132. 

T e m p e r a t u r e  P r e s s s u r e  O i l /Gas  Wa t e r / G a  s Perceiit 
i n  OC i n  bars  i n  g /L  i n  g /L  water  
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F i g u r e  5 . - - S o l u b i l i t y  o f  w a t e r  i n  pure methane a t  four  d i f f e r e n t  isotherms as 
a f u n c t i o n  of pressure.  
accurate.  
1, 4 and 5 as w e l l  as unpubl ished da ta  f rom e q u i l i b r i u m  approach s t u d i e s .  

The s o l u b i l i t y  sca les  on b o t h  s ides  o f  t h e  f i g u r e  a r e  
(Water has a c o n s t a n t  d e n s i t y  of  1.00 gram/cc). Data f rom Tables 
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o v e r a l l  c a r b o n  number s h i f t  i s  d i s p l a y e d  i n  a p l o t  of t h e  p e r c e n t a g e  of t h e  

C25+ compounds d i v i d e d  by t h e  p e r c e n t a g e  of C1 t o  C15 compounds f o r  s o l u t e  

c r u d e  o i l  samples  f rom t h e  50°, 150°, and 250°C r u n s  ( F i g .  7 ) .  For a l l  t h r e e  

t e m p e r a t u r e s ,  t h i s  r a t i o  changed from z e r o  a t  low p r e s s u r e s  t o  between 0.35 t o  

0.60 a t  h i g h  p r e s s u r e s .  Another  m a n i f e s t a t i o n  of t h i s  s h i f t  i n  carbon number 

d i s t r i b u t i o n  w a s  s e e n  i n  t h e  comparison of t h e  o r i g i n a l  S p i n d l e  f i e l d  c r u d e  

o i l  ( l i n e  4 7 ,  T a b l e  2 )  t o  any of t h e  s o l u t e  samples .  T h i s  showed t h a t  t h e  

s o l u t e  samples  became more c r u d e  o i l  l i k e  w i t h  i n c r e a s e  of e i t h e r  p r e s s u r e  or 

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

The p e r c e n t a g e s  of t h e  d i f f e r e n t  compound classes ( s a t u r a t e d  

h y d r o c a r b o n s ,  a r o m a t i c  h y d r o c a r b o n s ,  and N-S-O b e a r i n g  compounds) 

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

s i g n i f i c a n t l y  w i t h  p r e s s u r e .  A t  low p r e s s u r e ,  e s p e c i a l l y  a t  low t e m p e r a t u r e ,  

t h e  s a t u r a t e d  hydrocarbons  were p r e f e r e n t i a l l y  t a k e n  i n t o  s o l u t i o n  o v e r  t h e  

a r o m a t i c  hydrocarbons  and N-S-O b e a r i n g  compounds (columns 11 t h r o u g h  13, 

T a b l e  2 )  compared t o  t h e  o r i g i n a l  c r u d e  o i l  ( l i n e  4 7 ,  T a b l e  2 ) .  A t  

t e m p e r a t u r e s  of 100°C o r  g r e a t e r ,  w i t h  i n c r e a s e  i n  p r e s s u r e ,  t h e  p e r c e n t a g e  of 

t h e  S a t u r a t e d  hydrocarbons  i n  t h e  C15+ f r a c t i o n  of t h e  s o l u t e  samples 

d e c r e a s e d  f r o m  between 96 t o  95 p e r c e n t  t o  between 88 t o  82 p e r c e n t ,  as t h e  

i n  t h e  C15+ 

p e r c e n t a g e s  of b o t h  t h e  a r o m a t i c  hydrocarbons  and N-S-0 b e a r i n g  compounds 

i n c r e a s e d .  A t  c o n s t a n t  p r e s s u r e ,  a t  p r e s s u r e s  less t h a n  a b o u t  5,800 p s i ,  

i n c r e a s e  i n  t e m p e r a t u r e  had no d i s c e r n a b l e  e f f e c t  on compound class changes i n  

t h e  C15+ f r a c t i o n  of t h e  s o l u t e  samples .  

a b o u t  5,800 p s i ,  at  c o n s t a n t  p r e s s u r e ,  w i t h  i n c r e a s e s  i n  t e m p e r a t u r e  t h e  

p e r c e n t a g e  of t h e  s a t u r a t e d  hydrocarbons  d e c r e a s e d  as t h e  p e r c e n t a g e s  of 

a r o m a t i c  hydrocarbons  and N-S-0 b e a r i n g  compounds i n c r e a s e d .  T h i s  r e s u l t e d  i n  

t h e  C15+ s o l u t e  material coming t o  more resemble  t h e  o r i g i n a l  c r u d e  o i l  

However a t  p r e s s u r e s  i n  excess of 
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Figure 6.--Plot of carbon number dis t r ibut ion of various Spindle f i e ld  crude 
oi 1 sol Ute samples equi 1 i brated a t  different  pressures and temperatures. 
l e f t  hand most b a r  of every bar graph represents compounds w i t h  carbon numbers 
of 0 to  10, which in r ea l i t y  were largely C4 to  C10 compounds. A l l  other bars 
are  increments.of f ive  carbon numbers. 
the influence of pressure on solute composition as a function of pressure a t  a 
constant temperature of 50oC. The middle two l ines  of  b a r  graphs show the i n -  
fluence of pressure on solute  composition a t  a constant temperature of 200OC. 
The t o p  two l ines  of ba r  graphs ( f ive  samples) show the influence of temperature 
on solute composition a t  a roughly constant pressure of 4,743 to  5,279 psi. 
The carbon number dis t r ibut ion of the original Spindle whole crude o i l  i s  
shown in the upper right hand corner o f  the figure. 

The 

The bottom two l ines  of ba r  graphs show 
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Figure 7.--Plot of C +/C 
crude oi l  equilibratga a t ’d9feren t  pressures a t  three different isotherms 
(500, 1000, and 150OC). 
numbers o f  C25 o r  greater ( C  5+) divided by the percentage of compounds with 
carbon number between C1 t o  $15. Data from Table 2. 

ra t io  for solute samples of the Spindle whole 

T h i s  ra t io  i s  the percentage o f  compounds with carbon 

~ 
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(columns 1 1  t o  13 and l i n e  4 7 ,  T a b l e  2 ) .  

Changes i n  t h e  c a r b o n  number d i s t r i b u t i o n  of t h e  s o l u t e  c r u d e  o i l  samples  

a s  a r e s u l t  of changes  i n  t e m p e r a t u r e  and p r e s s s u r e  are most e v i d e n t  i n  t h e  

gas chromatograms of t h e  s o l u t e  samples  ( F i g .  8). Due mainly t o  t h e  h i g h  

p r e s s u r e s  , t h e  50°C-1 1,705 p s i ,  100°C-1 1 , 763 p s i  , and 200°C-8, 833 p s i  s o l u t e  

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

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

s o l u t i o n  i s  most e v i d e n t  i n  t h e  5OoC-11,705 p s i  s o l u t e  sample.  

t h e  low t e m p e r a t u r e ,  t h e  c a r b o n  number d i s t r i b u t i o n  ( l i n e s  10 and 4 7 ,  T a b l e  2)  

and o v e r a l l  a p p e a r a n c e  ( F i g .  8) of t h i s  sample i s  q u i t e  similar t o  t h e  

o r i g i n a l  o i l .  Even c o n s i d e r i n g  t h e  small d i f f e r e n c e s  i n  t h e  compound class 

d i s t r i b u t i o n s ,  and p e r c e n t a g e s  of C30+ material ,  t h e  c l o s e  s i m i l a r i t y  a t  t h i s  

low t e m p e r a t u r e  was s u p r i s i n g .  

d e m o n s t r a t e  t h e  o t h e r  e n d p o i n t .  Although t h e  t e m p e r a t u r e s  of t h e s e  two 

samples  were h i g h e r  t h a n  t h e  50°C-11,705 p s i  sample,  t h e  low p r e s s u r e s  

p r e v e n t e d  s i g n i f i c a n t  s o l u t i o n  of any c18+ m a t e r i a l .  

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

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

w i t h  t h e s e  two samples .  I n  s p i t e  of t h e  l a r g e  p r e s s u r e  d i f f e r e n t i a l  (914  

v e r s u s  3 ,612  p s i )  t h e  lower p r e s s u r e  25OoC s o l u t e  sample was a lmost  i d e n t i c a l  

i n  c o m p o s i t i o n  ( l i n e s  11 and 39, T a b l e  2) and a p p e a r a n c e  ( F i g .  8) t o  t h e  much 

h i g h e r  p r e s s u r e  100°C s o l u t e  sample.  

I n  s p i t e  of 

The 100°C-3,612 p s i ,  and 250°C-914 p s i  samples  

T'nese two samples  a re  

The 25OoC-3,757 p s i ,  and 150°C-7,180 p s i  s o l u t e  samples  are examples 

be tween t h e  h i g h  and l o w  p r e s s u r e  cases. These samples  were e q u i l i b r a t e d  a t  

t e m p e r a t u r e s  and p r e s s u r e s  which r e s u l t e d  i n  a t r a n s i t i o n  from gas-condensate  

c h a r a c t e r i s t i c s  t o  c r u d e - o i l  C h a r a c t e r i s t i c s .  S i g n i f i c a n t  amounts of C20+ 

material  were p r e s e n t  i n  b o t h  s a m p l e s ,  which s t i l l  do n o t ,  however, t o t a l l y  
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Figure 8.--Gas chromatograms o f  s o l u t e  samples o f  the Spindle  crude o i l  
e q u i l i b r a t e d  under the cond i t ions  shown above each Chromatogram. 
chromatograms o f  d i f f e r e n t  a t t e n u a t i o n s  o f  the o r i g i n a l  Spindle  crude o i l  a r e  
a l s o  g iven .  
arrow. 

Two 

The C-15 n -pa ra f f in  i s  des igna ted  i n  each chromatogram by the 
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resemble t h e  s t a r t i n g  material. Whereas t h e  s t a r t i n g  c rude  o i l  had 30.36 

pe rcen t  of C20+ material, t h e  250°C-3 ,757 p s i  s o l u t e  sample had only 10.35 

p e r c e n t  and t h e  150°C-7, 180 p s i  sample only 14.58 p e r c e n t .  

The 250°C-7,397 p s i  sample (F ig .  8 )  i s  a n  example of a n o t h e r  c o n t r o l ,  

b e s i d e s  t empera tu re  and p r e s s s u r e ,  on t h e  q u a l i t a t i v e  aspects of gas s o l u t i o n  

of c rude  o i l  and t h a t  i s  t h e  composi t ion of t h e  s t a r t i n g  material. I n  t h i s  

c a s e  t h e  c rude  o i l  r e s e r v o i r  i n  t h e  p r e s s u r e  v e s s e l  had been l a r g e l y  d e p l e t e d  

i n  C 4  t o  C 7  material. 

e q u i l i b r a t e d ,  were such t h a t  i f  more lower molecular  weight material were 

p r e s e n t  t o  be d i s s o l v e d ,  i t  would have been d i s s o l v e d .  However, t h i s  w a s  n o t  

t h e  case, and t h e  r e s u l t  was a sample d e p l e t e d  i n  C4 t o  C7 material compared 

t o  a "normal" s o l u t e  sample. 

The p r e s s u r e  and t empera tu re  a t  which t h i s  sauple was 

Crude o i l  n -pa ra f f in  d i s t r i b u t i o n s  have bhen used t o  type  o i l s  i n t o  

families as w e l l  as match o i l s  t o  s o u r c e  rocks .  However, i n  t h i s  s t u d y ,  t h e  

n - p a r a f f i n  d i s t r i b u t i o n  of t he  s o l u t e  c rude  o i l  was very dependent on the  

sample  e q u i l i b r a t i o n  p r e s s u r e  and t empera tu re ,  as w e l l  as on t h e  composi t ion 

of t h e  o r i g i n a l  s t a r t i n g  material (F ig .  9 ) .  On t h e  topmost set of f o u r  curves  

of F igu re  9 ,  t h e  e q u i l i b r a t i o n  c o n d i t i o n s  (lOO°C-11 ,763 p s i ,  150°C-9,210 p s i ,  

and 200°C-8,833 psi) were such  t h a t ,  d i s r e g a r d i n g  minor d i f f e r e n c e s  i n  t h e  

lowes t  carbon number range ,  t h e  n -pa ra f f in  d i s t r i b u t i o n s  of t h e  t h r e e  s a m p l e s  

of s o l u t e  c rude  o i l  were very  c l o s e  t o  t h e  o r i g i n a l  crude o i l .  In  these 

cases, t h e  tempera ture-pressure  c o n d i t i o n s  were h igh  enough such t h a t  a l l  

molecu la r  weight  ranges of t h e  c rude  oil were t aken  i n t o  s o l u t i o n  i n  t h e  same 

p r o p o r t i o n  as they  were p r e s e n t  i n  t h e  s t a r t i n g  m a t e r i a l .  However t h i s  was 

not  t h e  case i n  t h e  middle  set of c u r v e s ,  where e q u i l i b r a t i o n  cond i t ions  

(15OoC-1,044 p s i ,  2OO0C-2,364 p s i ,  250°C-914 p s i  and 2 , 9 4 4  p s i )  were n i l d e r .  

Because of t h e  lower e q u i l i b r a t i o n  p r e s s u r e s ,  t he  h ighe r  molecular  weight  n- 
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p a r a f f i n s  were not  taken  i n t o  s o l u t i o n  by the  gas  phase. The e q u i l i b r a t i o n  

c o n d i t i o n s  (15OoC-7,180 p s i ,  250°C-3,757 p s i )  f o r  two of t h e  samples i n  t h e  

bottom s e t  of cu rves  a r e  such t h a t  a g r e a t e r  pe rcen tage  of the  h ighe r  

molecular  weight  n-paraff i n s  were d i s s o l v e d  by t h e  gas .  Thus t h e  r e s u l t i n g  n- 

p a r a f f i n  d i s t r i b u t i o n s  of t h e s e  two samples were more l i k e ,  but s t i l l  

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

The n-paraff i n  d i s t r i b u t i o n  of t h e  250°C-7,397 p s i  s o l u t e  sample ,  i n  t h e  

bottom set of c u r v e s ,  F igu re  9 ,  demonst ra tes  t h e  c o n t r o l  t h a t  t h e  o r i g i n a l  

s t a r t i n g  material  has on t h e  material t aken  i n t o  gas s o l u t i o n .  The 

e q u i l i b r a t i o n  p r e s s u r e  and tempera ture  of t h i s  sample were high enough such  

t h a t  i t s  n - p a r a f f i n  d i s t r i b u t i o n  should  na t ch  t h a t  of t h e  o r i g i n a l  material. 

However p r e v i o u s  d e p l e t i o n  of t h e  C4 t o  Cl0 hydrocarbons from t h e  p r e s s u r e  

v e s s e l ,  r e s u l t e d  i n  a d i f f e r e n c e  between the  n - p a r a f f i n  d i s t r i b u t i o n  of t h i s  

s o l u t e  sample  and t h e  s t a r t i n g  c rude  o i l .  

Q u a l i t a t i v e  a n a l y s e s  were a l s o  performed on s o l u t e  samples of t h e  F-12 

The F-12 s o l u t e  samples a t  50°C and F-15 d i s t i l l a t i o n  f r a c t i o n s  (Tab le  6 ) .  

show an enr ichment  i n  t h e  NSO compounds a t  a l l  p r e s s u r e s  compared t o  the  

o r i g i n a l  f r a c t i o n  (10 t o  22 percen t  v e r s u s  7 p e r c e n t ) .  S a t u r a t e d  hydrocarbons 

i n c r e a s e ,  w i th  i n c r e a s e  i n  p r e s s u r e ,  from 56 pe rcen t  a t  817 bars  (11,850 p s i ) ,  

t o  va lues  r ang ing  around t h a t  of t h e  o r i g i n a l  f r a c t i o n .  There i s  no d e f i n i t e  

t r e n d  i n  t h e  a romat i c  hydrocarbon f r a c t i o n .  A t  15OoC, at  a l l  p r e s s u r e s ,  t h e  

pe rcen tages  of t h e  NSO compounds i n  t h e  F-12 s o l u t e  samples are  roughly e q u a l  

t o  t h a t  of t h e  o r i g i n a l  f r a c t i o n .  The pe rcen tage  of t h e  a romat ic  f r a c t i o n  i s  

q u i t e  v a r i a b l e  w i t h  no t r ends .  L ike  t h e  5OoC F-12 s o l u t e  samples ,  t h e r e  i s  a 

t r e n d  f o r  t h e  pe rcen tage  of t h e  s a t u r a t e d  hydrocarbons i n  the  15OoC s o l u t e  

samples t o  i n c r e a s e  wi th  i n c r e a s e  i n  p r e s s u r e  from a va lue  much lower than  

t h a t  of t h e  o r i g i n a l  f r a c t i o n  (37 ver sus  68 p e r c e n t )  a t  low p r e s s u r e  t o  h igh  
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T a b l e  6 . - - Q u a l i t a t i v e  a n a l y s e s  of s o l u t e  s a m p l e s  of t h e  t w e l f t h ,  1:-12 ( m a t e r i a l  b o i l i n g  below 
215OC a t  6 m i c r o n s  v a c u u m ,  c a r b o n  number  r a n g e  C t o  C47)  a n d  f i f t e e n t h ,  F-15, 
( m a t e r i a l  b o l i n g  a b o v e  266OC a t  6 m i c r o n s  vacuum? d i s t i l l a t i o n  f r a c t i o n s  of t h e  
K i m b a l l  f i e l d  c r u d e  o i l .  The  F-12 f r a c t i o n  c o n t a i n s  n o  a s p h a l t e n e s .  A n a l y t i c a l  
m e t l i o d s  g i v e n  i n  a p p e n d i x .  Bars may be  c o n v e r t e d  t o  psi by m u l t i p l y i n g  by 14.5(14 
and  t o  a t m o s p h e r e s  by m u l t i p l y i n g  by 1 .0132.  

No rma 1 i z e d  Pe r c e n t 

h y d r o c a r b o n s  
1'ernl)era C u r e  P r e s s s u r e  S a t u r a  t e d  Arocia t i c  N-S-0 b e a r i n g  ~ I s ~ i I i ~ i l  tcznrs  

hyd r o c a  r b o n s  c urn 1 )  o u  nd s i n  DL i n  b a r s  

Twel f  t l i  D i s t i l l a t i o n  F r d c t i o n  

Or i::i nil 1 F r a c t i o n  h8.25 27.22 7.43 

152.5 
152 .5  
152.8 
I 5 2 . j  
1 5 2 . 5  
1 5 2 . 5  

122 36.74 51 .70  11 .56  
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percen tages  (up t o  83 p e r c e n t )  a t  h i g h e r  p r e s s u r e s .  

samples are  n o t i c e a b l y  r i c h e r  i n  a r o m a t i c  hydrocarbons than  t h e  s t a r t i n g  

m a t e r i a l  (34 t o  44 p e r c e n t  v e r s u s  27 p e r c e n t )  as w e l l  as NSO compounds ( 1 4  t o  

22 pe rcen t  v e r s u s  7 p e r c e n t ) .  The pe rcen tage  of s a t u r a t e d  hydrocarbons i n  the 

s o l u t e  samples are q u i t e  dep res sed ,  compared t o  t h e  s t a r t i n g  f r a c t i o n  (37 t o  

43 pe rcen t  v e r s u s  68 p e r c e n t ) .  The appa ren t  tendency of t h e  F-12 s o l u t e  

samples a t  5OoC and 15OoC t o  be d e p l e t e d  i n  s a t u r a t e d  hydrocarbons a t  t h e  

lowes t  p r e s s u r e s  is o p p o s i t e  of t h e  behavior  of t h e  Sp ind le  whole c rude  o i l ,  

which was en r i ched  i n  s a t u r a t e d  hydrocarbons a t  low p r e s s u r e s .  We do no t  

unders tand  nor  have an  e x p l a n a t i o n  f o r  t h i s  b e h a v i o r ,  a l t hough  i t  probably  

r e f l e c t s  t h e  complexi ty  of c rude  o i l  and t h e  system we s t u d i e d .  The d e p l e t i o n  

of t h e  s a t u r a t e d  hydrocarbons i n  t h e  F-12 s o l u t e  samples a t  a l l  p r e s s u r e s  a t  

25OoC i s  a l s o  unexpected and i n e x p l i c a b l e .  

A t  250°C, the  F-12 s o l u t e  

S o l u t e  samples  of t h e  F-15 f r a c t i o n  show appa ren t  random composi t iona l  

v a r i a t i o n  a t  250' as a f u n c t i o n  of p r e s s u r e  a l though  some t r e n d s  are 

p r e s e n t .  A l l  s o l u t e  samples show a d e f i n i t e  enr ichment  i n  s a t u r a t e d  

hydrocarbons compared t o  the  o r i g i n a l  s t a r t i n g  m a t e r i a l  (19 t o  37 pe rcen t  

v e r s u s  12 p e r c e n t ) .  This  i s  expec ted  based on t h e  composi t iona l  behavior  of 

t h e  Sp ind le  f i e l d  whole crude o i l  s o l u t e  samples (Table  2 )  and makes the  

compos i t iona l  behavior  of t h e  F-12 f r a c t i o n  a t  250°C even more puzz l ing .  Most 

of t h e  F-15 s o l u t e  samples  show a d e p l e t i o n  of a romat i c  hydrocarbons and NSO 

compounds compared t o  t h e  o r i g i n a l  sample. The a s p h a l t e n e s ,  wi th  t h e  

e x c e p t i o n  of two samples ,  a lways make up s i g n i f i c a n t  c o n c e n t r a t i o n s  in t h e  

s o l u t e  samples.  The two e x c e p t i o n s  t o  t h i s ,  t h e  1056 bar  (15,316 p s i )  and 

1323 ba r  (19,189 p s i )  samples ,  are probably  a r t i f a c t s  from sample work up 

af id/or  q u a l i t a t i v e  sample a n a l y s e s .  (The F-15 f r a c t i o n  i s  an o b s i d i a n - l i k e  

t a r  which was q u i t e  d i f f i c u l t  t o  work wi th . )  The s i g n i f i c a n t  percentages  of 
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t h e  a s p h a l t e n e s  ( 7  t o  18 p e r c e n t )  i n  most of t h e  F-15 s o l u t e  samples 

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

w e i g h t  material i n  c r u d e  o i l .  

Comparison t o  and  P r e v i o u s  Work 

Most p r e v i o u s  work i n  t h i s  area has  been performed by Russ ian  

i n v e s t i g a t o r s ,  much of which has  n o t  been t r a n s l a t e d .  C h i l i n g a r  and Adamson 

(1964)  reviewed the earlier R u s s i a n  work and t h e i r  d i s c u s s i o n  has  been l a r g e l y  

p a r a p h r a s e d  here. Kapelyushnikov (1954) examined the sys tem o i l ,  g a s  

( u n s p e c i f i e d  c o m p o s i t i o n )  and water ( b r i n e s )  t o  100°C and 7 , 3 4 5  p s i .  

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

t h e  g a s  also d i s s o l v e d  (and t r a n s p o r t e d )  water and sa l t s  ( t h e  s o l u t i o n  of 

sa l t s  was n o t  examined i n  t h i s  s t u d y ) .  Re a l s o  f o u n d ,  as w e  d i d ,  t h a t  t h e  

t a r s  and a s p h a l t e n e s  were t h e  l as t  components of a c r u d e  o i l  t o  be d i s s o l v e d ,  

H e  

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

Kapelyushnikov (1954) a l s o  found t h a t  t h e  p r e s e n c e  of f i n e - g r a i n e d  r o c k s  

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

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

t e m p e r a t u r e ) .  C h i l i n g a r  and Adamson (1964) e x p e r i m e n t a l l y  d u p l i c a t e d  t h i s  

u s i n g  c l a y s .  Kovalev (1960) r e p o r t e d  t h a t  t h e  p r e s e n c e  of e t h a n e ,  propane ,  

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

c r u d e  o i l  s o l u b i l i t y .  

h e a v i e r  g a s e s  was i n c r e a s e d  from 32 t o  47 p e r c e n t ,  c r u d e  o i l  s o l u b i l i t y  was 

i n c r e a s e d  250 p e r c e n t .  Zaks (1952) found t h a t  p u r e  carbon d i o x i d e  had a much 

g r e a t e r  c a r r y i n g  c a p a c i t y  f o r  c r u d e  o i l  t h a n  a m i x t u r e  of methane (30 p e r c e n t )  

and c a r b o n  d i o x i d e  (70 p e r c e n t ) .  We a l s o  found t h a t  t h e  a d d i t i o n  of carbon 

d i o x i d e  t o  methane i n c r e a s e d  t h e  s o l u b i l i t y  of c r u d e  o i l  i n  t h e  gas  phase.  

For example a t  100°C-4,409 p s i ,  when t h e  amount of 
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Gerber  and Dvali (1961)  e x t r a c t e d  bi tumen from f i n e  g r a i n e d  s e d i m e n t s  

w i t h  p u r e  c a r b o n  d i o x i d e  a t  p r e s s u r e s  of 2 ,845 t o  5,689 p s i  and t e m p e r a t u r e s  

of 4OoC t o  90°C. They f o u n d ,  even  under  t h e s e  m i l d  c o n d i t i o n s ,  t h a t  t h e  t a rs ,  

a s p h a l t e n e s ,  and p o r p h y r i n s  were t a k e n  i n t o  s o l u t i o n  as w e l l  a s  l a r g e  amounts 

of p e t r o l e u m - l i k e  bi tumen.  Gerber e t  a1 ( 1 9 7 2 ) ,  i n  a l a t e r  s t u d y ,  e x t r a c t e d  

two l i m e s t o n e s ,  a marl, and t h r e e  "combust ib le"  ( o i l ? )  s h a l e s  w i t h  a n a t u r a l  

gas m i x t u r e  (70 p e r c e n t  methane,  20 t o  25 p e r c e n t  p r o p a n e ,  and 5 t o  10 p e r c e n t  

e t h a n e ,  b u t a n e ,  n i t r o g e n  and c a r b o n  d i o x i d e ) ,  as w e l l  as w i t h  p u r e  propane ,  a t  

t e m p e r a t u r e s  of 100' t o  13OoC and p r e s s u r e s  of 1 ,469 t o  4 ,409 p s i ) ,  Water w a s  

n o t  p r e s e n t  i n  t h e i r  e x p e r i m e n t s .  The n a t u r a l  g a s  m i x t u r e  removed up t o  2 kg 

of bi tumen p e r  c u b i c  meter of compressed gas  whereas  t h e  p u r e  propane removed 

up t o  4 kg/m3 (compressed g a s ) .  The f i r s t  g a s e s  which p a s s e d  through t h e  

r o c k s  were e n r i c h e d  i n  lower  m o l e c u l a r  weight  s a t u r a t e d  hydrocarbons.  With 

time: t h e  a b s o l u t e  amount of s o l u t e  bi tumen i n  t h e  g a s  d e c r e a s e d ,  w h i l e  i t s  

c o m p o s i t i o n  became more a r o m a t i c  and t a r r y .  

Zhuze e t  a1 (1962)  e q u i l i b r a t e d  c o n d e n s a t e s  and p e t r o l e u m  w i t h  n a t u r a l  

g a s e s  (89 t o  92 p e r c e n t  methane,  t h e  remainder  b e i n g  e t h a n e ,  propane ,  b u t a n e ,  

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

p r e s s u r e s  of 70' t o  15OoC and 4,531 to 10,287 p s i .  They found,  a t  l o w  

t e m p e r a t u r e s  and p r e s s u r e s ,  t h a t  compared t o  t h e  s t a r t i n g  mater ia l ,  t h e  s o l u t e  

11 condensa te"  w a s  e n r i c h e d  i n  s a t u r a t e d  hydrocarbons  and impoverished i n  b o t h  

a r o m a t i c  hydrocarbons  and non-hydrocarbons.  We r e c o r d e d  t h e  same results i n  

t h i s  s t u d y  ( T a b l e  2 ) .  They also  found, as we d i d ,  as sys tem t e m p e r a t u r e  and 

p r e s s u r e  i n c r e a s e d ,  t h a t  t h e  c o m p o s i t i o n  of t h e  s o l u t e  material more and more 

approached  t h a t  of t h e  s t a r t i n g  material. Also t h e y  f o u n d ,  as we d i d ,  t h a t  

w f t h  i n c r e a s e  i n  sys tem t e m p e r t u r e  and p r e s s u r e ,  n o t  o n l y  d i d  t h e  amount of 
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s o l u t e  m a t e r i a l  i n c r e a s e ,  bu t  a l s o  t h e  s o l u t e  s p e c i f i c  g r a v i t y  and i t s  

m o l e c u l a r  weight  range.  

A n o t a b l e  d i f f e r e n c e  between our  r e s u l t s  and t h e i r s ,  was t h e  c o n d i t i o n s  

needed f o r  c r i t i c a l  p r e s s u r e  ( c o - s o l u b i l i t y ) .  Whereas t h e y  e s t i m a t e d  a t  

15OoC, p r e s s u r e s  of 16,165 t o  17,364 p s i  would be n e c e s s a r y  f o r  c o s o l u b i l i t y ,  

we e n c o u n t e r e d  c o s o l u b i l i t y  a t  t h i s  t e m p e r a t u r e  a t  ( 9 , 2 1 0  p s i ) .  A t  7OoC and 

10 ,287  p s i ,  t h e i r  s o l u t e  c o n d e n s a t e  c o n t a i n e d  only  22 p e r c e n t  of t h e  

components of s t a r t i n g  material .  A t  49OC and 11,705 p s i ,  o u r  s o l u t e  

c o n d e n s a t e  w a s  v e r y  c l o s e  t o  our  s t a r t i n g  material, and a t  99OC and 10,167 

p s i ,  i d e n t i c a l .  A t  15OoC and 10,287 p s i ,  t h e i r  s o l u t e  c o n d e n s a t e  c o n t a i n e d  

o n l y  39 p e r c e n t  of t h e  com?onents of t h e  s t a r t i n g  material ,  whereas  w e  

e n c o u n t e r e d  c o s o l u b i l i t y  a t  150°C a t  9 ,210  p s i .  

methane g a s ,  whereas  Zhuze e t  a1 (1962)  used n a t u r a l  g a s e s  which c o n t a i n e d  

~ i p n i f i c a n t  p e r c e n t a g e s  of hydrocarbon g a s e s  b e s i d e s  methane,  which i f  

I n  o u r  s t u d i e s ,  w e  used p u r e  

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

t h a n  o u r s .  However, our  e x p e r i m e n t s  were c a r r i e d  o u t  w i t h  water p r e s e n t ,  

whereas  t h o s e  of Zhuze e t  a1 (1962)  were done i n  d r y  sys tems.  The l a r g e  

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

t e m p e r a t u r e s  needed f o r  c o s o l u b i l i t y ,  t h e n  must have been due t o  a s i g n i f i c a n t  

and u n s u s p e c t e d  p o s i t i v e  i n f l u e n c e  of water on gas  s o l u t i o n .  

C h i l i n g a r  and Adamson (1964) found t h a t  t h e  p r e s e n c e  of water i n c r e a s e d  

t h e  c r i t i c a l  p r e s s u r e  ( d e c r e a s e d  t h e  s o l u b i l i t y )  of l i g h t  hydrocarbons  

( b e n z e n e ,  hexane and c y c l o h e x a n e )  i n  methane. T h i s  i s  o p p o s i t e  of t h e  

i n f l u e n c e  t h a t  w e  p r o p o s e  water h a s  on t h e  s o l u b i l i t y ,  j.n methane, of t h e  

h i g h e r  m o l e c u l a r  weight  material i n  c r u d e  o i l .  Analagous aqueous s o l u b i l i t y  

b e h a v i o r  ( P r i c e ,  1981) ,  as a f u n c t i o n  of s o l u t e - h y d r o c a r b o n  molecular  w e i g h t ,  

was found i n  t h e  sys tem water-petroleum-gas ( t h e  gas  w a s  e i t h e r  methane o r  
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carbon d i o x i d e ) .  I n  t h a t  s t u d y ,  t h e  presence  of e i t h e r  gas decreased  t h e  

aqueous s o l u b i l i t y  of lower molecular  weight hydrocarbons ,  whereas a t  t h e  same 

t empera tu re  and p r e s s u r e ,  t h e  aqueous s o l u b i l i t y  of t h e  h ighe r  molecular  

weight hydrocarbons was i n c r e a s e d .  We b e l i e v e  t h a t  t h e  same behavior  i s  

p r e s e n t  i n  t h e  gas  phase of t h i s  s y s t e m  as w a s  p r e s e n t  i n  t h e  aqueous phase of 

t h e  system. 

P rev ious  q u a n t i t a t i v e  measurements of crude o i l  s o l u b i l i t y  i n  pe t ro leum 

gases  (Sokolov,  1948; Zaks, 1952; Kapelyushnikov, 1954; Zhuze and Ushkevich, 

1959; Sokolov and Nironov, 1962; Sokolov e t  a l ,  1963; and Zhuze e t  a l ,  1962, 

1968) were no t  made under uni form c o n d i t i o n s .  These expe r imen t s ,  depending on 

t h e  i n v e s t i g a t o r s ,  were c a r r i e d  o u t  i n  dry s y s t e m s ,  w i th  pure methane o r  w i t h  

gas  mix tu res ,  w i t h  and wi thou t  c l a y  p r e s e n t ,  and wi th  d i f f e r e n t  s t a r t i n g  c rude  

o i l s .  All t h e s e  parameters  a f f e c t  t h e  s o l u b i l i t y  behavior  of crude o i l  i n  a 

Y o a c  ?harp, There fo re  d i r e c t  comparison of t h e  d a t a  of p rev ious  s t u d i e s  w i t h  

each  o t h e r  o r  w i t h  t h e  d a t a  of t h i s  s tudy  l o s e s  meaning. However t h e  d a t a  of 

Table  7 and F i g u r e  10 show t h a t  our s o l u b i l i t y  d a t a  a r e  c o n s i s t e n t l y  h i g h e r  

t han  t h e  va lues  r e p o r t e d  i n  p rev ious  s t u d i e s .  T h i s ,  we b e l i e v e  i s ,  due t o  t h e  

f a c t  t h a t  we c a r r i e d  out  our exper iments  i n  t h e  presence  of water, whereas t h e  

p rev ious  s t u d i e s  were c a r r i e d  ou t  i n  dry  systems. Had w e  used gas  mixtures  

i n s t e a d  of pure ne thane ,  our  s o l u b i l i t y  va lues  would have been even h ighe r .  

DISCUSSION 

The s o l u b i l i t y  v a l u e s  r e p o r t e d  for t h e  tar (F-15) d i s t i l l a t i o n  f r a c t i o n  
.I 

of t h i s  s tudy  (Fig. 4) were f o r  pure  methane. The presence  of h ighe r  

molecular  weight  hydrocarbon g a s e s ,  carbon d i o x i d e ,  o r  c l a y  i n  t h e  system 

would have r e s u l t e d  i n  t h e  measurement of h ighe r  s o l u b i l i t y  va lues  f o r  t h a t  

f r a c t i o n .  We d i d  not  measure t h e  s o l u b i l i t y  of t h e  F-15 f r a c t i o n  i n  methane 
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T a b l e  7.--Comparison of p r e v i o u s  g a s  s o l u t i o n  d a t a  w i t h  i n t e r p o l a t e d  d a t a  of 
t h i s  s t u d y .  P r e s s u r e s  f rom p r e v i o u s  s t u d i e s  were c o n v e r t e d  t o  b a r s  
f rom a tmospheres .  
Zhuze e t  a l ,  1968) was e x t r a p o l a t e d  f rom t h e  200°C c u r v e  of f i g u r e  
1, a s  t h e s e  c o n d i t i o n s  were i n  o u r  f i e l d  of  c o s o l u b i l i t y .  
S o l u b i l i t y  v a l u e s  of p r e v i o u s  s t u d i e s  which  were g i v e n  i n  k i l o g r a m s  
( o r  grams)  of c o n d e n s a t e  p e r  c u b i c  meter of g a s  a t  reduced  
c o n d i t i o n s  were changed t o  grams of  c o n d e n s a t e  p e r  l i t e r  of g a s  
( r e d u c e d  c o n d i t i o n s ) .  Do i s  d i t t o .  

Our v a l u e  f o r  2OO0C, 987 b a r s  (S tepnovo  f i e l d ;  

-- 
Re p o r t e d S o l u b i l i t y  

F i e l d  and ( a u t h o r s )  Tempera ture  P r e s s u r e  S o l u b i l i t y  t h i s  s t u d y  
i n  OC i n  b a r s  g r a m s l l i t e r  g r a m s / l i t e r  

S t  epnovo 
Zhuze e t  a1  (1962). ..... 
Stepnovo 
Zhuze e t  a1  (1968) ...... 

DO................... 
DO. .................. 
Do.. . . . . . . . . . . . . . . . . .  
Do................... 

Kum- Da g 
(West and E a s t  F i e l d s  
Combined 1 t o  1) 
Zhuze e t  a1  (1968) 

West Kum-Dag 
Sokolov  e t  a 1  (1963) 

Do................... 
DO m . . e .  .a. 

East Kum-Dag 
Sokolov  e t  a1 ( 1 9 6 3 )  

120 

140 
150 
150 
160 
200 

100 
100 
150 
150 

100 
100 
150 
150 

100 
100 

691 

790 
395 
69 1 
888 
987 

395 
69 1 
395 
691 

395 
69 1 
395 
69 1 

395 
69 1 

0.344 

0.680 
0.147 
0.462 
0.820 
0.874 

0.109 
0.281 
0.145 
0.360 

0.127 
0.315 
0.155 
0.397 

0.094 
0.271 

0.64 

0.95 
0.303 
0.738 
1.43 
3.05 

0.225 
0.550 
0.301 
0.742 

0.225 
0.550 
0.301 
0.742 

0.225 
(3.550 

n 
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PRESSURE IN psi x 1000 

10 14 16 18 20 
13.1 

7.84 

0.06 
W a 
2 0.04 

0.03 

0.02 

a 

- z 0.784 - 
> 

- 0.523 !Z 
d m 
3 

- 0.261 a 6 - - 0.210 -I 

- W 

- 0.131 2 
-0.078 

- 0.052 

- - 5 0.157 

n 

I 
1 I I I I I I I I I I I 10.026 

0 2 4 6 8 10 12 14 0.01 I I ' I 

PRESSURE IN BARS x 100 

F i g u r e  10.--Comparison o f  p r e v i o u s l y  p u b l i s h e d  gas s o l u t i o n  da ta  w i t h  t h e  
da ta  f o r  t h i s  s tudy.  The dashed l i n e s  a r e  t h e  50°, looo,  150°, and 200°C data  
o f  t h i s  s t u d y  (curves o f  f i g u r e  1, w i t h o u t  da ta  p o i n t s ) .  The 2OO0C West Kum- 
Dag and 200°C East  Kum-Dag d a t a  a r e  f rom Sokolov e t  a1 (1963). The 70°C 
Stepnovka da ta  a r e  f rom Zhuze e t  a1 (1968),  and t h e  l O O O C  Karadag da ta  a r e  
f rom Zhuze e t  a1 (1962). The o r i g i n a l  da ta  o f  those au thors  were g i v e n  i n  
pressures o f  atmospheres and s o l u b i l i t i e s  i n  k i lograms ( o r  grams) of con- 
densate p e r  c u b i c  meter  o f  gas a t  reduced c o n d i t i o n s .  These u n i t s  were con- 
v e r t e d  t o  p ressure  i n  bars  and s o l u b i l i t y  i n  grams o f  c o n d e n s a t e / l i t e r  o f  gas. 
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a t  1 5 0 O C .  However based upon o t h e r  daca  of t h i s  s t u d y  as w e l l  as o t h e r  d a t a  

f rom p r e v i o u s  s t u d i e s ,  i t  can  s a f e l y  b e  assumed t h a t  a t  15OoC, a t  h i g h  

p r e s s u r e s ,  w i t h  o t h e r  g a s e s  p r e s e n t ,  methane would have a n  a d e q u a t e  c a r r y i n g  

c a p a c i t y  f o r  t h i s  f r a c t i o n  (F-15) t o  a c c o u n t  f o r  t h e  amounts of t h i s  f r a c t i o n  

f o u n d  i n  a t y p i c a l  35O t o  40° As1 g r a v i t y  c r u d e  o i l .  

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

s a t u r a t e d  t o  a r o m a t i c  hydrocarbon r a t i o  (7 .99) .  I n  s p i t e  of t h i s  high r a t i o ,  

w e  saw ( T a b l e  2)  a tendency  under  some c o n d i t i o n s  f o r  methane t c  

p r e f e r e n t i a l l y  t a k e  up s a t u r a t e d  hydrocarbons .  T h i s  same tendency was a l s o  

r e p o r t e d  .by Zhuze et a1 (1962,  1968) and Gerber  e t  a1 (1972) .  A n  i n f o r m a t i v e  

e x p e r i m e n t ,  which we d i d  n o t  c a r r y  o u t ,  would b e  t o  e q u i l i b r a t e  a methane r i c h  

gas  ( n a t u r a l  g a s )  w i t h  a s t a r t i n g  material q u i t e  u n l i k e  a c r u d e  o i l  ( s u c h  as  

t h e  e x t r a c t  of a humic c o a l ,  which would be r i c h  i n  N-S-0 b e a r i n g  compounds, 

and a s p h a l t e n e s  and would have a low s a t u r a t e d  t o  a r o m a t i c  hydrocarbon r a t i o ) ,  

and d e t e r m i n e  i f  a more " t y p i c a l "  c r u d e  o i l  would be " s t r i p p e d "  from t h e  

o r i g i n a l  material  by g a s  s o l u t i o n .  Much of t h e  d a t a  f rom t h i s  and p r e v i o u s  

g a s  s o l u t i o n  s t u d i e s  s u g g e s t  t h a t  t h i s  would be t h e  case. 

Hunt (1979,  p. 215) i n  d i s c u s s i n g  m i g r a t i o n  by gas  s o l u t i o n  s t a t e d  "Gas- 

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

t h e  P l e i s t o c e n e  of t h e  Gulf Coast .  When gas  i s  p a s s e d  t h r o u g h  o i l ,  i t  t e n d s  

t o  c o n c e n t r a t e  more a r o m a t i c s  i n  t h e  g a s  phase." Hunt gave no r e f e r e n c e  t o  a 

s t u d y  which documented t h i s  "tendency".  On t h e  o t h e r  hand d a t a  f rom t h i s  

s t u d y  as w e l l  as p r e v i o u s  s t u d i e s  have shown t h e  o p p o s i t e  tendency - i .e. ,  t h e  

s a t u r a t e d  h y d r o c a r b o n s  t e n d  t o  be c o n c e n t r a t e d  i n  t h e  g a s  phase.  Price (1981)  

showed t h a t  up t o  275OC, water p r e f e r e n t i a l l y  t a k e s  a r o m a t i c  hydrocarbons i n t o  

s o l u t i o n  o v e r  s a t u r a t e d  hydrocarbons .  An e x t e n s i v e  t e s t i n g  progrzn  of t h e  

g e o p r e s s u r e d - g e o t h e r m a l  r e s o u r c e  has  been c a r r i e d  o u t  on t h e  Gulf Coast i n  
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which l a r g e  amounts (5 ,000 t o  30,000 bb l s /day )  of b r i n e  were produced from 

sands tones  a t  moderate dep ths  (3,000 t o  4,000 km) through s u r f a c e  s e p a r a t o r s  

t o  t r y  t o  r ecove r  t h e  d i s s o l v e d  methane. I n  some cases, i n  a d d i t i o n  t o  t h e  

methane, samples of a small amount of condensa te  o r  c rude  o i l  l i k e  m a t e r i a l  

a l s o  have been recovered .  Composi t ional  a n a l y s e s  ( P r i c e  and Wenger, 1982) of 

t h e  l i g h t e s t  samples show t h a t  some of them are  a lmost  e n t i r e l y  composed of 

l i g h t  a romat i c  hydrocarbons,  which due t o  the  dec rease  i n  temperature i n  t h e  

s u r f a c e  s e p a r a t o r ,  exso lved  from s o l u t i o n  from t h e  b r i n e s .  The presence  of 

a r o m a t i c  r i c h  condensa tes  i n  t h e  P l e i s t o c e n e  of t h e  Gulf Coast ,  the  Albe r t a  

b a s i n ,  t h e  Beaufor t  b a s i n ,  t h e  East Turkmen b a s i n ,  and most probably many 

o t h e r  l o c a l i l t i e s ,  i s  l i k e l y  due t o  primary m i g r a t i o n  of t he  condensate  

hydrocarbons ,  and g a s e s ,  by aqueous molecular  s o l u t i o n  over  t h e  tempera ture  

range  200° t o  275OC. 

mio ra t ion  by gas  s o l u t i o n ,  as Hunt (1979) proposes .  

There i s  no ev idence  t o  l i n k  t h e s e  condensa tes  t o  

Kapelyushnikov (1954) and C h i l i n g a r  and Adamson (1964)  r epor t ed  t h a t  t h e  

presence  of rock o r  c l a y  i n  t h e  system c rude  oi l -methane,  i n c r e a s e d  c rude -o i l  

s o l u b i l i t y  i n  t h e  methane gas  phase.  C h i l i n g a r  and Adamson (1964) a t t r i b u t e d  

t h e  e f f e c t  t o  a d s o r p t i o n .  Because two d i f f e r e n t  r e s e a r c h  groups have r e p o r t e d  

t h i s  same phenomena, i t  cannot  be e a s i l y  a t t r i b u t e d  as an a r t i f a c t  from 

expe r imen ta l  procedure.  We c e r t a i n l y  have no e x p l a n a t i o n  o r  even i n s i g h t  a s  

t o  why t h e  p re sence  of c l a y s t o n e  should r e s u l t  i n  t h i s  behavior .  Nor do we 

unde r s t and  how a d s o r p t i o n  would be a c o n t r i b u t a r y  f a c t o r .  

The c rude -o i l  s o l u t e  molecular  compos i t iona l  d a t a  of t h i s  paper  (Table  2)  

have a p p l i c a t i o n  t o  hydrocarbon phase behav io r  i n  deep r e s e r v i o r s  as w e l l  as 

t o  t h e  f i e l d  of hydrocarbon p roduc t ion  eng inee r ing .  Clear ly ,  i n  the  p a s t ,  

t h e r e  has been an overwhelming op in ion  t h a t  methane, even under c o n d i t i o n s  

encountered  i n  deep, high pressure-h igh  tempera ture  r e s e r v o i r s ,  would not t a k e  
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up t h e  h i g h e r  m o l e c u l a r  weight  components of p e t r o l e u m  ( U s p e n s k i i ,  1962; 

Sokolov e t  a l ,  1963; Welte, 1965; C o r d e l l ,  1972; P r i c e ,  1976; Tissot and 

Welte, 1978; M c A u l i f f e ,  1978, 1980; Hunt,  1979).  For  example,  Uspenski i  

(1962 ,  p.  802) commenting on t h e  s o l u b i l i t y  d a t a  of c r u d e  o i l  i n  methane of 

Zhuze e t  a1 (1962)  s ta ted--"These d a t a  show t h a t  t h e  g a s  phase  of p e t r o l e u n -  

c o n d e n s a t e  d e p o s i t s  l y i n g  a t  a d e p t h  of 6,000-7,000 meters must c o n t a i n  

c o n d e n s a t e s  v a p o r i z i n g  w i t h i n  a broad  t e m p e r a t u r e  range  and a p p r o a c h i n g  

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

between c o n d e n s a t e  and p e t r o l e u m  i n  t h i s  case w i l l  be  t h e  lower c o n t e n t  of 

" tar"  i n  t h e  c o n d e n s a t e  and a l m o s t  comple te  a b s e n c e  of a s p h a l t e n e s  .I' 

N e g l i a ,  (1979,  p. 579) has  p r o v i d e d  t h e  o n l y  e v i d e n c e  from t h e  n a t u r a l  

s y s t e m ,  of which w e  a re  aware,  t h a t  t h e  h i g h  m o l e c u l a r  weight  material of 

p e t r o l e u m  can be d i s s o l v e d  i n  methane i n  h i s  d i s c u s s i o n  of t h e  Malossa f i e l d ,  

Po Valley,  Italy-"PVT a n a l y s e s  prove  t h a t  h l o s s a  i s  a c o n d e n s a t e  f i e l d  w i t h  

heavy l i q u i d  components d i s s o l v e d  i n  t h e  gaseous  phase.  The d e c r e a s e  of 

bot tom-hole  p r e s s u r e  c a u s e s  s e p a r a t i o n  of a s p h a l t ,  t h e  m e l t i n g  p o i n t  of which 

i s  around 12OoC. The a s p h a l t  t e n d s  t o  p lug  t h e  p r o d u c t i o n  t u b i n g ;  a squeeze  

of s o l v e n t  is needed e v e r y  2 months t o  d i s s o l v e  t h e  d e p o s i t s  of a s p h a l t  and 

c l e a n  t h e  w e l l . "  Hunt (1979,  p .  213) a f t e r  c o n s i d e r i n g  N e g l i a ' s  (1979) 

c o n c l u s i o n s  on the Malossa f i e l d  n o t e d ,  "The d a t a  of Rzasa and Katz (1950)  

i n d i c a t e  t h a t  h y d r o c a r b o n s  t h r o u g h  c18 would be d i s s o l v e d  i n  t h e  gas phase  

under  t h e s e  c o n d i t i o n s . "  Hunt ' s  c o n c l u s i o n s  h e r e  are i n  e r r o r ,  as a s p h a l t  

which melts a t  120°C has a c a r b o n  number much g r e a t e r  t h a n  c18. 
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Hunt ' s ,  and o t h e r ' s ,  b e l i e f s  i n  t h i s  m a t t e r  probably  a re  due t o  two m a i n  

A reasons .  F i r s t l y ,  phase behavior  s t u d i e s ,  such as those  of Rzasa and K a t z  

(1950) f o r  t h e  most p a r t  have been c a r r i e d  ou t  w i th  methane as the  only 

component i n  t h e  gas  phase ( s e e  S tand ing ,  1977) .  The s u b s t a n t i a l  e f f e c t s  t h a t  

w a t e r ,  carbon d i o x i d e ,  and t h e  hydrocarbon g a s e s  e thane  through butane have on 

t h e  methane-crude o i l  system went unnot iced  through y e a r s  of expe r imen ta l  

measurements by petroleum e n g i n e e r s ,  who i n  e f f o r t s  t o  minimize t h e  degrees  of 

freedom f o r  t h e s e  systems d i d  not  f u l l y  d e l i n e a t e  a l l  t h e  c o n t r o l l i n g  

parameters .  Thus exper iments  were des igned  which sugges ted  a behavior  of t h e  

methane-crude o i l  s y s t e m  d i f f e r e n t  f rom i t s  behav io r  i n  n a t u r e .  These 

exper iments  t hus  suppor ted  t h e  i n c o r r e c t  b e l i e f  t h a t  methane r i c h  n a t u r a l  gas  

could no t  d i s s o l v e  t h e  h i g h e r  molecular  weight  components of crude o i l .  

The second r eason  t h a t  t h e  methane-crude o i l  s y s t e m  has been 

m i s i n t e r p r e t e d  f o r  so  many y e a r s  l i e s ,  w e  b e l i e v e ,  i n  i t s  s e n s i t i v i t y  t o  

p r e s s u r e ,  as ev idenced  by t h e  d a t a  of Tables  l ' a n d  2.  In  t h e  p roduc t ion  of a 

deep,  h i g h  p r e s s s u r e ,  h igh  t empera tu re  hydrocarbon r e s e r v o i r ,  the hydrocarbon 

f l u i d s  w i l l  s u f f e r  a s u b s t a n t i a l  p r e s s u r e  d e c l i n e  i n  t h e  w e l l  bore and even i n  

t h e  r e s e r v o i r .  Th i s  w i l l  cause  s e p a r a t i o n  of t h e  h ighe r  molecular  weight  

components from t h e  gas  phase ,  b e f o r e  t h e  s e p a r a t o r  is  encountered.  Thus i t  

appea r s  t h a t  t h e  hydrocarbon r e s e r v o i r  i s  a two phase system, when i n  r e a l i t y  

i t  i s  probably  a one phase (ve ry  p r e s s u r e  s e n s i t i v e )  system. Lf t he  p r e s s u r e  

d e c l i n e  i n  t h e  r e s e r v o i r  was s u b s t a n t i a l ,  du r ing  e a r l y  p roduc t ion ,  i t  i s  

conce ivab le  t h a t  a s i g n i f i c a n t  e x s o l u t i o n  of t h e  h ighe r  molecular  weight  

components could  occur  i n  t h e  r e s e r v o i r .  This  material would then  be l o s t  t o  

p roduc t ion  f o r e v e r .  
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CONCLUSIONS A I h T D  SUMMARY 

1) Methane, i n  sys tems w i t h  water, has  s u b s t a n t i a l  c a r r y i n g  capaci t ies  f o r  

a l l  components of petroleum. 

2 )  A t  low p r e s s u r e s  and t empera tu res ,  t h e  lower molecular  weight (C5 t o  C15)  

s a t u r a t e d  hydrocarbons are  t aken  i n t o  gaseous s o l u t i o n  i n  p re fe rence  t o  

a romat i c  hydrocarbons and h ighe r  molecular  weight  s a t u r a t e d  hydrocarbons,  

and i n  extreme p r e f e r e n c e  t o  t h e  h igh  b o i l i n g  d i s t i l l a t i o n  f r a c t i o n s  of 

pe t ro leum which are composed of tars ,  r e s i n s ,  and a s p h a l t e n e s .  As 

t empera tu re  and p r e s s u r e  i n c r e a s e ,  even a t  moderate c o n d i t i o n s  ( lOO°C,  

50,150 p s i ) ,  a l l  components of c rude  o i l  become q u i t e  s o l u b l e  i n  a methane 

gas  phase-even t h e  tars and a s p h a l t e n e s .  Indeed ,  t h e  composi t ion of t h e  

s o l u t e  material in t h e  gas  phase becomes an  e x a c t  composi t iona l  match of 

the s t a r t i n g  m a t e r i a l .  I n c r e a s e s  i n  p r e s s u r e  have a g r e a t e r  e f f e c t  on 

i n c r e a s i n g  pe t ro leum s o l u b i l i t y  i n  methane than  do i n c r e a s e s  i n  

t emp e r a t u  r e. 

3 )  The presence  of water i n  t h e  methane gas  phase,  as would be found i n  t h e  

n a t u r a l  system, has  a l a r g e  and p rev ious ly  un repor t ed  p o s i t i v e  i n f l u e n c e  

on t h e  s o l u t i o n  of a l l  components of petroleum i n  methane, but  e s p e c i a l l y  

on t h e  s o l u t i o n  of t h e  h i g h e s t  molecular  weight material of petroleum. 

4 )  I n c r e a s e s  i n  carbon d i o x i d e  c o n c e n t r a t i o n  i n  t h e  gas  phase d r a s t i c a l l y  

i n c r e a s e  gas-phase pe t ro leum s o l u b i l i t y  (Zaks,  1952; and t h i s  s t u d y ) .  

5 )  The p resence  of e t h a n e  through butane  i n  t h e  gas phase i n c r e a s e s  gas-phase 

pe t ro leum s o l u b i l i t y  (Kovalev, 1960, and Gerber e t  a l ,  1965). 

b 

n 
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6) The presence of f ine-grained rocks in hydrocarbon gas-petroleum system, 

decreases the critical pressure of these systems-increases petrolem 

solubility in the gas phase (Kapelyushnikov, 1954 ;  and Chilingar acd 

Adamson, 1964). 

7 )  We have measured high to extreme solubilities of crude oil, and high 

boiling distillation fractions of crude oil, in a pure methane gas phase 

in the presence of water. Cosolubility was encountered in these crude 

oil-methane-water systems under relatively mild conditions ( 100°C, 1 5 , 2 3 0  

psi; 150°, 13,364 psi; 2OO0C, 7,513 psi). Had these systems been examined 

with the other variables present which have a positive effect on crude 

oil-gas solution (the presence of carbon dioxide, ethane through butane, 

o r  claystones), even higher solubililties and lower pressure-temperature 

conditions for cosolubility would have been encountered than those 

reDorted in this study. 

8)  The data of this study show that two previous criticisms of gas solution 

as an agent of primary petroleum migration are invalid: 1 )  That the 

highest molecular weight components of petroleum (tars, asphaltenes etc.) 

are not soluble enough in a methane rich gas phase to account for 

petroleum deposits, and 2)  the associated gas of many oil deposits is too 

low to have allowed primary migration by gaseous solution. 
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APPENDIX, 

n Exper imenta l  Techniques 

Materials 

The crude  o i l  used was from t h e  Sp ind le  f i e l d ,  Weld County, Colorado 

(Denver b a s i n ) .  The 44' API (0.806 s p e c i f i c )  g r a v i t y  o i l  i s  produced from t h e  

Cre taceous  Sussex Sandstone a t  1 ,443 m. Petroleum d i s t i l l a t i o n  f r a c t i o n s  were 

de r ived  from t h e  c rude  o i l  of t h e  Kimball  f i e l d ,  Kimball County, Nebraska 

(Denver b a s i n ) .  This 35' API (0.850 s p e c i f i c )  g r a v i t y  o i l  i s  produced from 

t h e  Cre taceous  "J" sand a t  1,989 m. The o r i g i n a l  d i s t i l l a t i o n  of t h i s  o i l ,  

done a t  t h e  Marathon O i l  Co. Research Labora tory ,  L i t t l e t o n ,  Colorado, 

r e s u l t e d  i n  e l e v e n  s e p a r a t e  d i s t i l l a t i o n  f r a c t i o n s  p lus  a C31+ r e s i d u e .  (The 

f i r s t  through e l e v e n t h  d i s t i l l a t i o n  f r a c t i o n s  were used i n  a ano the r  s o l u t i o n  

s t u d y ,  P r i c e ,  1981). 

a t  t h e  then  ERDA Research Cen te r ,  B a r t l e s v i l l e ,  Oklahoma, i n t o  3 f r a c t i o n s  

The c31+ r e s i d u e  w a s  vacuum d i s t i l l e d  by J. E. Dooley, 

l e a v i n g  a r e s i d u e  ( h e r e  termed F-15) b o i l i n g  above 266OC a t  6 microns 

p r e s s u r e .  Th i s  r e s i d u e  p l u s  t h e  f i r s t  f r a c t i o n  t aken  by Y r .  Dooley (F-12, 

b o i l i n g  below 215OC a t  6 microns -carbon number range C31 t o  C4,) were used i n  

t h i s  s tudy .  Methane (99.99 p e r c e n t  pu re )  was ob ta ined  from Matheson* i n  300 

SCF t anks  a t  2,250 p s i .  D i s t i l l e d - d e i o n i z e d  water was used f o r  a l l  

procedures .  

Ma l l inck rod t  r eagen t  g rade  t e t r a h y d r o f u r a n  (THF) was used as a so lven t  t o  

p r e p a r e  the samples  t a k e n  from t h e  p r e s s u r e  v e s s e l s  f o r  q u a n t i t a t i v e  

a n a l y s i s .  Th i s  c y c l i c  a l i p h a t i c  e t h e r  is coso lub le  w i t h  both water  and 

petroleum. Bu ty la t ed  hydroxyto luene  (0.025 p e r c e n t )  was p r e s e n t  i n  t h e  THF t o  

* Use of s p e c i f i c  brand name does no t  n e c e s s a r i l y  c o n s t i t u t e  endorsement 
of t h e  product  by t h e  U . S .  Geolog ica l  Survey. 
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prevent  peroxide  format ion .  Because THF i s  extremely hydroscopic ,  a layer  of 

A 3 angstrom molecular  s i e v e  (8-12 mesh beads)  w a s  added t o  t h e  reagent  b o t t l e  

t o  remove any water which the  THF would t ake  up from t h e  a i r .  

Containment Vessels and Support  Equipment 

;ill systems were conta ined  i n  300 m l  p r e s s u r e  v e s s e l s  (321 s t a in l e s s  

s t e e l )  s e a l e d  by Bridgeman seals (F ig .  11). These v e s s e l s  were hea ted  i n  

l a r g e  d iameter  (10.4 cm) muff le  f u r n a c e s  (Fig.  12) .  Temperatures were 

main ta ined  t o  f 1.5OC by Love tempera ture  c o n t r o l l e r s  and measured by chromel- 

a lumel  thermocouples us ing  a p o t e n t i o m e t e r ,  galvanometer ,  s t anda rd  c e l l  and a n  

e l e c t r o n i c  ice-poin t  r e f e r e n c e  (Kaye Ins t rumen t s ) ,  Pressures were genera ted  

by a Teledyne-Sprague a i r - a c t u a t e d  h y d r a u l i c  pump wKich could  e i t h e r  pump 

water i n t o  t h e  p r e s s u r e  v e s s e l  o r ,  by means of a s e p a r a t o r ,  methane o r  

Detroleum (Fig .  12) .  A s e p a r a t o r  is a s t a i n l e s s  s tee l  c y l i n d e r ,  wi th  a 

p o l i s h e d  bore ,  s ea l ed  a t  both ends,  and f i t t e d  w i t h  a ( s l i d i n g )  b r a s s  plug 

guided by one o r  more rubber  O-rings. The s e p a r a t o r  i s  f i l l e d  wi th  methane o r  

petroleum wi th  t h e  plug a t  one end and t h e  gas o r  f l u i d  i s  then compressed t o  

t h e  d e s i r e d  p r e s s u r e  by pumping water i n t o  t h e  o t h e r  end. P res su res  were 

monitored by 0-50,000 p s i  Ashcrof t  gauges,  and measured by a 2500 b a r  Heise 

gauge. 

Round bottom f l a s k s  ( u s u a l l y  1,000 o r  2,000 m l ) ,  whose volumes had been 

a c c u r a t e l y  measured, se rved  as sample f l a s k s  ( P r i c e ,  1979) .  The f l a s k s  were 

s e a l e d  by a t t a c h i n g  b r a s s  compression f i t t i n g s  t o  t h e  metal end of g l a s s  t o  

metal (Kovar) seals which were a t t a c h e d  t o  t h e  round bottoms a t  t h e  g l a s s  

end. A septum placed  i n  t h e  compression f i t t i n g  and he ld  i n  p lace  by a 

f e r r u l e  and nut  made the  f l a s k  gas t i g h t  and allowed sample access  by means of 

hypodermic needles .  
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A 

Figure  11.--Diagram of t he  pressure vessels used i n  t h i s  study. 
were sealed by t i g h t e n i n g  t h e  l a r g e  c losu re  n u t  which exer ted pressure through 
the  back up washer t o  the  Bridgeman seals  (washers). 
these s l i g h t l y  convex washers t o  f l a t t e n  out ,  which exer ted 1 a t e r a l  pressures 
on s ides o f  the  pressure vessel which made the  seal. 

The vessels 

This  pressure caused 
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SPRAGUE PUMP 

THERMOCOUPLE FOR 
TEMPERATURE MEASUREMENT 

THERMOCOUPLE AND POWER LINE 
TO TEMPERATURE CONTROLLER 

PRESSURE VESSEL 

FURNACE 

Figure 12.--Diagram of pressure vessel, furnace and support equipment. High  
pressure valves (shown) isolated the various components as well as the pressure 
vessel. 
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Sampl inL 

A h i g h  p r e s s u r e  c a p i l l a r y  (0.48 mm I.D.) l i n e  ( t h e  sample l i n e )  w i t h  a 22 

gauge hypodermic n e e d l e  s i l v e r  s o l d e r e d  on i t s  end ,  was a t t a c h e d  t o  a v a l v e  

b l o c k .  The v a l v e  b l o c k  i n  t u r n  was a t t a c h e d  t o  a l a r g e  i n s i d e  d i a m e t e r  (2.34 

mn) h i g h  p r e s s u r e  l i n e  ( sample  ex i t  t u b e )  a t t a c h e d  t o  t h e  t o p  of t h e  p r e s s u r e  

v e s s e l .  

i n s i d e  t h e  vesse l ,  a methane r i c h  phase  ( t h e  phase  of i n t e r e s t )  over  l a i d  a 

p e t r o l e u m - r i c h  phase  which i n  t u r n  w a s  o v e r  water. The sample ex i t  t u b e ,  

v a l v e  b l o c k ,  and i n  t h e  case of p e t r o l e u m  d i s t i l l a t i o n  f r a c t i o n s ,  t h e  sample  

l i n e ,  were a l l  h e a t e d  t o  t h e  t e m p e r a t u r e  of t h e  p r e s s u r e - v e s s e l  t o  h e l p  

p r e v e n t  e x s o l u t i o n  of l i q u i d s  f rom t h e  g a s  phase  d u r i n g  sampl ing .  

When t h e  p r e s s u r e  v e s s e l  ( a u t o c l a v e )  was i n  a n  u p r i g h t  p o s i t i o n ,  

Methane and water form a h y d r a t e  phase  a t  h i g h  p r e s s u r e s ,  below 4OoC,  

which p l u g s  l i n e s  and cannot  b e  d i s l o d g e d  by even ex t reme p r e s s u r e  

d i f f e r e n t i a l s  ( P r i c e ,  1979) .  Theref  o r e  a l l  l l s u p p o r t l l  c a p i l l a r y  l i n e s  c a r r y i n g  

methane t o  o r  f rom t h e  a u t o c l a v e  were h e a t e d  t o  5OoC t o  6 O o C ,  t o  p r e v e n t  

h y d r a t e  f o r m a t i o n ,  by wrapping them w i t h  e l ec t r i ca l  h e a t i n g  t a p e  and a s b e s t o s  

c l o t h .  

Once t h e  sys tem of i n t e r e s t  i n  t h e  a u t o c l a v e  had reached  e q u i l i b r i u m ,  a 

s l i g h t  d e c r e a s e  i n  p r e s s u r e  d u r i n g  sampl ing  would c a u s e  immediate e x s o l u t i o n  

of l i q u i d s  f rom t h e  gas  p h a s e ,  and t h e r e f  o r e  e r r o n e o u s  r e s u l c s .  Thus,  b e f o r e  

s a m p l i n g ,  t h e  a u t o c l a v e  w a s  s l i g h t l y  o v e r p r e s s u r e d  ( 4 0  t o  90 b a r s )  by pumping 

water i n t o  t h e  bot tom of t h e  a u t o c l a v e ,  and d u r i n g  sampl ing  (a f i v e  minute  

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

( d i s c u s s e d  below) showed t h a t  i f  t h e  f u r n a c e  and a u t o c l a v e  were s t a t i c ,  

e q u i l i b r i u m  a p p r o a c h  from u n d e r s a t u r a t i o n  was v e r y  slow. 

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

Thus t h i s  s l i g h t  

A 
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Before sampl ing ,  t he  s e a l e d  round-bottom sample-f l a s k s  were v a c u m  

evacuated and f i l l e d  wi th  methane a t  l a b o r a t o r y  p r e s s u r e  and temperature .  (If 

t h e  sample  f l a s k s ,  be fo re  sampling,  con ta ined  a i r  and not  methane, bouyancy 

in t roduced  e r r o r s  i n t o  subsequent  c a l c u l a t i o n s ) .  The f l a s k s  were then  t a r e d  

on a top  l o a d i n g  ba lance  t o  0.001 g. Before  sampl ing ,  a s u f f i c i e n t  b leed  was 

taken  from t h e  a u t o c l a v e  t o  remove any pe t ro leum-r ich  phase o r  water  which had 

lodged i n  t h e  sample exi t  tube  du r ing  rocking  (see below). A need le  on the  

end of t h e  sample l i n e  al lowed sample a c c e s s  t o  t h e  s a m p l e  f l a s k  through t h e  

sample- f lask  septum. All water and petroleum c a r r i e d  i n  t h e  gas phase 

exsolved  i n  t h e  sample f l a s k  from t h e  pressure- tempera ture  drop  caused by 

s amp1 i n g  . 
A f t e r  sampl ing ,  t he  f l a s k  was reweighed and al lowed t o  come t o  room 

tempera ture .  The excess  p r e s s u r e  gene ra t ed  by t h e  methane was then  measured 

w i t h  a Matheson 0 t o  15 or 0 t o  30 p s i  Bourdon tube  test gauge ( a c c u r a t e  t o  

0.25 p e r c e n t  a t  f u l l  s c a l e ) .  A hypodermir need le  s i l v e r  so lde red  on to  t h e  end 

of t h e  gauge al lowed access  t o  t h e  sample f l a s k .  With knowledge of t he  

sample-f lask volume and t h e  volume of t h e  Bourdon tube  i n  t h e  gauge, idea l  gas  

c a l c u l a t i o n s  gave t h e  number of moles and t h e r e f o r e  t h e  sample weight  of t h e  

methane. S u b t r a c t i o n  of t h e  sample-f lask t a r e  weight and t h e  methane w e i g h t  

f rom the  sample f l a s k  weight a f t e r  sampling gave t h e  weight  of t he  l i q u i d s  i n  

the  sample  (wa te r  and petroleum).  

Crude o i l  samples f o r  q u a l i t a t i v e  a n a l y s e s  were taken  i n  2,000 or  

5,000 m l  round bottom f l a s k s  s e a l e d  by a septum ( t o  p reven t  l o s s  of C4-Cl0 

range hydrocarbons) .  The round bottom f a l s k s  con ta ined  about  f i v e  m l  of 

d i s t i l l e d  water. Af t e r  a sample was t aken ,  o i l ,  exso lved  from the  gas  phase 
I 

would form an immiscible  l a y e r  on t h e  water .  The c rude-o i l  sample was 

recovered  by pour ing  the  l i q u i d s  i n t o  a two dram v i a l ,  ana suspending t h e  
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sample f l a s k  over  t h e  v i a l  f o r  complete dra inage .  The v i a l  was sealed by a 

t i n - l i n e d  screw cap and t h e  samples were f r o z e n  u n t i l  a n a l y s i s .  

A t  low p r e s s u r e s ,  and t h e r e f o r e  low o i l  s o l u b i l i t i e s ,  m u l t i p l e  gas 

samples  had t o  be taken .  This  w a s  done by vacuum evacua t ing  the  sample f l a s k  

be fo re  sampling,  which allowed a l a r g e r  volume of gas t o  be taken.  The sample 

f l a s k  w a s  t hen  c h i l l e d  wi th  i c e  t o  promote t o t a l  e x s c l u t i o n  of a l l  l i g h t  

hydrocarbons from t h e  gas phase. The excess  gas  p r e s s u r e  was bled from the  

sample f l a s k  w i t h  a need le  and a n o t h e r  sample was taken .  The p rocess  was 

r e p e a t e d  as necessary .  Because of extremely low s o l u b i l i t i e s  (Fig.  l ) ,  no 

q u a l i t a t i v e  samples were recovered a t  t h e  lowes t  p r e s s u r e s .  

Q u a l i t a t i v e  samples of the two d i s t i l l a t i o n  f r a c t i o n s  were taken  d i r e c t l y  

i n t o  eight-dram v i a l s ,  as l o s s  of l i g h t  hydrocarbons was not  a problem. 

Equ i l ib r ium Attainment  

The muf f l e  f u r n a c e s ,  which con ta ined  t h e  a u t o c l a v e s ,  could be 

mechanica l ly  rocked through a 60' a r c  from h o r i z o n t a l  f o r  mixing of t h e  

d i f f e r e n t  phases .  A 40 gram s ta inless-s teel  b a l l  (used a t  the  sugges t ion  of 

Ralph Simon, Chevron O i l  F i e l d  Research Center ,  La Habra, CA) i n s i d e  t h e  

a u t o c l a v e  a l s o  a ided  i n  mixing t h e  t h r e e  phases .  Equ i l ib r ium approach s t u d i e s  

were c a r r i e d  out  wi thout  rocking  ( s t a t i c  muff l e  f u r n a c e ) ,  wi th  rocking and 

w i t h  rocking  w i t h  a s tee l  b a l l .  Without rocking ,  e q u i l i b r i u m  was not  achieved 

a f t e r  168 hours .  With rocking  but  w i thou t  t h e  s t a i n l e s s  s tee l  b a l l ,  

e q u i l i b r i u m  would be achieved  between 25 t o  31 hours.  With rocking and w i t h  

the  b a l l ,  e q u i l i b r i u m  was achieved  between 5 t o  10 hours .  Equi l ibr ium 

approach from o v e r s a t u r a t i o n  ( e x s o l u t i o n  due t o  p r e s s u r e  dec rease )  y i e lded  t h e  

same s o l u b i l i t y  va lues  as approach from u n d e r s a t u r a t i o n .  
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Al l  s o l u b i l i t y  d a t a  f o r  t h e  fo rma l  s tudy  were approached from 

u n d e r s a t u r a t i o n  by i n c r e a s e  of p r e s s u r e ,  w i th  2 4  hours  of rocking  f o r  t h e  

c rude  o i l  and 48 hours  of rocking  f o r  t h e  petroleum d i s t i l l a t i o n  f r a c t i o n s .  

Before sampling,  t h e  f u r n a c e  and a u t o c l a v e  were set v e r t i c a l l y  s t a t i o n a r y  f o r  

one hour a f t e r  rock ing  t o  a l low l i q u i d s  t o  s e t t l e  away from t h e  e x i t  tube.  

Two s t u d i e s  showed t h a t  a f t e r  one hour ,  t h e  l e n g t h  of t ime of sampling a f t e r  

rock ing  had no d e t e c t a b l e  e f f e c t  on t h e  s o l u b i l i t y  va lues .  Sample s i ze  a l s o  

had no e f f e c t  on s o l u b i l i t y  v a l u e s .  

For any i s o t h e r m a l  run  w i t h  petroleum, samples  were taken  wi th  i n c r e a s i n g  

p r e s s u r e  u n t i l  a c o n d i t i o n  of " l imi t ed"  c o s o l u b i l i t y  was reached.  Here most 

( rough ly  carbon number C40 o r  l e s s )  of t h e  compounds i n  t h e  pecroleum phase 

became c o s o l u b l e  w i t h  t h e  gas  phase.  Once t h i s  c o n d i t i o n  vas reached ,  f u r t h e r  

measurements had no meaning as any s o l u b i l i t y  number could be manufactured by 

va rv inn  t h e  g a s - o i l  r a t i o  of t h e  t o t a l  sys t em.  C o s o l u b i l i t y  was apparent  by a 

l a r g e  p o s i t i v e  d e v i a t i o n  i n  a l i n e a r  p l o t  of c rude-o i l  s o l u b i l i t y  (on t h e  

l o g a r i t h m i c  s c a l e )  v e r s u s  p r e s s u r e  (ari thmetic s c a l e )  a t  c o n s t a n t  

t empera tu re .  Th i s  d e v i a t i o n  could  be caused by e i t h e r  c o s o l u b i l i t y  o r  l o s s  of 

t he  gas - r i ch  phase from too  much o i l  i n  t h e  system. When such a d e v i a t i o n  

o c c u r r e d ,  t h e  system was t e s t e d  t o  de te rmine  which cause  was responsible by 

adding methane t o  t h e  s y s t e m  t o  form a &as r i c h  phase i f  poss ib l e .  A f t e r  

e q u i l i b r a t i o n ,  t h e  system was sampled. This  p rocess  w a s  repea ted  s e v e r a l  

times i n  an a t t e m p t  t o  ach ieve  a c o n s t a n t  s o l u b i l i t y  va lue  which i n d i c a t e d  

t h a t  a pet ro leum-sa tura ted  gas- r ich  phase e x i s t e d .  I f ,  on t h e  o t h e r  hand, 

s o l u b i l i t y  v a l u e s  cont inued  t o  d e c l i n e  as more methane was added t o  t h e  

system, i t  w a s  a s s u m e d  t h a t  c o s o l u b i l l i t y  had occurred  and t h a t  a one-phase 

mixture  e x i s t e d .  
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In  a l l  s o l u b i l i t y  s t u d i e s  wi th  t h e  crude o i l ,  t h e  petroleum " re se rvo i r "  

was removed from t h e  a u t o c l a v e  r e g u l a r l y  by purg ing  t h e  s y s t e m  wi th  water o r  

methane, and new c rude  o i l  was i n j e c t e d .  This  prevented  s t r o n g  p r e f e r e n t i a l  

d e p l e t i o n  of t h e  lower molecular  weight f r a c t i o n s  of t h e  crude o i l  which could 

change t h e  s o l u b i l i l t y  va lues .  

Q u a n t i t a t i v e  Analyses  

After a sample was taken ,  and t h e  round-bottom sample f l a s k  was reweighed 

and i t s  o v e r p r e s s u r e  measured, t h e  excess  methane w a s  b led  from t h e  sample 

f l a s k  by means of a hypodermic needle .  The sample f l a s k  was then  opened and 

r i n s e d  f i v e  times w i t h  f i v e  m l  each of t e t r a h y d r o f u r a n  (THF), which 

q u a n t i t a t i v e l y  d i s s o l v e d  a l l  water and hydrocarbons i n  the  sample f l a s k .  The 

s u c c e s s i v e  r i n s e s  of THF wi th  d i s s o l v e d  crude o i l  and water  were t r a n s f e r r e d  

t o  50 m l  hypodermic v i a l s .  Tuf-Bond d i s c s  ( P i e r c e  Chemical Co.) were used t o  

sea l  the  v i a l s  w i th  an  aluminum cap which was crimped on t h e  top  of t h e  

v i a l .  The d i s c s  were c o n s t r u c t e d  of a l a y e r  of s i l i c o n e  rubber  bonded t o  a 

t h i n  l a y e r  of t e f l o n .  The t e f l o n  s i d e  con tac t ed  t h e  s o l v e n t .  Other sep ta  

I 

( b u t y l  rubber ,  s i l i c o n e  rubber ,  neoprene,  e t c . )  were u n s a t i s f a c t o r y ,  as they 

were permeable t o  water and al lowed t h e  very  hydroscopic  THF t o  t ake  up 

s u b s t a n t i a l  water from t h e  a i r ,  which l e d  to er roneous  da t a .  Contact of r i n s e  

TKF wi th  a i r  was minimized due t o  t h e  hydroscopic  n a t u r e  of t he  former. THF 

s o l v e n t  blanks were prepared  i n  t h e  same f a s h i o n  as t h e  samples,  every t h r e e  

samples. These provided  background levels  of solvent-water  concen t r a t ions  

which were s u b t r a c t e d  from t h e  water c o n c e n t r a t i o n s  i n  the  samples. 

142 



The hypodermic vial was tared to five places with cap and septum, before 

adding the five rinses (with sample liquids) to it. Water concentrations in 

the hypodermic vials were determined using the Aquatest IV (Photovolt 

Corp.). This is an automatic analyzer which determines water concentration in 

any organic solvent based upon a quantitative electronic titration which 

generates Karl Fischer reagent. Before analyses with the Aquatest IV, the 

vial was reweighed (to five places) to determine the weight of fluids in the 

vial. The sealed hypodermic vial was then pierced and a 250 p l  to 2.0 ml 

syringe was used to withdraw a sample of THF from the vial. Sample size was 

dependent on expected water concentration, small concentrations necessitated 

sample sizes  up to 1.5 m l ,  while sample sizes of 150 u 1 could be used with 

high water concentrations. After sample withdrawal, the syringe was sealed 

and weighed on an analytical balance. After injecting the sample into the 

A n i l a r * c t  unit, the syringe was reweighed, the difference between the two 

weighings being the weight of sample injected. The Aquatest read out water 

concentrations for each analyses in ppm (by weight). Multiplying these 

numbers by the weight of the liquids in the hypodermic vial, gave the absolute 

weight of the water in each sample. By subtracting this number and the weight 

of the methane from the total sample weight, the weight of the liquid 

hydrocarbon fraction was determined by difference. Usually quantitative 

analyses by difference are undesireable. However in this c a s e ,  except at 

lower pressures, the petroleum or distillation fraction made up most (90 to 99 

percent) of the total sample weight (Tables 1, 4 and 5 ) .  Therefore even 

moderate errors (which we do not believe were present) in the determination of 

methane or water weights, would have resulted in only small errors in 

petroleum weights. When petroleum made up only a small percentage of the 

total sample weight (not the case for most samples) larger errors could be 

143 



Q 
i n t roduced .  The l i m i t  of d e t e c t i o n  f o r  pe t ro leum u s i n g  t h i s  analysis  was 

about  0.005 g/L. 

Q u a l i t a t i v e  Hydrocarbon Analyses  

Crude o i l  s o l u t e  samples were q u a l i t a t i v e l y  ana lyzed  f o r  carbon number 

d i s t r i b u t i o n ,  u s i n g  a Hewlett Packard 5740 gas  chromatograph wi th  dua l  f lame 

i o n i z a t i o n  d e t e c t o r s .  Column c o n d i t i o n s  were 1.6 mm I . D .  X 45.8 lii open column 

coa ted  w i t h  SE-30. The oven t empera tu re  was programmed a t  15OC per minute  

f rom 60’ t o  3OO0C w i t h  a v a r i a b l e  upper  tempera ture  l i m i t  i n t e r v a l  (0  t o  16 

minu tes ,  dependent  on t h e  amount of h igh  molecular  weight  material i n  each  

sample) .  Detector and i n j e c t i o n  p o r t  t empera tu res  were 30OoC. Sample s i z e s  

v a r i e d  from 0.2 t o  1.5 m i c r o l i t e r s ,  dependent on t h e  pe rcen tage  of C4-Cg 

hydrocarbons i n  t h e  sample. The chromatograph was equipped w i t h  a H e w l e t t  

Packard 7127-A s t r i p  c h a r t  r e c o r d e r  w i t h  a mechanical  Disc I n t e g r a t o r .  Carbon 

numbers were i d e n t i f i e d  u s i n g  t h e  n -pa ra f f in s  i n  each sample as i n t e r n a l  

s t a n d a r d s .  The pe rcen tage  of each  carbon number range  i n  a g iven  sample w a s  

de te rmined  by d i v i d i n g  t h e  number of Disc I n t e g r a t o r  counts  f o r  t h a t  carbon 

number range by t h e  t o t a l  number of coun t s  f o r  t h e  e n t i r e  sample .  Verticals 

from t h e  midpoint  of t h e  r e s p e c t i v e  n-paraff i n s  t o  t h e  i n t e g r a t o r  trace, 

a l lowed d e t e r m i n a t i o n  of t h e  c o u n t s  cor responding  t o  t h a t  r e s p e c t i v e  carbon 

number range. 

The CL3+ f r a c t i o n  of c rude  o i l  s o l u t e  samples and s o l u t e  samples of 

p e t r o l e u m - d i s t i l l a t i o n  f r a c t i o n s  were analyzed  for compound class d i s t r i b u t i o n  

by h igh  performance l i q u i d  chromatography. One t o  two hundred mi l l i g ram 

a l i q u o t s  of c rude  o i l  q u a l i t a t i v e  samples (dependent upon carbon number 

d f ’ s t r i b u t i o n )  were evapora t ed  t o  c o n s t a n t  weight  ( roughly  C13+) by d t r o g e n  

e v a p o r a t i o n ,  and then  d i s s o l v e d  i n  1.5 m l  of hexane f o r  i n j e c t i o n  on to  t h e  @ 
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tligh performance liquid chromatograph (HPLC). The HPLC consisted of 

Constametric I and I1 pumps controlled by a Gradient Master (Laboratory Data 

Control, LDC), a loop injector (Plodel U6K, Waters Associates), a 

Spectromonitor I UV-Vis detector ( L D C ) ,  a flame ionization detector model LCM- 

2 (Pye-Unicam), and a backflush valve model 70-10 (Rheodyne, Inc.). The 

Whatman column was 10 vm I.D., 250 mm long, preceded by a 2.2 mm I.D. by 70 m 

long guard column, packed with Whatman 10 pm PAC. 

The column was equilibrated with hexane, previously passed through 

Super I alumina W200 basic ( I C N  Pharmaceuticals, Inc.) to remove water and 

impurities. The hexane, with dissolved oil, was injected onto the column at 3 

ml/n?inute. On injection, a two minute gradient, curve 5 ,  was iniciated to 

yield a mobile phase of 90/10-hexane/dichloromethane. During this time, the 

saturated hydrocarbons and alkyl-substituted monoaromatics eluted, followed by 

+he .IF-, tri- and poly-cyclic aromatics. Compound class detection was by a 

flame ionization detector and a UV detector at 254 o r  300 nm, dependent on 

aromatic compound concentration. On complete elution of the aromatic 

fraction, column flow was reversed, and a two minute gradient, curve 1, was 

initiated to 100 percent dichloromethane, to elute the XSO fraction. The 

column was cleaned with tetrahydrofuran, acetonitrile, and methanol. 

After fractionation by HPLC, the weights of the saturated and aromatic 

hydrocarbons were gravimetrically determined after solvent evaporation with 

nitrogen without a heating bath to constant weight (C13+). The NSO fraction 

weights for most of the samples could not be gravimetrically determined due to 

their low amounts. The weights of such samples were determined by peak-height 

measurement from the HPLC flame detector. 

v&rsus known weights of NSO fractions, served as an index. 

A linear plot of peak heights 

A 
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The petroleum distillation fractions (F12 and F l s )  were qualitatively 

analyzed differently. The THF and water were removed by evaporation from the 

quantitative samples in the hypodermic vials. 

redissolved in hexane and filtered into a tared 3 dram vial to remove solid 

The F I 2  samples were 

particulate matter. The samples were then blown down to dryness with nitrogen 

in a heated water bath and a sample weight was taken. The amtorial was 

redissolved in hexane in a 10 m l  volumetric flask and enough liquid was 

pipetted for the HPLC for a 80 to 100 mg sample weight. 

after hypodermic vial evaporation, were dissolved in pentane ( f o r  

deasphaltening) and filtered into a tared three dram vial to remove solid 

particulate matter and the asphaltenes. The asphaltenes were remobilized into 

a tared 3 dram vial by dichloromethane which was removed by evaporation co  

give an asphaltene weight. The pentane in the other 3 dram vial was removed 

hy ev2?nration, and the same procedure as used with the F12 fraction, was then 

followed. 

The F15 samples, 
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APPENDIX D 

Estimation of  the e f fec t  of  CC!, on methane so!iiLility '. 

The ef fec t  of carbon dioxide on aqueous methane sol 1.125 1 -i t y  was Ileter- 

mined a t  pressures o f  5000, 13000 and 22503 psi ; i t  3 X 0 F  i n  NaCl solutions 

w i t h  s a l i n i t i e s  o f  52 and 107 g r a m  per l i t e r .  In T a b l e  7 (ajong the hor- 

i zon ta i  l ines  dlsignated by " C " )  the percentage o f  methane ( 3 s  con-prjred t o  

carbon dioxide f ree  brines: in solutions contain?ng il-ifferent mo:.mts o f  

carbon dioxide was reported. CarSon dioxide i s  exprexsed as percentsces 

o f  to ta l  dissolved gases. I n  Figure D - 1  the intcrFolated concentr-ation 

0.l: i a r b o n  dic;xide for  specif ic  methane percentzges were plotted along the 

appi-opriate salin-it:) lirles for a pressrrre of 13003 psi - 

t.Gl~:es were plotted 3n a scale that .  i s  equal t o  the square root ol" .tile 

carbon dioxide content. Contours representing ecual percentage val U ~ F  f o r  

rnethme were drawn between the s a l i n i t i e s  and extrapolated to zero s a l i n i t y .  

The 100 percent l i n e  represents the locus o f  points (Combinations o f  sal in-  

i t i e s  and carbon dioxide concentrations) tha t  separates condi t i c m  where 

methane s o l u h i l  i t y  i s  suppressed from- t h e  condi. t icms where r e t h a n e  s o l u b i l  i- 

t y  i s  enharrced (coinpared tca methane so lubf l i t i es  i n  carbon d i o x i d e  f ree  s o l -  

utions under the same conditions. The  different percentage cmtours  i n -  

Carbon dioxide 

dicate the amount of methane contairled i n  saturated solutions compared t o  

carbon dioxide f ree  solutions. 

From t t e  contuurs i n  Figure D - 1 ,  i t  i s  apparent t i i a t  ca.r.bnn dioxide 

suppresses methane so lubi l i ty  grhatest  a t  'low s a l i n i t i e s  dnd h i g h  c<irbon 

dioxide concentrations. The addition of carbon d-;oxide a t  low to intervediate 

conceiitv*ations a t  h i g h  s a l in i ty  cdn enhance methane concentrations. 
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The carbon dioxide ccntent .and s a l in i ty  o f  i i  nl;n:l-!er g f  geopressure 

t e s t  wclls a re  a l s o  plotted on Figure D-1.  F o r  cxan.ijlc?, "CZ" repr:tscnts 

t h e  Crown Zellerbach we11 No. 2 ( C O P  content o f  e..bout 23 :r.o;e percent of  

the dissolved gases and a s a l in i ty  c f  31.7 grams/li ter,  see T2ble 11.). 

Under these conditions saturation rlri t h  methane WCItild tic: prcdictec( when the 

nieLhanc content reached 75 percent 0-7 t h a t  prebicted tisirig equat ims in  

Tab! .  1 and t i i e  ;.hysical conditiocs l i s t ed  in Tiible 11. 

nietiiiine predicted i n  t h i s  way was 37.5 scf per bar:-el. 

The so1ut:llity G f  

The mecsured ccntent 
I o f  22.5 s c f  i s  well b21ow tile predicted vdlue. J L ~ :  suyses ts  tha! the 

C r o w  721 lerbach we1 1 riiay be undersaturated. 
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Figure D-1  Contours represent ing  t h e  percentage amount o f  methane con- 
ta ined i n  so lu t i ons  a t  t h e  i nd i ca ted  s a l i n i t y  and mole percent  o f  carbon 
d iox ide  o f  gases d isso lved i n  s o l u t i o n  compared t o  methane so l  ub i  1 i ty  
values i n  CO2 free so lu t i ons  a t  t h e  same s a l i n i t y ,  temperature and press- 
ure. The c i r c l e s  represent  t h e  composit ional p o s i t i o n  o f  geopressured 
t e s t  w e l l s  as fol lows: CZ = Crown Zellerbach, SAL = Saldana, PC = P r a i r e  
Canal, LK = Lear Koelemay, G = Girouard, BS = Beulah Simon, and PB = 
P1 easant Bayou. 
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