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ABSTRACT

The solubility of methane in aqueous solutions has been determined
over a broad range 6f temperature, pressure and salinities. The effect of
disso]ved carbon dioxide and ethane on methane solubility has been determined
at 302°F, Also the solubility of crude 0il and water in methane has been
determined over a broad range of temperatures and pressures,

The solubility of methane is raised by increasing pressure and temperature
(above about 170°F). There is a solubility minimum near 170°F at constant
pressure and salinity. Ionic salts effectively salt methane out of so1ution
at all concentrations investigated in this study.

The effect of the addition of small amounts of carbon dioxide or ethane
to the gas dissolved in aqueous solutions is to enhance methane solubility
compared to solutions without other gases. Higher concentrations of dissolved
gases, depending upon the salinity and the gas involved, decrease aqueous
methane solubility. The addition of carbon dioxide always increases total
gas content eQen when reducing the concentration of methane. With increasing
concentration of ethane in the dissolved gases the total gas content reaches
a maximum and .then t_:oth methane ‘and total gas content decrease.

Comparison of experimenta]lméthane So]ubilities with gas/water ratios,
salinities, bottom hole témperatures and preSsures of geopressure test wells
suggests‘that>50me formation f]ufds may.be neér safuration, while many others
seem to be.undefsaturated;' There are unresolved questions about the effects
of cher disSo]ved substances such as bicarbonate ion and.higher molecular
wefght hydrOCarbons on aqueous methane so1ubi11ty.‘_A o

Petroleum is soluble in methane. Increasing pressure increases the



solubility of crude o0il in methane gas. At an elevated pressure, which depends

upon the temperature, o0il and gas form a single fluid phase.



INTRODUCTION

History of project and previous work

Dufing 1977 the co-principal investigators Drs. Leigh C. Price and
Charles W. Blount jointly proposed to systematically determine methane solubility
in NaCl solutions at elevated temperatures and pressures appropriate to the
geothermal-geopressure resource. This proposal resulted in the issuance of a
research contract with D.O.E. on April 1st, 1978.

Previous work on the solubility of methane in water and salt water
solutions had been made by a number of investigators over a limited range of .
physical conditions (Culbertson and MckKetta, 1951; Duffy et al, 1961; 0'Sullivan
and Smith, 1970; Sultanov, 1972; and Price, 1979). Haas (1978) analyzed all
previous data, excepting Price (1979), and developed an empirical equation to
calculate methane solubilities over a broad range of conditions. This equation
was fundamentally an equation for the so}ubi]ity of methqne in pure water with
an applied constant salting out or Setschenow constant. Susak and McGee
(1980) deve]oped a roqtihe for:ca1cu1atﬁng methane so1ubi1ities from Haas's
equation usfng ah.appropriéte prdgrammable calculator. Up to this time no
systematic laboratory study had been underiaken td_determine methane solubility

in NaCl solutions at temperatures above ZOOQF and at pressures from 2,000 to



22,500 psi.|

Proposed studies

Unaer the initial contract with D.0.E. we proposed to investigate:

_1) The solubility of methane in aqueous NaCl solutions at temperatures
from 2120F to 464°F with NaCl concentrations up to 25 weight percent at pres-
sures ranging from 2,000 to 22,500 psi.

2) The effect of CO, on methane solubility in aqueous solutions.

3) The effect of higher hydrocarbons on methane solubility in aqueous
solution.

4) The behavior of these systems at temperatures above 2500¢.

During the initial period of study (4/1/78 to 3/27/80) supplies and
equipment were procured, personnel trained in the use of high pressure geo-
thermal equipment and the study of solubility of methane in salt water was
nearly completed. During this time, D.0.E. expressed an interest in experi-
ments at low temperature and pressure apperriate for the operation of methane.
gas recovery systems at which point this work was also initiated. Also during
this time two pressure vessels failed catastrophically causing damage to
1aboratory equipment and a delay of several months while new pressure vessels
were made and repairs were made to 1aboratory.equipmeht. Work on the effect
of carbon dioxide and of higher mo]écu]ar weight hydrdcarbons was postponed

to a later date.

" lWe have used American units of measurements (temperature in OF, pressure

in psi, and methane solubility in SCF/Bb1) rather than metric units through-
out this report because the majority of the people who will use these data
use American and not metric units. An American petroleum barrel is equal to
42 galions. '



A proposed modification to the original contract was approved on March 27,
1980 where we proposed to ﬁnvéstigate:

1) The solubility of methane at low temperatures and pressures.

2) a. The solubility of crude oil in methane in the presence of water.

b. The solubility of methane and crude oil in water.

Under the modified proposal, a gas chromatograph was purchased, set up
and used to analyze gas mixtures obtained from experimental measurements of the
solubility of methane in solution containing carbon dioxide and ethane.

Work completed under both phases of the D.0.E. contract is as follows:

1) The solubility of methane in NaCl solutions at temperatures of 2120 to
464F at pressures fkom 2,000 to 22,500 psi and NaCl concentrations from 0 to
26 weight percent.

2) The solubility of methane in NaCl solutions at temperatures from
779 to 1609F at pressures from 100 to 2,000 psi in 5, 10 and 15 weighf percent
NaCl solutions. This includes equilibria studies.

3) The solubility of methane in the presence of carbon dioxide in NaC)
solutions of 5, 10 and 15 weight percent at 300°F at pressures at 5,000,

13,000 and 22,500 psi (C02 concentration ranged from 5 to 90% of the gas dissolved
in the aqueous solutions).

4) The effect of dissolved ethane on aqueous methane solubility at 300°F
in a 10 weight pércent NaCl solution at-several pressures.

'5) The solubility of crudé.oij'and crude oil distillate fractions in methane
in the presence of water. |

Measurements of the solubility of methane at temperatures above 464°F were
dropbéd betausé,such>data were‘not considered to be fmportant with respect to

the geothermal-geopressure resource and existing laboratory data could be
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extrapolated into that region. The study of methane solubility in crude oil
saturated water was not undertaken because of the need of equipment for other
studies and the anticipated experimental difficulties of long equilibration
times. We simply did not have enough equipment and personnel to do all of the
possible work in the time allocated for the research project.

Under the terms of another ammendment to the contract a third pressure
vessel was constructed for use in the solubility studies. Up to that time only
two pressure vessels were used for determining methane solubilities at high
pressure conditions. The third vessel replaced an unsafe pressure vessel of

the same design as those that catastrophically failed.



METHANE SOLUBILITY STUDIES

Equipment

We have measured the solubility of methane in NaCl solutions using hydro-
thermal solution equipment (HSE) similar to that described by Dickson, Blount,
and Tunell (1963) and shown in Figure 1. Experimental solutions were contained
in a teflon sample cell sealed and connected to the closure piece of a pressure
vesée]. The sealed sample cell was installed in a pressure vesséT that con-
tained sufficient water to expel air from the vessel when the tef]on sémp]e
cell Was inserted and the vessel closed. A teflon-lined stainless steel tube
(sample exit tube) led from the sample cell to a valve block. This tube allowed
samples to be withdrawn from the sample cell.

The assembled hydrothermal solution equipment, which contained a chromel-
alumel monitoring thermocouple, was then installed in a muffle furnace. Thé
furnace was designed so that the pressure vessel could be rotated back and
forth through a 180° arc. Temperatures were controlled by Love? proportioning-
type temperature controllers to i_3°F. Temperature measurements were made to
+ 3 OF with the aforementioned thermocouple. Pressure measurements were
made_to + 45 psi uéing a Heise precision-typevBourdon gauge.

An air-operated hydrau]ic'pump genérated preésures by pumping either
distilled water into the pressure vessel or salt solutions into the sample
cell. Pressures.cou1d also be generated by a separator which pumped methane.
into the samp]e’cell or pressure vessel. The methane used was of a 99.99
- percent purity supplied in a 300_SCF'tank at an initial pressure of 2250 psi.
2Use of brand nahes in this report is for descriptive purposes only and

does not constitute endorsement by the U.S. Geological Survey or the Depart-
ment of Energy
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Gas from this tank was allowed to flow into the separator. The tank was then
shut off and the methane compressed to the desired pressure by pumping water
into the opposite end of the separator. A brass plug separated methane from
the water. Salt solutions were gravimetrically prepared using analytical
reagent-grade NaCl and distilled water.

Methane and water combine at temperatures below 1040F at high pressures
to form a solid hydrate phase which will plug pressure lines. To prévent this,
all pressure lines were wrapped with insulation and heated to between 15Q°
and 180°F with electric heating tapes.

The teflon wall of the samp{e cell was highly permeable to methane, carbon
dioxide and ethane and slightly permeable to distilled water. Distilled water
from the pressure vessel slowly diffused through the teflon sample cell wall,
diluting the concentration of the NaCl solution in the sample cell. The rate of
diffusion increased with increasing temperature and with decreasing pressure.
At higher temperatures (401 and 464°F), determinations of NaCl concentrations
of samples were made frequently to monitof changes in NaCl concentration.

Experimental Procedures

The HSE was heated to the desired temperature while maintairm'ng a pressure
of about 4350 psi. Because sé]ufions expand when heated, excess solution was
bled from thé sample cell dUring heating to prevent rupture. When the desired
temperature was achieved, saiine water was bled from the sample cell and re-
“placed by 20 cé of methane at 4,350 psi. Additional methane was pumped into the
pressure veSse]_(outside the sample cell) to saturate the water in the pressure
vessel with_methane. This was done to prevent large-scale diffusion of methane
from the sample cell to the water in the pressure vessel. The HSE was then rocked

for a period of 6 to 8 hours. Absorption of methane by the saline solution in



the sample cell and the distilled water in the pressure vessel caused the pressure
to decrease. More methane was then pumped into the pressure vessel to re-establish
the desired pressure. The pressure vessel was rocked for another 6 to 8 hours
and then inverted so that the methane gas phase in the sample cell would rise to
the end of the cell away from the sample exit tube. Rocking the pressure vessel
was a crucial aspect of this study. We found that the uptake of methane in a
NaCl solution in a static éystem could take weeks. This was also true for the
uptake of methane in distilled water at pressurés of 20,000 psi or greater (Price,
1979). By rocking the system, equilibrium saturation was achieved in a maximum’
of two days. | | | |
Samp]ing of the saline solution in the sample cell was accomplished as
follows. A high-pressure capillary tube was connected to the valve block at
the end of the sample exit tube. (A 22-gauge hypodermic needle had been soldered
onto the end of this capillary tube). The temperature and pressure of the
system in the sample vessel were measured. The pressure of the system was in-
creased by 400 to 600 psi to prevent the system pressure from dropping below the
recorded pressure during sampling. The valve block on the sample exit tube was
opened slightly until a steady sample flow rate was established. As sample
solution came out, methane was injected into the preséure vessel. From 3 to 5
ml of solution'were bled from the sample cell before any samples were taken.
Duplicate samples (or more if neCeSSary)'were téken'in sealed round-bottomed
flasks, whichvhad‘Kovar seals attéched to-them. Brass compression fittings,
séaled'by a‘séptum.ét one ehd, were attached to the Kovar seals. The hypodermic
nged]e was puéhed_through the. septum so that sample sb]ution went into the round-
bottdmbfiask; fSamble size varied from 3 to 10 ml depehdinglﬁh methane concentra-
tion and the size of the flask.

10



Affer sampling the pressure was dropped to the desired pressure. The sam-
ples in the flasks were then analyzed. Sampling did not cause a significant
change in temperature and had no effect on NaCl concentration. Increasing
the pressuretbéfore sampling did not affect solubilities. Price (1979) had
observed that the process of methane dissolution in solution was very slow
compared to the rate that methane is evolved from solution following a pressure
drop. Thus during samp]ingvit was important to keep the pressure at or above
the experimental pressure to prevent methane from exolving from so]ution$
prematurely. Our results confirmed that rapid exsolution also was true in
NaCl brines. - We used this fact to our advantage in the study. By rocking
the pressure vesse]}wé established equilibrium conditions at the highest
pressure of interest (22,500 psi). Samb]es were then taken and the pressure
of the sysfem was decreased to the next point of interest, and 3 or 4 hours
later, samples could be taken under the new conditions. Thas it was possible
to take 2 or 3 measurements every working day. Metbane solubilities were
determined for a decreasing séries of pressures holding the temperature and
NaCl concentration as constant asvaSSible.‘

Methéne gas' concentrations were calculated from the analysis of samples.
The .resu]ts_ of the dup]icate‘vor'tr.iplicate samples taken were usually within
+ 5% of the mean 6% average vd]ué. :1f}they‘f$i1ed to agree within ¥5%, another
setbpf sampleé_wés taken. Usualiy»two or thrée sets Qf samples were téken
,af intervals of time.kanging frbm_a few houfs_to sevéral'daysi When succeeding
sets of sampies agreed within the.éna]ytitéT'uncertainty the pressdré was
drobped‘tovfhelnext expetimenta] pressure desired and the sampling process
_ répeated‘aftér;eﬁaughftime had'basééd,to permit re-equi1i5réfi6h. at the new
pressure. | | | o

11



Because sampling depleted the saline solution in the sample cell,
occasionally it had to be reloaded, in situ, by injecting salt solution into
the cell through the sample valve block. After reloading, the undersaturated
saline water was equi]ibrated.by raising the pressure to the desired value and
rocking the HSE equipment; When the NaCl content dropped to about % weight
percent below what was desired, a measufed quantity of NaCl solution was re-
loaded into the sample cell to bring the NaCl concentration back to. what was

desired.

Analytical Procedures

Sample analyses were made following the procedure of Price (1979).
Samples were taken in preweighéd round-bottom flasks of known volume. Flasks
of 50, 100, and 250 ml were commonly used. Sample flasks were bled to lab
pressure just before use. Samples of 3 to 10 grams were injected in the flask
through the septum. They were then reweighed and allowed to cool to room |
temperatﬁre. Pressure of gas in the flask was measured to + 0.05 psi using
a precision Bourdon gauge with a range of 15 psi. Usually the pressure of
gas was between 3 and 6 psi. At these pressures the idea] gas law can be
used to calculate the amount of gas exolved from experimental solutions withfn

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

_ (Pm - Pc) x (Vf - Vs + Vg) x 1000
n » RX Tp X Ws |

in which n = the moles of gas exolved from a kilogram of solution, Pm
pressure measured on Bdu#don'géuge, Pc'é pressure increase caused by the
addition of d volume of fluid t0'thevf1ask displacing éir already in f]dsk,
Vf = volume ofvf1ask, Vs = volume of sample, Vg = volume of gauge system,

R = gas cdnstant, Tp = absolute temperature of room and Ws = weight of

sample. The volume of sample is calculated by dividing the weight of

12



'Gii solution by the density of NaCl solutions at that concentration. The value
of Pc is calculated from the equation:

Ph(Vf + Vg)

Pc= W+ Vg - Vs)

in which Pb is the barometric pressure and the other symbols are the same
as described above.

Results in moles/kg. of solution were converted to standard cubic feet
per petroleum barrel (SCF/Bbl1) using appropriate conversion factors.

In our initial data reporting the effect of solution compression, Pc,
had been omitted. The size of this correction varied from sample to sample.
It was minimal for those samples where the measured pressure (Pm) was high
and small samples had been taken in large flasks. As a result, the data in
the Proceedings of the 4th Geothermal Geopressure Conference (Blount, et al,
1979). were higher by 5 to 20% from recalculated values published in the
Proceedings of the 5th Geothermal-Geopressure Conference (Price} et al, 1981).

Precision was generally good using the above procedure. On occasion,
results were obtained that differed significantly from each other or from
what previous systematic behavior suggested they should be. High results
could have been due to bubbles of methéne gas adhering to the wall of the
exit tube or suspended in solution in this tube. Low analyses could have
resulted from leakage from the connections around the sample valve block or
from the samp]e flask. Leaks were detected using a soap solution. Such
erratic results were discarded and are not included in this report.

Uncertainties in experimental results are nearly *7% of the value.
Uncertainties in thé temperature of i4° F would only effect the results by

Qii *1%. Uncertainties in pressure of 60 psi would result in an uncertainty

13



of about ¥2% in the methane concentration. Uncertainties in NaCl concentrations
of 0.1% would affect uncertainties in methane concentrations by about
+0.5%. The combined uncertainties in methane concentration due to uncer-
tanties in temperature, pressufe and NaCl concentration are less than

24%. Thus the major uncertainty in methane analysis has to be the
analytical data. This includes uncertainties on the analytical method and
in the method of sampling. No cause for sample analysis variation could be
discerned. Part of the uncertainty could be the regression equations used.
The equations do not fit experimental results at pressures below 3500 psi.
Thus the choice of some differént model equation might result in a reduced
standard deviation of the residuals. It is unlikely that uncertainties
would be reduced to much below ¥6%. Examination of the residuals did not
suggest any systematic variation that could be eliminated and thereby

reduce uncertainties.

14



DATA ANALYSIS AND MODELING

Experimental measurements of methane solubility were repeated a number
of times at the same (or nearly the same) pressure and temperature for a given
salinity. Rather than attempt to process thousands of such data points, all
the data points for one set of conditions were averaged. This "averaged"
value was then taken as the correct solubility measurement for the correspdnding
pressure, temperature and salinity.

A1l such averaged values, in SCF/BB] (standard cubic feet of methane
at 259C, one atmosphere per barrel (42 gallons) of brine) were plotted on a
logarithmic scale, versus salinity (grams per liter) on a linear scale for
constant temperature and pressure. Figures 2 and 3 are examples. When this
was completed, it was evident that some of the values were anomalous. For
example, the values obtained in 10.0 percent NaCl solutions at 4019 and 464°F
were less than those obtained in 15.0 peréent NaCl solutions at the same
temperatures and pressures. Considering the regularity of methane solubility
reduction with increasing NaCl concentration (salting out effect) at all
other experimental conditions, the 10.0 percent NaCl data were clearly in
error. A careful examination of the laboratory notebooks and files did not
offer any explanation for these low values. A possible explanation is that
the actual experimental temperatures were 1ower than the measured temperatures
for these dafa dﬁé to thermocouple malfunction. In any case these data (10.0
percent NaCl, 401° and 464°F, at all pressures) were deleted from consideration,
as well as ogcasioné] other data points which fell far off the linear plots.

After the data were examined, a total of 670 points remained. These
raw data are présented in Table A-1 in the appendix. This body of data was
statisticaiiy analyzed usihg a Hewlett Packard System 3000 computer and a
statistical program termed IDA (interactive data analysis). The mechanics

of this are described in Blount et al (1979). Least squares regression

15
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equations.were derived to best fit the 670 data points. The two “best
fit" empirical equations which resulted from this procedure are given
in Table 1. |

Graphs, such as Figures 2 and 3, at all temperatures and pressures
for all experimental and calculated data points, show similar slopes for the
salting out coefficient (Setschenow constant). The empirical equations
(Table 1) show that methane solubility (on a logarithmic scale) is a
linear function of salinity at all temperatures and pressures within
the experimental uncertainty. The use of other salinity variables in the
equations (Table 1)did not significantly improve the fit of equations
to the experimental data. The value of the Setschenow constant was
calculated to be 0.}025 (change 1in ]oglo of the methane concentration
per mole change in the molality of NaCl solutions). The standard error
was 0.0047. Over 212° to 464°F there is no-apparent effect of temperature
on the Setschenow constant. The Setschenow constant at low temperatures (122°
and 160°F) was the same as that determined from our measurements at higher temp-
erature within the experimental uncertainty of the measurements (see the section
on low pressure-low temperature data).

The empirical equations in Table 1 apply only to calculating methane solubil-
ities at temperatureS-above 160°F and below 464°F for pressures above 3500 psi.
As will be discussed, the eduations will give erroneéus results at lower pressures
and temperaturés. Table 2 gives methane solubility values éa]cu]ated from the
equation in Table 1. The values cover the experimental conditions examined in

this study: temperature - 212° to464°F; pressure - 3,500 to 22,500 psi; and sal-

~inity - 0 to 300 grams/liter.
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Table 1 Equations for the solubility of methane in water and in NaCl

solutions for the temperature range 160O to 4€40F and the pressure range

3,500 to 22,500 psi. These equations do not apply to Tower pressure and

temperature conditions.

A. loge CHgx = -1.4053 - 0.002332t + 6.30 x 107%t2 - 0.004038S
- 7.579 x 10-6p + 0.5013 Togep + 3.235 x 107 ¢ Tog, p.
Standard Deviation of Residuals = 0.0706
MuTtiple R = 0.9944

B. 1oge CHyx = -3.3544 - 0.002277t + 6.278 x 107°t? - 0.0040425

+0.9904 1ogg p - 0.0311 (loge p)° 4

+ 3.204 x 1077 t loge p.
Standard Deviation of Residuals - 0.0709
Mu]tip]e R = 0.9943
*CHg is in standard cubic feet (SCF) per petroleum barrel
(42 gallons) at 25°C (77°F) and one atmosphere.

t is in © Fahrenheit.

S is salinity in grams per liter.

p is pressure in psi.

A1l logs are to the base e.
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Table 2. Calculated solubility values of methane from equation 1. Pressure
(top line) in psi. Methane concentration in SCF/Bbl.

Salinity 212°F
g/liter 3,500 5,000 7,000 10,000 13,000 16,000 19,000 22,500
0 20.2  24.5 29.25 35.0 39.8 43.8 47.2 50.6
20 18.7 22.6 27.0 32.3 36.7 40.4 43.5 46.7
50 16.5 20.0 23.9 28.6 32.5 35.8 38.6 41.4
100 13.5 16.4 19.5 23.4 26.5 29.2 - 31.5 33.8
150 11.0  13.4 16.0 19.1 21.7 23.9 25.8 27.6
200 9.02 10.9 13.0 15.6 17.7 19.5 21.0 22.6
250 7.38  8.94 10.7 12.8 14,5 16.0 17.2 18.4
300 6.03 7.30 8.71 10.4 11.8 13.0 14.0 15.1
275°F
0 25.0 30.6 36.7 44.3 50.5 55.8 6044 65.0
20 23.1  28.2 33.9 40.8 46.6 51.5 55.7 $0.0
50 20.5 25.0 30.0 36.2 41.3 45.6 49.4 53.1
100 16.7 20.4 24,5 29.6 33.8 37.3 40.4 43.4
150 13.7  16.7 20.0 24,2 27.6 30.5 33.0 35.5
200 1.2 13.6 16.4 19.8 22.5 24.9 27.0 29.0
250 9.12 11.1 13.4 16.1 18.4 20.4 22.0 23.7
300 7.46  9.10 10.9 13.2 15.0 16.6 18.0 19.4
338°F
0 32.6  40.0 48.4 58.8 67.5 74.9 81.3 87.8
20 30.0  36.9 44,7 54.3 62.3 69.1 75.0 81.0
50 26.6 32,7 39.6 48.1 55.2 61.2 66.5 71.8
100 21.8  26.7 32.3 39.3 45,1 50.0 54.3 58.6
150 17.8  21.8 26.4 32.1 36.8 40.9 44.4 47.9
200 14.5 17.8 21.6 26.2 30.1 33.4 36.3 39.2
250 11.9  14.6 17.6 21.4 24.6 27.3 29.6 32.0
300 9.7 11.9 14.4 17.5 20.1 22.3 24.2 26.2
401°F
0 44.5  55.1 67.2 82.2 94.8 105.7 115.1 124.7
20 41.1  50.8 61.9 75.8 87.5 97.5 106.2 115.0
50 36.4  45.0 54.9 67.2 77.5 86.4  94.1 101.9
100 29.7  36.8 44.8 54.9 63.3 70.6  76.9 83.3
150 24.3° 30.1 36.6 44.9 51.8 57.7 62.8 68.1
200 19.9 24.6 - 30.0 36.7 42.3 47.1 51.3 55.6
250 16.2  20.1 24.5 30.0 34.6 38.5 42.0 45.5
300 13.3  16.4 20.0 24.5 28.2 31.5 34.3 37.2
464°F

0  64.0 79.8 97.9 . 120.7 140.0 156.7 171.3 186.2
20 59.0 . 73.6 90.3 111.4 129.1 144,5 158.0 171.8

50 52.3 . 65.2 80.0 98.6 114.4 128.0 140.0 152.2
100 42.7 53.3 65.4 80.6 93.5 104.6 114.4 124.4
150 34.9  43.6 53.4 65.9 76.4 85.5 93.5 101.6
200 28.5 35.6 43.7 .53.8 . 62.4 69.9 76.4 83.0
250 233 29.1 35.7 44.0 51.0 57.1 62.4 67.9
300 19.1 13.8 29.2 36.0 41.7 46.7 51.0 5545

20



COMPARISON TO PREVIOUS WORK

Published data on the NaCl-H20-CHg system are limited. Data on the
Ho0-CHg system are more extensive and will be considered first.

Table 3 compares the data of Sultanov et al (1972) and Price (1979)
with our values calculated for their experimental conditions (up to 482°F)
using the equations of Table 1. At pressures of 2,000 to 3,000 psi, our
calculated values are moderéte]y to substantially higher than their experi-
mental values. At pressures above 3,500 psi, the agreement is good and in
some cases exact. The disagreement at Tow pressures arises from the attempt
to model a large amount of data of wide variations in conditions to a single
equation. It does not arise from basic errors in the experimental technique.

Plots of methane solubility on a logarithmic scale versus préssure on
a logarithmic scale at constant temperature and constant salinity (Fig. 4)
are essentially linear above 5,000 psi. However, below 5,000 psi, the plots
take on more and more curvature. Below 2,000 psi the curvature becomes
extreme (see Culberson and McKetta, 1951, Fig. 1). The bulk of our data
were taken above 4,000 psi. Thus the "linear" aspect of most of the data
has been superimposed on the lower pressure "curved" portion of the data by
the equations of Table 1. This probably could be rectified by modeling the
data to a more complex equations. However, because the equation will have
mainly highér pressure app]ications; of a practical nature, we opted to
keep it as simple as possible. |

The degree of this effect at Tow pressureé is evident in Table 4
which cdmpares the experimental data of Culberson and McKetta (1951) with our
calculated values for their experimental conditions. At 1600F and low
pressures, our calculated values are much higher than their experimental
values, however as pressure increases the difference becomes progressively

less.. Thus at 330 psi, our calculated value is 60 percent higher than
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METHANE SOLUBILITY IN SCF/BBL

Fig. 4, Acueous nethane solubility as 3 function of pressure at g
constant NaCl concentration of 160 grams per liter for various
constant temperatures in °OF, The dots are experimentally

. determined (averaged) data points. The solid lines a
calculated from the equations of Table 1,

o] b

re values

100 [~

80 I—
70 [~
60 [~
50 —

40 |
30
20 |-

15 —

SALINITY o

160 arams/liter

o ~® O
[ T
|

N
T
J

N
N
W
I
(@, T -
W
~I
(6¢]
O
6;
Ny
O

30




€

METHANE SOLUBILITY IN SCF/BBL

100

80

70

60

8o

‘40

30

20

15

10

FIg. 5. Comparfrons of methane molubl ity I disci]od wnter freom different sitidleu.,
Crossen are 302°F (150C) i dntn from Soltanov et al (1972, ‘Table T, thin stwdy).

Solid dots are 309°F (154°0) data from Price (1979, Tahle 3, thig atudy).  Clretod
dota are Interpolated 102°F datn from Culherson and McKettn (1951), the trend of
which [a traced by the dashed 11ne. The aoltd linea nre valuea cateulnted (rom

the cquatlona of Table | (this paper) for conatant temperatures of 1027F (150°¢)

and 309°F (154°C). The bold faced arrows at 1,600 pal show the lower preasure Hmit
to which the cquationn of Tahle 1 apply. )

- ‘
/
X J -

= LIMIT'OF ACCUHACY%,.*’ : -

| | | N A B R

Lot 1

]

—~-- © CULBERSON/McKETTA
+ SULTANOV

* PRICE

—— CALCULATED CURVES
THIS PAPER

i I | | Y N T W | |

2 3 a . 5 6 7 8 9 10 20 30

PRESSURE IN PSI x1000



Table 3. Comparison of {nterpolated (calculated) methane solubility data of this study
with experimental data of Sultanov et al (1972) and Price (1979). SCF/Bbl; standard
cubic feet of methane per barrel of water at 25°C and one atmosphere.

Sultanov
Pressure Pressure This Price Pressure Pressure This et al
bars (psi) study (1979) bars (psi) study  (1972)
309°F (154°C) 3029F (1509C)
152.0 2,205 21.9 21.8 147.1 2,133 20.8 17.5
320.2 4,645 33.9 34.4 196.2 2,845 24.8 22.9
468.1 6,790 41.8 42.0 245.2 3,556 28.2 25.9
672.9 9,760 50.7 46.7 294.2 4,267 31.4 29.0
873.6 12,670 57.7 49.8 392.2 5,689 36.8 35.9
1,052.1 15,260 63.5 58.8 - 490.3 7,112 41.5 41.3
1,259.0 18,260 69.2 67.4 588.4 8,534 45.8 45.9
1,639.5 23,780 78.4 78. 748.6 11,380 51.8 55.2
980.4 14,220 59.3 61.4
403°F (206°C) 1,078.7 15,645 62.1 62.1
160.2 2,323 35.0 30.8 3929F (200°C)
294.4 4,270 51.0 48.1
546.3 7,923 73.0 72. 147.1 2,133 31.4 26.7
948.6 13,759 98.6 98.1 196.2 2,845 37.6 35.2
1,303.5 18,906 116.2 116.5 245.2 3,556 43,1 43.6
1,630.7 23,652 129.9 127.0 294,2 4,267 48.1 49.8
1,924.6 27,915 140.9 143.5 392.2 5,689 56.9 6l.4
490.3 7,112 64,7 68.3
4307F (221°C) 588.4 8,534 71.6 76.1
748.6 11,380 81.7 91.6
367.6 5,331 67.8 62.9 980.4 14,220 94,2 101.8
628.0 9,109 92.4 101.7 1,078.7 15,645 99.0 105.7
873.6 12,670 110.9 116.4
1035.6 15,020 121.4 131.4 482°F (2509¢C)
1,236.9 17,940 133.3 135.3 °
1,415.5 20, 530 142.9 139.4 147.1 2,133 52.2 35.1
196.2 2,845 63.1 50.5
452°F (2349C) 245,2 3,556 72.8 61.6
_ 294.2 4,267 81.7 79.2
148.9 . 2,160 44,0 34.9 392.2 5,689 97.5 101.8
207.8 3,014 54.5 54.8 490.3 7,112 111.5 120.6
277.6 4,027 65.4 “64.0 588.4 8,534 1264.1 135.6
471.3 - 6,836 90.0 108.2 748.6 11,380 142.6 161.7
596.9 8,658 103.2 117.3 N 980.4 14,220 165.7 180.7
781.2 11,330 120.0  140.0 1,078.7 15,645 174.6 185.5

77933.5 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
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their experimental value. By 1,880 psi the difference has declined to

9 percent; and within expgrimenta] error at 2,555 psi, the two values are.
equal. The agreement of the 1609F data above 2,555 psi for the two studies
suggests that our equations are valid to 160°C, although we did not take
experimental data below 2120F. At all other temperatures, at pressures
above 3,500 psi, the agreement between the two studies is very good

(Table 4), although our calculated values are consistently slightly higher
than the experimental values of Culberson and McKetta (1951).

In Figure 5, data from three studies are visually compared in the 3020
to 309°F (150° to 154°C) range. Above 6,000 psi the data from all three
studies overlie each other within experimental error.

The only experimental data for the system NaCl-CHg-Hpo0 remotely com-
parable to this work, is that of 0'Sullivan and Smith (1970). They give
methane solubility data for pure water, 1m NaCl, and 4m NaCl soiutions between
122° to 257°F (50° to 125°C) at 2,940 psi (200 atm). Unfortunately, the
pressure they used (2,940 psi) is outside the realm that we consider valid
for our equation. As expected, our calculated data are higher than their
experimental data at temperatures above 158°F (70°C) and the difference
increases with increase in temperature (Fig. 6, Table 5. However, we do
not believe that our calculated data are valid, as: 1) They lie outside
the boundary conditions for our equation, and 2) The calculated data
exhibit a so]ubi]ity minimum at temberatures below 122°F (50°C) (Fig. 6).
In contrast, fhe data of 0'Sullivan and Smith (1970), Culberson and McKetta
(1951) as well as experimental Tow pressure-low temperature methane sol-
ubility data we have taken, all exhibit thé solubility minimum at about

160° to 175°F.
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Table 4.

(1951).

Comparison of interpolated (calculated)
methane solubility data of this study with
experimental data of Culberson and McKetta

Their solubility values-MF x 103 (mole

fraction) converted to SCF/Bbl by dividing by the

conversion factor 0.0001312.

SCF/Bbl is standard

cubic feet of methane per barrel of water at 25°C
and one atmosphere.

McKetta and This
Pressure  Pressure Culberson (1951) study
(bars)  (psi) MF x 103 SCF/Bbl  SCF/Bbl
160°F (71°C)
22.8 330 .340 2.59 4.2
32.2 467 470 3.58 5.3
45.4 6 59 .632 4.82 6.6
65.0 943 .909 6.93 8.3
91.0 1,320 1.183 9,02 10.2
129.6 1,880 1.500 11.43 12.5
176.2 2,555 1.924 14.66 14.9
243.7 3, 535 2.385 18.17 17.8
339.6 4,925 2.770 21.11 21.1
449.9 6,525 3.420 26.07 24.3
56647 8,220 3.750 28.58 27.2
680.2 9,865 4.240 32.32 29.7
(2209 (104°C)
174.8 2,535 1.980 15.09 17.3
246.1 3,570 2.510 19.13 21.0
342.3 4,965 3.140 23.93 25.1
449.9 6,525 3.610 27.52 28.9
5647 8,190 4.080 31.10 32.5
680.8 9,875 4,510 34,38 35.6
~(280°F (138°C)
171.0 2,480 2.346 17.88 21.0
245.1 3,555 3.015 22.98 25.9
343.0 4,975 3.805 29.00 31.3
449.1 6,525 4.490 34,22 36.2
570.2 8,270 5.180 39.48 41.0
678.1 9,835 5. 740 43.75 44.9
340%F (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 51.83 53.4
689.1 9,995 7.75 59.07 59.3
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Table 5. .

Comparison of interpolated (calculated) methane solubility data of this study with experimental data of 0’Sullivam

and Smith (1970).

TOC

51.5
60.0
65.0
70.0
75.0

80.0

85.0

90.
102.5
115.0
125.0

Their solubility values MF x 10%
per barrel of water or brine at 25°C and one atmosphere) by dividing MF x 10 by the appropriate conversion factors -
0.0001312 for pure water; 0.0001317 for lm NaCl; and 0.0001328 for 4m NaCl.

(mole fraction) were converted to SCF/Bbl (standard cubic feet of methane

Pressure Pure water lm NaCl 4m NaCl
bars psi 0 Sulllvan  07Sullivan This 0" Sullivan 0 Sullivan This 0" SulTfvan™ 0 Sullivan This

. and Smith and Smith Paper and Smith and Smith paper and Smith and Smith paper

MF x 10% SCF/Bbl SCF/Bbl MF x 10% SCF/Bbl SCF/Bbl MF x 10% SCF/Bbl SCF/Bbl

197.3 2,940 22,79 17.37 15.0 16.95 12.87 11.8 8.05 6.06 5.8
197.3 2,940 ' 16.57 12.58 2. 7.92 5.96 6.0
197.3 2,940 21.51 16.40 15.7 7.96 5.99 - 6.1
197.6 2,944 21.44 16.34 16.1 16.25 12.34 12.7 7.91 5.96 6.2
197.6 2,944 21.36 16.28 16.5 16.30 12.38 13.0 7.97 6.00 6.4
197.6 2,944 21.33 16.26 16.8 16.40 12.45 13.3 8.03 6.05 6.6
198.0 2,950 21.48 16.37 17.1

198.0 2,950 21.72 16.55 17.5 16.74 12,71 13.8 8.08 .6.08 6.8
198.3 2,955 22.05 16.81 18.7 16.93 12.85 14.8 8.26 6422 7.3
200.0 2,980 - 22.76 17.35 20.2° 17.47 13.27 15.9 8.22 6.19 7.8
201.3 2,999 23,21 17.69 21.5 17.52 13.30 17.8 8.25 6.21 8.4
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Fig. 6. Comparison of exnerimental aqueous methane
solubility data of 0’Sullivan and Smith (1970, dots and

dashed lines) with values (crosses, solid lines) calculated
from the equations of Table 1 (this paper). Data are for
distilled water, 1 m NaCl (5.85 weight percent), 4 m NaCl
(23.4 welght percent) at a constant pressure of 2,950 psi

(200 atm) as a function of temperature in °C. Data from
Table 5.
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Susak and McGee (1980) héve published tables of methane solubility fﬁom
779 to 662°F (259 to 350°C), 1,000 to 20,000 psi, and from 0 to 20 weight
percent NaCl, based on the equations of Haas (1978), using an assumed
Setschenow (salting-out) coefficient of 0.129. This differs considerably
from our experimentally determined value of 0.1025. Because Susak and McGee
(1980) appéar to have overestimated the effect of increasing salt concen-
tration on methane solubility, it is not sqrprising to find that their
calculated vaijues are less than our experimehta11y determined as well as
our calculated values (Figures 2 and 3). The agreement is fair between the
calculated values of Susak and McGee (1980) and our calculated values for the
Ho0-CHg system (zero salinity, Figures 2 and 3).

Although we did not collect data above 4640F in this study, we used
the equations of Table 1 to calculate values equivalent to the high
temperature data of Sultanov et al (1972, 5720, 626°, 662°, and 680°F)

and Price (1979, 5360, 558°, 6019, and 669°F). We found that our calculated

values at pressures Tower than 5,000 psi were much higher than the experimental-
ly determined values of both studies. From this, we concluded that the equations
of Table 1 are not valid at pressures below 5,000 psi and temperatures above 4820

F. At pressures above 5,000 psi our calculated values shdw good (10 percent)
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agreement with the experimental data of Price (1979) for his 536°, 5580,

and 6019F isotherms (the experimental data of that study were within .

t7 percent). However, there is a systematic trend between the two studies.
Over 6,000 to 14,000 psi, our calculated values are less than the experi-
mental values of Price (1979). The two data sets have the same values
between 14,000 to 16,000 psi, and above 16,000 psi our calculated values

are higher than those of Price (1979). The agreement between our calculated
values and Price's (1979) 6019F isotherm was not good, cur values being 3
percent higher at 6,200 psi but systematically increasing to 25 percent
higher by 24,600 to 28,600 psi.

The agreement of our calculated values with the higher-temperature
exberimenta] data of Sd]tanov et al (1972) is not good, except for their
5729F isotherm at pressures above 7,000 psi. Over this range, our cal-
culated values are 10 to 13 percent lower than their experimental values.
Our calculated data is 25 to 60 percent Tower than the experimental data of
Sultanov et al (1972) for their 6269, 662° and 6800F jsotherms above
7,000 psi. Price (1979) had previously contended that the higher temperature
data of Sultanov et al (1972)were in error (too high). The extranolated
data of this study seem to support his conclusion.

Two conclusions result from these comparisons of high temperature data:

1) The equations of Table 1 are apparently valid (can be

extrapolated to) temperatures of 601°F at pressures above
5,000 psi.

2) The data of Sultanov et al (1972) made up a major portion of
the data base for the equations that Haas, 1978 (and therefore
Susak and McGee, 1980) derived to calculate methane solubility
over a wide range of conditions. The higher temperature portion

of the Sultanov et al (1972) data appears questionable.
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STUDIES RELATED TO EXSOLUTION AND THE DETERMINATION OF EQUILIBRIUM

valid aqueous methane solubility data depends upon the attainment of a
real equilibrium between a gas phase and the aqueous solution for the system
studied. Our measurements were performed at essentially isothermal and iso-
salinity conditions. The sampling process did not change temperature or sal-
inity of experimenta1.solutions. The concentration of methane dissolved in
soTutions depended upon the pressure and éither the time required for the
exsolution of methane from oversaturated solutions or the uptake of methane by
undersaturated solutions.

Measurements of the rate of methane uptake by aqueous solutions in a static
system in which gas and solution were not mixed together was very slow. Methane
concentraions were still going up after several weeks at experimental conditions.
Very long times would be required to saturate solutions using this procedure.

In order to saturéte solutions more rapidly we rocked pressure vessel and fur-
nace together after setting the pressure to.the highest value to be used for
the proposed series of experimental measurements (19,000 to 22,500 psi) by
pumping methane into the pressure vessel. All of the previous experimental
work had shown that the solubility of methane invariably increases with in-
creasing pressure. Generally two to three days of rocking were required to
saturate solutions at this initial high pressure. Several samples were taken
at these conditions. Two experimental checks could be-made to determine if

the so]ution$ had been saturated. If additional rocking did not result in the
uptake of more methane, this would suggest that our solutions were near]y‘sat—
urated. If the concentration of.methang decreased when we dropped the pressure
on the system then we have at least tome close to saturation at the higher press-

ure. The final check,so to speak,was to examine the solubility data following
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a series of pressure drops. If all of this data showed a systematic trend of
solubility vs pressure, it is likely that we had reached saturation from an
undersaturated condition at the highest pressure.

The vast majority of our solubility data was taken following a drop in
pressure. Thus most of our data was approached from conditions of supersat-
uration. In contrast to the slow rate of methane uptake by undersaturated
solutions, the exsolution of methane from oversaturated solutions proved to be
a very rapid process. Samples taken only 10 minutes after a drop in pressure
were just slightly above those taken after 1 hour or more. Analyses of samples
taken after 3 or 4 hours following a decrease in pressure agreed with analyses
at the same pressure taken 12, 24 or 48 hours later. At low temperature and
pressure exsolation seemsto be slower. A series of analyses on solutions at
122°F in 15 weight percent NaCl continued to decrease in methane content over
a 4 hour period. Samples were not taken until at least 4 hours had elapsed
since the pressure had been dropped.

Our experience with the rapid speed of methane exso]ution and the slow-
ness of methane uptake in static systems showed that it was very important to
maintain pressure during sampling at a value that exceeded the experimentally
desired pressure. If the pressure had dropped below the desired pressure ex-
solution of disso]ved_methéne would have occured. The solutions would then be

undersaturated when the desired pressure was reestablished.
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LOW PRESSURE-LOW TEMPERATURE DATA

Aqueous methane solubilities were measured at pressures from 125 to 2,000
psi, at 77°, 122° and 160°F in NaCl solutions of 5, 10 and 15 weight percent
(salinities of 52, 107 and 167 grams per liter). Solubilities at these con-
ditions were low (between 0.3 and 10 SCF/Bbl). Since standard deviations for
repeated measurements ranged from 0.2 to 0.5 SCF/Bbl, analytical uncertainties
for these conditions were usually between *10 and 125 percent of the mean
values of repeated measurements.

The first step in the analysis of these data was the averaging of values
taken at the same experimental conditions. These averéged data were plotted
against pressure on log-log graph paper at constant salinity and temperature.
Curves were then drawn through the data along each isotherm for each NaCl con-
centration. Some data were obviously in error (for the most part high) and
were rejected. The remaining solubility data were next plotted versus sal-
inity at constant temperature and pressure on semi-logarithmic graph paper
with solubility on the logarithmic scale. The solubility of methane, thus
plotted, decreased linearly with increasing NaCi concentratién. The slopes
of the different 1sobaf1c and isothermal Tines were essentially equal which
strongly suggests that the Setschenow constant did not change with pressure or
temperature. Calculated values for-tﬁe Setschenow constant, at these low temp-
eratures and pressures, were equal (within experimental uncertainty) to that
previously determined at high témperature and pressure. A few additional
spurious.datq points were also rejected at this point. The Tow pressure-low
temperature solubility data of this stqdy are thus based on 129 samples taken
at 34 different experimental pressuré,_temperature and sa]infty conditions
(Table A-2, appendix). |

Aqueous methane solubility at 779, 1220 and»160°F are illustrated in
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Figures 7, 8 and 9 where the solubility values of Culberson and McKetta (1951)
are plotted at zero salinity. Methane solubilities measured in NaCl solutions
of 52, 107 and.167 g/1 salinity agree with the data of Culberson and McKetta
(1951), when values of this study are extrapolated to zero salinity wusing the
value for the Setschenow determinéd during this study. The slopes of the lines
representing plots of methane solubility versus salinity at low pressures and
temperatures as determined by 0'Sullivan and Smith (1970) agree well with the .
slopes of the 1ines based on the data obtained in this study. Duffy et al
(1961) determined methane solubilities qt 77°F as.a function of pressure in
NaCl solutions of varied concentrations. Interpolated solubility values from
their data are in good agreement with our data at 500 psi but are definately
lower thaﬁ our 250 psi data. The data of Duffy et al (1961) generally agree
with the data of Culberson and McKetta (1951) in pure water at pressures above
250 psi however at lower pressdres the data of Duffy et al (1961) are also Tower
than those of Culberson andlMcKetta (1951).

Graphiﬁa]ly interpolated methane solubilities (Table 6) obtained from the
low pressure-low temperature empirical'data (Table A-2, appendix) were used to
construct Figures 10 and 11. Here, methane solubilities in NaCl solutions with
salinities of 52 and 107 g/liter. are plotted on a semi-logarithmic scale versus
temperature oh.an afithmetic scale at constant pressure. The resulting curves
show a minimum_near 175°F. We téok-a limited amount of low pressure methane
solubility data-at temperaturés above'212°F. We also took some Tow pressure
methane so]ubi]ity’daté on.brine5~ffom the Pleasant Bayou No. 2 well. These
brines had a salinity near 130 g/liter so these data were extrapolated to a
lower salinity using the previously defermined Setschenow constant of 0.1025.

These extrapolated data agree well with our methane solubility data in NaCl
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Figure 7 Aqueous methane solubility at 77°F as a function of NaCl concen-
tration at constant (low) pressures. Crosses (+) are data from this study,
X's are data from Culbertson and McKetta (1951), and triangles(d) are data
from Duffy et al (1961).
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Figure 8 Aqueous methane solubility at 122°F as a function of NaCl concen-
tration at constant (low) pressures. Crosses (+) are data from this study.
Circles are data from 0'Sullivan and Smith (1970). X's are data from
Culbertson and McKetta (1951).
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Table 6 Graphically interpolated solubility data for methane in NaCl solutions
at low pressures and temperatures.from the experimental data of Table A-2 (appendix)
‘Yalues in-parenthesis are extrapolated values.

Methane Solubility in SCF/Bbl

Temp. Press. Salinity Salinity Salinity Salinity
OF psi 0 g/liter 52 g/liter 107 g/liter 167 g/liter
77 2,940 22.5 (16.7) (12.0) --
2,000 17.9 13.0 ( 9.6) --
1,000 10.8 8.1 ( 5.8) --
500 6.1 4.7 3.6 --
250 3.2 2.5 1.9 --
125 1.6 1.3 1.0 -~
122 2,940 17.4 13.7 10.4 8.8
2,000 - 10.3 10.8 8.2 6.2
1,000 8.3 6.5 5.0 4.0
500 4.4 3.6 2.9 2.4
250 2.2 1.9 1.5 1.3
125 (1.0) 0.85 0.69 0.54
160 . 2,940 15.3 12.5 9.8 7.7
2,000 12.4 9.8 7.6 5.8
1,000 7.2 5.6 4.3 3.4
500 4.0 3.2 2.4 1.8
250 2.0 1.6 1.2 0.88
125 0.90 0.68 0.48 0.35
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METHANE SOLUBILITY IN SCF/BBL

Figure 10 Constant pressure curves (isobars) of low pressure-low temperature
aqueous methane solubility versus temperature at constant NaCl salinity of 52
grams/liter. Dashed lines represent methane solubilities calculated from equa-
tions by Haas (1978) and Susak and McGee (1980).
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Figure 11 Constant pressure curves (isobars) of low pressure-low temperature
aqueous methane solubility versus-temperature at-constant NaCl salinity of 107
grams/1liter. Dashed lines represent methane solubilities calculated from equa-
tions by Haas (1978) and Susak and McGee (1980). Crosses are experimental data
from this study. X's are Pleasant Bayou data extrapolated to a salinity of

107 g/1 using a Setschenow constant of 0.1025.
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solutions with a salinity of 107 g/liter. Solubilities calculated from the
equation of Susak and McGee (1980) result in.values significantly lower than
our measured values at temperatures above 175°F but their calculated values
agree well with our measured values below that temperature. In general, our
low pressure-low temperature ]aboratofy methane solubility data agree well with
the data of previous studieSAand is in sharp disagreement with the values cal-
culated from our equations modeling the high pressure-high temperature data
(Table 1). This reinforces our earlier conclusion that these equations are in-

valid at temperatures below 160°F and at pressures below 3,500 psi.
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EFFECTS OF CO» ON METHANE SOLUBILITY

Equipment and Experimental Procedures

The equipment used to study the effect of carbon dioxide on methane sol-
ubility is the same as previously described. The sample cell and pressure
vessel were injected with carbon dioxide-methane mixtures instead of pure
methane; however, it was not possible to maintain constant carbon dioxide
concentrations. During sampling either methane or a methane-carbon dioxide
mixture was injected into the pressure vessel to maintain constant pressure.
As the teflon sample cell was permeable to gases, when methane was pumped into
the pressure vessel some of it migrated into the sample cell causing a relative
decrease in the carbon dioxide concentration. If a methane-carbon dioxide mix-
ture was pumped into the pressure vessel, the result was to raise the amount of
carbon dioxide in solution. The ratio between carbon dioxide and methane in the
gas phase in contact with solutions was very much less than this ratio in the
aqueous solution. One measurement showed that a gas phase with 2 percent carbon
dioxide and 98 percent methane was in contact with a solution with a dissolved
gas composed of 80 percent carbon dioxide and 20 percent methane. Carbon dioxide
is a polar molecule that interacts chemically with water to produce a number of
unionized and ionized substances §uch as H2CO3 and HCOjﬁ Thus the aqueous
so]ubi]it& of carbon dioxide is far greater than methane at the same temperature,
pressure and salinity. Fon example actording'to the dataAof Todheide and Frank
(1963)'the solubility of carbon diQXide at 22,5000 pei and 3029F is about
400 SCF/Bb]l as,eompared to 75 SCF/Bb] fer‘methane at the same conditions.

The emphasis of thie aspect of thefsfudy was to determine the effects that

carbon dioxide-has on the aqueous solubility of methane. Because of the many
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variabfes to be considered (methane concentration, temperature, pressure,
salinity and carbon dioxide concentration) a complete study of this system
would require a large amount of time. Because of limited time and equipment,
we decided to study the systeh at 3020F at three pressures, two salinities,
and a range of aqueous carbon dioxide concentrations (1 to 80 mole percent).

A total of 84 data points were taken at 27 experimental conditions (Table A-3).

Analytical Procedures

Gas samples were collected and total gas content quantitatively analyzed
as previously described. To minimize the amount of carbon dioxide retained by
the aqueous solution at laboratory conditions, a quantity of solid monochloro-
acetic acid sufficient to reduce the pH of solutions to around 3.0 was placed
in the empty sample flask. Since laboratory air contains carbon dioxide, the
sample flasks were vacuum evacuated and back filled with nitrogen at laboratory
pressure. The ratio of carbon dioxide to methane (expressed as mole percent
carbon dioxide) was determined by quantitative gas chromatography. The
instrumental conditions for this analysis are described in Appendix B. Gases
of known composition (Matheson Corp.) were used to calibrate the gas

chromatograph.

Data Presentation

The methane-carbon dioxide aqueous solubility data are given in Table A-3
and in Figures 12 and 13. The aqueous methane so]ubi1ity'data in 0 percent

carbon dioxide was obtained from the empirical equations of Table 1.

43



80

SALINITY 52 G/L

302 °F oS
70 |~ +,50° —
+ 2
+
+ XX S
60 =" )<"1K —_— —
13900 +
+
50 |— T + -

40 — AN -

5000
30 — \\\

GAS SOLUBILITY IN SCF/BBL

\x\
> \
~
20 ~ AN \ —
N
+ rO0TAL GAS N X
_ N %
10 = X METHANE '\\ \ —
| | X,
Mole Percent 002 X
1 § 10 20 30 40 60 80
0 11 L | ‘{g,l ' 'L,+ 1 1 }‘ 1
0 2 4 6 8 10

SQUAREROOT % CO,

Figure 12 Solubility of methane and total gas (methane and carbon dioxide)

as a function of the percentage of C02 in gases dissolved in a solution of

52 grams of NaCl per liter at 3020F. “Heavy curves represent total gas con-
tent of solutions containing both CO, and methane at the designated pressure.
Dashed horizontal lines are the methane solubility values for CO, free brines
at the pressure of the joining total gas curves. Thin curves represent
methane concentrations in the presence of varying amounts of C02 at the press-

ure of the total gas curve that they join at 0 percent’COz.
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Table 7 Graphica]]y interpolated values for the solubility of methane and
carbon dioxide in NaCl solutions at 302CF obtained from the experimental

data of Table A-3 (append1x)

solution.

Pressure Satinity

Salinity is in grams of NaCl per liter of

Percent CO, in dissolved gases

psi g/liter 0 5 10 20 3u 40 60 80
22,500 52 59.6 A 64.0 65.8 . 68.5 70.8 73.0 77.5 83.4
' B 60.8 59.2 54.8 49.6 43.8 31.0 16.7
c 102 99 92 83 73 52 28
13,000 52 46.1 A 49.8 51.1 53.5 54.8 56.2 59.7 64.5
B 47.3 46.0 42.8 38.4 33.7 23.9 12.9
¢ 102 100 93 83 73 52 28
5,000 52 27.6 A 29.7 30.6 32.0 33.2  34.2 36.8 39.8
B 28.2 27.5 25.6 23.2 20.5 14.7 8.0
C 102 100 93 84 74 53 29
22,500 107 47.7 A 54.0 57.0 63.0 68.5 73.8 82.5 105
B 51.3 51.3 50.4 47.9 44.3 33.0 21.0
c 108 108 106 100 93 69 44
13,000 107 36.9 A 43.2 45.8 50.0 53.5 59.0 67.0 76.0
B 41.0 41.2  40.0 37.4 35.4 27.0 15.0
c 111 112 108 101 96 73 41

A Total gas in SCF/Bbl.

B Methane in SCF/Bbl.

C . Methane percentage compared. to methane at 0 percent COZ.
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Graphically interpolated values from experimental data (Table A-3, appendix)
for the solubility of methane at C02 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 of CO2 in
solution (Fig.- 12 and 13). First, a small smount of CO» causes a slight in-
crease in the concentration of methane. At higher CO, concentrations C0p
salts methane out of solution as the total gas concentration approaches the
saturation concentration for CO,. The total gas curves should show a sharp
upward inflection in the region of 90 to 95 mole percent CO2 (See discussion
page 42 this text). It is evident (Fig. 12 and 13) that increasing pressure
marked1y increases total gas solubility. Salinity has a significant influence
on the effects of CO2 on aqueous methane solubility. In a NaCl solution with a
salinity of 52 g/liter methane solubility decreases below the value for solu-
tions without COZ, when CO2 makes up more than 10 mole percent of the gas in
solution. In a NaCl solution with a salinity 107 g/liter this occurs when
COp makes up more than 30 mole persent of the gas in so]ution; At this time,
we only have data for 302°F, thus the effect of temperature on the CO, effect
is not known.

The fact that carbon dioxide in high concentrations suppresses aqueous
methane so]ub111ty has application to the geopressured resource. As sediment-
burial temperatures increase to 360°F, we can expect increasing amounts of
carbon dioxide to be dissolved in the sandstone pore waters of the Late Tertiary
Gulf Coast sequences. Over the témperature range 2129F to 360°F, the main products
from the thermal cracking of kerogen are C0p, Hy0 and No with very little methane
or higher mo]ecu]ar—weight'hydrocarbons being formed. Only by 360°F (corresponding
to vitrinite reflectances of 0.8 to 1.0) are significant amounts of methane
thermally generated. The data of Huc and Hunt (1980 - uncorrected log
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temperatures) in the Tertiary offshore Texas, Brown (1979 - analyses of
Pleasant Bayou fine-grained sedihents), laboratory experiments of Ishiwatari
et al (1977) and unpublished data of L. C. Price (organic thermal diagenisis
laboratory experiments) all support this conclusion. Based on the above, as
well as on a large amount of other Tlaboratory and field data, we can expect that
above 2129F in the Tertiary Gulf Coast the shale (énd associated sand) pore-waters
will have greater and greater concentrations of carbon dioxide in them, from thé
progressive thekma] breakdown of kerogen with increasing temperature. This ex-
pectation is verified by limited field data from the geopressured wells thus far
studied (Table 8). There are two reversals (Fairfax-Sutter and Pleasant Bayou)
in the trend of increasing mole percent CO2 and absolute C02 solubility
(SCF/Bb1) versus increasing temperature. However these two wells have brine
concentrations much higher than the other four wells. It is possible that for
iso-salinity conditions, the CO, solubility data of these two wells would fall
within the trend defined by the other four wells. It can be argued that the
increase in these C02 solubility values is due to the increase in the solubility
of CO2 in water from the increased pressure and temperature of burial. However
the data of Takenouchi and Kennedy (1964) suggest that the lower brine concen-
tration waters of Table 8 would be undersaturated with respect to C0p. The
trend in these two CO, solubility parameters (Table 8) versus temperature is much
more 1ikely due to a supply effect, from the thermal breakdown of kerogen.
Tentative conclusions can be drawn from consideration of the above:
1) The amount of CO» dissolved in géopressured brines is much greater than
originally suspected. These high values only have become apparent from
recent analyses due to the institution (by Phil Randolph of IGT) of acid

Tiberation of CO2 from the separator brine samples.
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Table 8 Mole percent COp of the total dissolved gas (column 3) and as
absolute concentration (column 4) dissolved in brines for various geothermal
wells. Fairfax-Sutter data from McCoy and Hartsock (1979). A1l other data,
personal communs. of Chris Hayden, Institute of Gas Technology (IGT),
Chicago, .I11., July, 1981. Salinity for Pleasant Bayou from Bebout et al
(1979). The Fairfax - Sutter, Riddle and Leer C0» concentrations were ori-
ginally reported for non-acid liberation of the separator brine. An addi-
tional 3.0 SCF/Bbl of CO, was added to the original CO, was added to the
original CO, data for thése wells. This correction factor personal commun.
of Chris Hayden, Institute of Gas Technology, Chicago, I11. July 27, 1981.

Well Temp. Mole % €02 Salinity
: OF 0, SCF/Bbl mg/L
Leer 260 18.3 7.0 15,000
Fairfax-Sutter 270 18.4 4.8 190,900
Prairie Canal 294 17.0 7.6 44,000
Riddle 300 28.9 15.4 32,000
Pleasant Bayou 308 22.9 6.8 120,000
Crown Zellarbach 327 38.0 14.8 18.200
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C02 in high concentrations in brines can drastically reduce methane
solubility. Because of this effect, waters which appear to be undersaturated
with respect to methane, actually may be at or above saturation. An example

of this is the Riddle well which had a "best guess" gas/water ratio of

50 SCF/Bb1 (Personal communication, Chris Hayden, Institute of Gas Technology,

Chicago, IL, July 1981) of which 68.9 mole percent of the gas was CH4

(34.4 SCF/Bbl of CH4) and 28.8 mole percent of the gas was COZ' From the
equation of Table 1, 34.7 SCF/Bbl of methane would be expected for the reservoir
conditions (300°F, 6,627 psi, 32,000 mg/L), and after the CO» salting out ef-
fect is corrected for (Fig. 6), we could expect 28.8 SCF/Bbl of CH4. It would
appear that there could be a small amount of excess (free) gas in this well.
However other wells of Table 8 appear undersaturated after similar calcula-
tions are made. It appears that before we have a better knowledge of all

the controlling parameters of aqueous methane solubility, no conclusions re-
garding methane saturation of geopressured brines or the presence or absence
of free gas may be conclusively drawn.

At the initiation of substantial methane generation in the fine-grained

rocks of the Tertiary Gulf Coast (about 360°F), there may be such a high

concentration of C02 in the sand and shale waters that this methane may

immediately form a free gas phase.
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EFFECT OF ETHANE ON METHANE SOLUBILITY

The equipment and procedures used to determine the effect of ethane on
methane solubility were identical to those used for the CO, aspect of the
study except that gas mixtures were not used for pressuring the sample vessel.
A small amount of ethane was injected into the pressure vessel then additional
methane was injected. We prepared known gas mixtures for gas chromatographic
standards by vacuum evacuating a flask of known volume and filling it with
methane at room temperature and barometric pressure. Ethane gas was then
injected into the flask to raise the pressure to a predetermined value above
the barometric pressure. The ratio of gases was computed using the ideal gas
law, barometric pressure for methane and the measured overpressure for ethane.
We encountered some difficu]ty in getting reproducible results on the gas
chromatograph probably due to injection techniques. Analytical conditions
are listed in Appendix B.

While the present work is only a beginning, some interesting relationships
surfaced based on 26 measurements at 9 different experimental conditions.

The original experimental results are»given in Table A-4, Appendix. Smoothed
and graphically interpolated values from the data of Table A-4 are given in
Table 9. Average experimental results obtained at the 9 experimental conditions
are illustrated in Figure 14. At Tow concentrations, ethane salts methane

into solution. Above 6 to 8 mole percent ethane of the dissolved gas in
solution, methane is strongly salted out by ethane. In contrast to the effect
of CO2 on aqueous methane solubility, the total gas concentration of solutions

containing ethane is less than that of methane alone when ethane exceeds
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10 mole percent of the gas dissolved in solution. This is a significant
departure from the solubility behavior of Tow molecular weight hydrocarbons

observed by Amirajatari and Campbell (1972).
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Figure 14 Solubility of methane and total gas (methane and ethane) as a
function of the percentage of ethane in gases dissolved in a solution of
107 grams of NaCl per Titer at 3029F. Solid curves represent total gas
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53



Table 9 Smoothed values for the solubility of methane and total
gas (methane and ethane) at 302°F in aqueous NaCl solutions at a
salinity of 107 g/liter.

Pressure ~_Percent ethane in dissolved gas
psi 0 2.5 5.0 7.5 10.0 12.5 15.0 20.0
22,500
Total 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
Total 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 IN METHANE

Introduction

| The following is a brief description of a research study on the so1ubi]1fy
of crude 01l in methane gas in the presence of water. A detailed report is
presented in Appendix C of this report.
Equipment

Equipment for this part of the study was supplied by the U.S. Geological

Survey. A number of stainless steel pressure vessels were used without liners.
The vessels had pressure connections at both ends so that fluids or gas
could be pumped into or out of the vessel. These veése]s were placed in
rocking furnaces so that they could be rocked to speed up the attainment of
equilibrium between 0il, water and gas.

Experimental Procedures

Pressure vessels were loaded and heated to the experimental temperature.
Methane, water and oil were added according to the planned experiment. Pressure
could be established by pumping gas or water into the vessel. The vessel
was then rocked for a period of time and then set vertical to allow the
gas,di1 and water to separate into layers. The gas layer was then sampled in
large round bottom flasks similar to the procedure used for sampling methane
saturated aqueous solutions. In contrast, however, gas samples expand
greatly, therefore large flasks are neéded to avoid blowing them up. Pressure
was maihtained in the pressure vessel by pumping distilled water into the |
bottom of the‘vessel. Thus repeated samples could be taken until the gas
phase was depleted. Then methane could be pumped into the vessel and the
experiment continued. In this way the solubilities of crude oil and water in

methane gas were determined at 50, 100, 150, 200 and 250°C as a function of
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pressure. Experiments were generally performed at high pressure initially,
then after a series of samples were taken at that pressure that showed good
agreement, the pressure was then reduced and another series of samples taken.
Experimental samples consisted of crude oil, the asphaltic fraction of crude

0il and tar.

Experimental Results

The following descriptijon is a brief summary of the experimental results
of the experimental studies. A detailed description is given in Appendix C
of this report.
Experimental studies conducted during this project include the following:
1) Solubility of crude oil and water. in a pure methane gas phase as
a function of pressure until co-solubility was reached. Co-solubility
is attained when the crude 0il and methane gas cease to exist as
separate phases. At low pressure, the methane gas dissolves some
crude oil and the crude 0il dissolves some methane gas. As pressure
increases, the solubility of each increases in the other until they
become equal at some high pressure. A total of 60 data points were
obtained at various pressures at 50, 100, 150, 200 and 250°C. In
general, the pressure at which co-solubility is reached decreases with
‘ingkeasing temperature. . The results suggest that methane gas could
dissolve and carry a large amount of crude 0i1 from deep source areas
(high temperature and pressure conditions) up to shallower sands
where the crude oil could exolve from the gas at conditions of
Tower temperature and pressure.
2) Furthervexperiments of the above type were conducted on an asphaltic

fraction of the crude oil. This material has a boiling point below
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240°C at 6 microns pressure and corresponds roughly to C38 to Cgg
cérbon numbers. Twenty-eight data points were taken on this material
at various pressures at temperatures of 50, 150, and 2500C.

3) The soiubi]ity of tar was also determined at 250°0C as a function of
pressure by eight data points. This material had a boiling point
above 266°C at 6 microns pressure.

‘4) The effect of carbondioxide on the solubility of crude oil in methane
was brief]y examined.

In the above studies, sampies of the solute crude 0il, asphalt and tar
fractions were taken for qualitative analysis. Gas chromatography was per-
formed on over 50 crude oil samples. The purpose was to examine the changes
in the carbon number distribution of the solute crude oil as a function of
pressure and temperature. Compound class anaiysis (saturated and aromatic
hydrocarbons and N-S-0 bearing compounds) was performed on the Ci5+ fraction
of about 25 of the crude 0il solute samples. The purpose was to examine the
change in c0mp6und class distribution as a function of pressure and temper-
ature. Compound class distribution ana]yses have been performed on solute
samples of the asphalt samples for the 50 and 150°C runs. The purpose Was
to determine changes in the distribution of saturated and aromatic hydro-
.carbons, N-S-0 bearing compouﬁds; and &Spha]tenes as a function of pressure

and temperature.
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DISCUSSION

The solubility data for methane in aqueous NaCl solutions provides a large
amount of basic data at this time. There are still remaining questions to be
answered before it will be possible, at Teast in some situations, to conc1ude
whether particular sandstone pore waters are saturated with methane or not.
These questions are:

1) The effect of carbon dioxide.

2) The effect of brine composition.

3) The effect of other dissolved higher molecular weight hydrocarbons.

The effect of carbon dioxide is complex. Salinity appears to influence the
point at which additional carbon dioxide suppresses aqueous methane solubility.
Carbon dioxide is more effective in salting out methane from solution at low |
salinities than at high salinities.

The effect of brine composition is almost unknown and since sandstone (and
shale) pore waters are chemically complex, this effect could have a strong con-
trol on aqueous methane solubility in natural brines. We made a limited study
of methane solubility in brine from the Pleasant Bayou No. 2 well (Table 10,
Column 3) and compared the experimental data to methane solubilities calculated
from the empirica]lequation (Table 10, Column 4). The calculated solubilities
agree with the experimentally measured solubilities within the uncertainty in
the data, however there is a slight tendéncy toward Tower solubilities in
Pleasant Bayou brine. There are §eVera1 problems with this comparison. It
should be noted. that when we received them, the Pleasant Bayou brines contained
a reddish-brown precipitate (probably iron oxide) which contained to form with

time, so that this brine certainly had changed from its original composition.
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Table 10. Solubility of methane in Pleasant

Bayou brine at various temperatures and pressures,
as well as calculated values (Table 1) for an
equivalent NaCl concentration (130,000 mg/1l).

[NA, not applicable]

Experimental Calculated

Temperature Pressure solubility solubility
OoF psi SCF/Bbl SCF/Bbl
201.6 12,016 20.4 21.9
196.3 9,126 19.8 18.8
198.2 5,076 13.4 14.0
198.2 2,021 8.3 8.5
198.7 1,059 4,2 NA
248.1 . 12,024 24.8 25.8
248.0 11,950 24,1 25.7
248.0 11,893 25.2 25.7
249.8 - 9,083 22.3 22.5
250.3 5,018 17.5 16.5
248.9 2,060 9.9 10.0
250.3 2,002 9.4 9.9
250.3 1,001 5.7 NA
301.1 12,300 29.3 . 32.6
301.1 12,040 27.2 32.2
302.8 9,040 25.0 28.0
299.5 5,076 19.6 20.1
301.1 2,002 12.2 11.9:
299.7 1,004 7.7 NA
301.1 507 3.9 NA
301.3 260 3.4 NA
300.2 104 1.3 NA
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A question of considerable importance is the role of dissolved carbonate
species in solution as compared to dissolved carbon dioxide gas which has a
significant]y greater effect on methane solubility than does an equivalent
concentration of jonic species. Should HCO3™ and other ionic or neutral dis-
solved substances be treated or considered as equiva]ent C0, gas or as an
increase in salinity? Also the relative percentage of each ionic (or neutral)
species will change with changes in pH, salinity, pressure and temperature.

We have no insight into the mechanics of this system yet.

The presence of higher molecular weight hydrocarbons probably has a signifi-
cant effect on the solubility of methane in brines based on the behavior of
similar systems (Price, 1982). While methane is the dominant gas in natural‘
brines other hydrocarbon gases are also present. The cumulative effect of these
probably is to lower the solubility of methane in natural brines. Although there
is great uncertainty about the application of the results of our methane solu-
bility sfudies to determine if test well brines are saturated with methane,
these data have pgvea]ed problem areas that need further research.

| Data for a neﬁber of test wells from the geopressured program are given in
Table 11. Sources of data for this compilation include correspondence from
Mr. Keith westhusing'(formefly with the Department of Energy in Houston), a
report by Mr. Philip Randolf (presented at the 5th Geopressured-Geothermal Con-
ference) and final reports supplied by Eaton Operating Company. There is un-
certainty in the values fof'COZ percentage and total measured gas in this table.
Column six.is the_quantity of methane that saturated brines should contain at
the conditions of temperature, pressuheland salinity for the reservoir of each

well. These saturation values were calculated from Table 1. The measured
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Table 11 Comparison of analyses of geopressured brines (observed aqueous methane solubilities) with cal-
culated solubility data for methane in aqueous NaCl solutions. Numbers in well designation column are
references.

Percent Gas Gas calc. Percent
Well designation Physical Type of of measured equation saturation
{and references) conditions gases gas SCF/Bb1 Table 1 of brine
Edna DelCambre 238CF ' A1l gases 100 22
No. 1 11,012 psi: CHg 92.8 20.4 25.4 80-
Sand No. 3 - 113.3 g/liter CoHg 4 0.9 ‘ 88
(1) 02 1 0.2
Balance 2.2 0.5
Pleasant Bayou 280°F A1l gases 100 24.7
No. 2 11,400 psi CH 85.5 21.1 27.9 - 76~
(1) 135 g/1iter C2ﬁ6 3.1 0.8 82
€02 11.3 2.5
Balance .1 0.3
Fairfax  2700F A11 gases 100 22.8
Foster Sutter 12,230 psi CHq 89.6 20.4 22.2 92-
No. 2 191 g/titer CoHg 1.8 0.4 100
(1) _ C62 7.9 1.8
Balance 0.7 0.2
Beulah Simon 2859F A1l gases 100 24.3
Southport 13,100 psi CHg 91 22.1 35.3 63-
Exploration No. 2 100 g/1liter CoHg 2.3 0.6 69
(1) CB 5.1 1.2
BaTance 1.6 0.4
Crown Zellerbach 3300F A1l gases 100 34.7
Well No. 2 10,114 psi CHg . 66 22.8 50.1
lower zone 31.7 g/liter CoHg ’ 3.4 1.2 X.75=
(2)(6) c62 29.4 10.2 37.5 61-
Balance 1.2 66
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¢© - ¢

Table 11 (continued)

Percent Gas Gas calc. Percent
Well designation Physical Type of of measured equation saturation
(and references) conditions gases gas SCF/Bbl Table 1 of brine
Prairie Canal 294°F A1l gases 100 42.1
Well No. 1 12,942 psi CH 84 35.4 45.9
(3)(6) 43.4 g/liter C ﬁ6 2.3 1.0 X.93=
C8 13.5 5.7 42.7 82.9-
Balance 0.2 0.1 88
Saldana 300°F A1l gases 100 49.2
Well No. 2 6,627 psi CHg 79.2 39 37.5
(4)(6) 12.8 g/liter C2Hg 3.9 1.9 X.83=
€0 16.5 8.1 31 130+
Balance 0.4 .2
prob. more CO»
P. R. Girouard 274°F A1l gases 100 40
Well No. 1 13,203 . CH 91.3 36.5 46.1
(5)(6) 23.5 g/liter CzﬁG 2.4 1.0 X.96=
co 6.0+ 2.4 44.2 82-
Balance 0.3 0.1 87
Lear G. M. 260°F A11 gases 100 35
Koelemay 9,449 psi CH 83.9 29.4 38.1
Well No. 1 15.0 g/liter Czﬁs 4.7 1.6 X.94=
(6) 0] 7.5+ 2.6 35.7 82-
Balance : 88
Sweet Lake 2990F A1l gases 100 23.7
5th Sand. 12,053 psi CHg 88 20.9 27.7
(7) 165 g/liter CoHg 1.7 0.4
C0o 9.9 2.3 75-
Balance 0.4 0.1 83

References: (1) Letter from Keith Westhusing; (2-5) Eaton Operating Company (1981); (2) Final Report
Crown Zellerbach Well No. 2; (3) Final Report Prairie Canal Well No. 1; (4) Final Report
Saldana Well No. 2; (5) Final Report Girouard Well No. 1; (6) Raymond (1981);
(7) Karkalits and Hankins (1981).



quantity of methane (Column 5) exceeds the calculated methane solubility in only -
one well. Part of the produced gas of this well was thought to be from a free
gas phase. All other well brines contain less methane than the concentration
predicted from the equations in Table 1. In some of these wells, the gas con-
centration reported is from "flare line analysis" and some additional gases
obviously remained in solution. Under most operating conditions only about 2 SCF
of methane should remain in solution, however in some cases considerab]e co,
could remain in solution (Caption, Table 8).
~ The effect of COp in suppressing methane solubility would not seem to be

such a large factor for high salinity wells such as the Edna DelCambre, Pleasant
Bayou, Fairfax Foster, Beulah Simon, and Sweet Lake. Among these wells the
Fairfax Foster seems to be closest to saturation. While the Beulah Simon well
would seem to be well below saturation. Some of the low salinity wells have high
carbon dioxide contents (especially the Crown Zellerbach and Saldana wells).
Extrapoiation of the data for the CO, effect on methane solubility at Tow
salinities suggests that the saturation concentration of methane would be 75 to
80 percent of the solubility in 002 free solutions'. Even correcting for the
effect results in a predicted CHy content that exceeds the measured methane

content in these geopressure well tests. Only for the Saldana well does measured
| methane exceed calculated.

Most of the wells of Table 11 have a measured methane concentration between

80 and 90 percent of the predicted methane concentration. Either these wells
are slight]y-undersaturated with methane or, if they are indeed saturated, some

other unknown factor(s) must be reducing the observed methane concentration

| A tentativevprocedure for estimating the effect of CO
is given in Appendix D.

9 on methane solubility

63



very uniformly below the predicted value. In all wells the ethane concentration
is below that needed to éuppress methane concentratfon.

There are too many unknowns at this time, to be able to conclude if these
well brines are methane saturated or not. Ethane plus C02 may have a combined
effect on the suppression of methane solubility especially at low salinities.
The effect produced by dissolved higher hydrocarbons also is probably signifi-
cant. Also the roles of solution composition, especially of the carbonate
species, are not understood.

Correlations between results of laboratory solubility measurements and the
results of well tests need much closer co-ordination. Flare line gas flows give
values that debend on separator pressure, temperature and fluid composition and
dynamic solution kinetics. Solubility data should be compared on the basis of
total gas content of the well brines with appropriate data about gas composition.
This is not an easy task considering the high flow rates and the dynamics of a
well under test conditions. Some of the uncertainties of test well results
is indicated by the poor agreement between éome well data in Tables 8 and 11

supplied by different sources.
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RECOMMENDATIONS

The effect of carbon dioxide on the aqueous solubility of methane should
be examined further to determine the effect of temperature variation on
this system.

Direct reconstitution studies should be carried out using brines from
‘the various geothermal tests as they become available, to ascertain if
the brines are methane saturated in nature. Carbon dioxide should be
progressively added to these systems and samples taken and analyzed for
methane saturation up to the carbon dioxide level found in nature for
that sample.

Low temperature-low pressure measurements of aqueous methane solubility
should not be examined further unless there is an important (currently
unknown) engineering need for such data.

Because the empirical equations developed in this'paper to calculate
aqueous methane solubility apparently can be extrapolated to 601°F at
pressures above 5,000 psi, there appears to be no need to take aqueous
methane solubility data above 464°F.

Further critical research should focus on the effects of ionic species,
especially the effects of €O, disséciation, on aqueous methane so]ubi]ity.
The effect of higher molecular weight hydrocarbbns (06+) on methane

solubility must be examined to fully understand the system.‘
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4)

7)

8)

CONCLUSIONS

The previously reported aqueous methane solubility data of Blount et

al (1979) are incorrect due to an error in the experimental procedure.
New data as well as the older corrected data has been modeled into an
equation which computes aqueous methane solubilities over a broad range
of conditions: 1600 to 464°F at pressures above 3,508 psi, 4640 to
601°F at pressures above 5,000 psi, all for salinities of 0 to 25 weight
percent NaCl.

Calculated data from this study by in Targe agree with previous experi-
mental work within the limits of the equation of this study.

Calculated data from this study do not agree with the high temperature
(626°, 662°, and 690°F isotherms) of Sultanov et al (1972). This agrees

with an earlier observation (Price, 1979) that the high temperature data

of Sultanov et al (1972) appear to be too high and in error.

The results of low temperature low pressure methane solubility determinations
of this study agree very well with the previous results of Culbertson and
McKetta (1950), Duffy et al (1961) and 0'Sullivan and Smi*h (1970).

The calculated data of this study do not agree with the czlculated data of
Haas (1978) or Susak and McGee (1980). This is not surprising as the salting
out coefficient they assumed (0.129) is not in agreement with our experi-
mentally measured value: 0.1025. Also a 1érge part of their data base was
made up of the data of Sultanov et al (1972), the higher temperature portion
of which we find questionable.

The effect that brine composition has on the aqueous solubility of methane

is an unknown.

At 300°F and a salinity of 52g NaCl/Titer, increasing CO2 concentration up to

10 mole percent of the dissolved gas in solution enhances aqueous methane
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10)

11)

12)

solubility. When CO» makes up more than 10 mole percent of the dissolved

gas in solution, methane solubility is decreased by increasing CO2 content.
This effect is considerable at CO2 contents of 40 mole percent or greater.
The effect of increasing-salinity to 107 g/liter is to permit up to 30 mole
percent €O, in the dissolved gas before additional CO, causes a suppression
of methane solubility to a value below that observed in the absence of C02.
In Tertiary Gulf Coast sediments it is expected that carbon dioxide will

make up an increasing amount of the dissolved gas in sand and shale pore
waters (greater than 40 mole percent) with increasing depth of burial from
the early diagenesis of the kerogen in shales.

In theory, at the onset of significant methane generation (burial temper-
atures of about 360°F) Gulf Coast sand and sha]e'pore wateré could have such
high'concentrations of carbon dioxide, that the newly generated methane would
immediately form a free gas phase.

Comparison of our calculated methane solubility data with observed (but quest-
ionable) methane concentration values from nature shows that most geothermal-
geopressured brines contain between 80 and 90 percent of the predicted meth-
ane concentration. Only the Saldana well contained more ‘methane than the
predicted value.

At this point we dq not understand the controlling parameters (other than
pressure, temperature and salinity) of aqueous methané solubility well enough
to bé able-ﬂyascertain if Gulf Coast geopressured brines are saturated or

undersaturated with respect to methane. Thus from solubility considerations

~alone, we are not able to say if we are dealing with a free gas phase or not

at the temperature and pressure conditions of the present and past DOE geo-
pressured tests. A tighter cooperation between laboratory and field studies

will be necessary in the future to speak to this problem.
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APPENDICES

Tables of experimental data.

1. Original empirical data of aqueous methane solubility as determined
in this study. :

2. Original empirical data for the solubility of 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.

4, Origingl empirical data for the so]ubi]ity‘of methane and ethane
at 302°F in aqueous NaCl solutions at a salinity of 107 g/liter.
Gas chromatographic analysis conditions.

Results of study of petroleum solubility in methane.

Estimation of effect of COZ on methane solubility.

70



Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER TOEGF FSI SAL SCF
1.0 212.4 22364.9 + 0 48.8
2.0 212.4 22364.9 +0 49.8
3.0 . 212.,4 22335.9 +0 52.5
3.0 211.1 19101.5 +0 47.7
6.0 211.1 19101.5 +0 48.0
7.0 211.1 19101.5 +0 49.8
8.0 211.1 19101.5 0 49.3
2.0 212.4 16026.7 .0 43,4
10.0 212.4 16026.7 +0 ‘43,4
11.0 212.4 16084.7 «0 45,53
12.0 212.4 16084.,7 + 0 43,2
13.0 212, 16128.2 « 0 44,4
14.0 212.0 16128.2 <0 45.2
18,0 213.8 13169,4 «0 40.9
16.9 213.8" 13169.4 +0 41.0
17.0 212.0 10239.7 +0 35.4
18,0 212.0 10239.7 « 0 35.5
19.0 212.4 ‘ 7106.9 + 0 30.95
20.0 212.4 5003.8 +0 25.8
21.0 212.4 35003.8 + 0 24.3
22.0 212.4 3524.4 + 0 19.7
22.0 212.,4 3324.4 . 0 18.7
24,0 212.4 2175.6 .0 14.8
25.0 212.4 2175.6 + 0 15.0
26.0 213.4 22538.9 3.2 48.5
27.0 213.4 - 19000.0 3.2 47.9
28.0 213.4 19000.0" 3.2 46.2
29.0 212.4 16055.7 . 3.2 42.2
30.0 212.4 16055.,7 3.2 43.0
31.0 212.4 13227.5 3.2 39.1
32,0 212.4 13227.5 3.2 3e.2
33.0° 212.4 - 10007.46 3.2 33.8
33.0 213.4 - 7063.4 3.2 30.4
36.0 21374 5105.3 3.2 23.4
37.0 213.4 5105.,3 3.2 23.6
38,0 212, 3640.5 3.2 18.9
39.0 212. 3640.5 3.2 C20.1
40.0 212.9 . 2144,6 3.2 16.6
41.0 212.9 ‘ 2144.46 3.2 13.7
42, 212,9 - 2219.1 3.2 14,2
43,0 212.9 T2219.1 3.2 15.1
44,0 _ 212.4 19420.6 51.1 38.0
45.0. 212,4 19420.6 51.1 35.3
46.0 . 212.0 19420.6 51.1 35.9
47,0 : 212.0 19420.6 51.1 37.46
48.0 - 212.0 16026.,7 1.1 33.4
49.0 212.0 13111.4 51.1 32.3
50.0 212.0 13111.4 S1.1 32,
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOQUS METHANE SOLUBILITY AS DETERMINED IN THIS

STuDY
NUMEER THEGF FSI SAL SCF
51.0 212,0 13111.4 51.1 32.9
52.0 211.5 10181.7 S1.1 28.5
53.0 211.5 10181.7 S1.1 26.1
54,0 211.1 7222.9 S1.1 23,9
55.0 211.1 . 7222,9 51.1 24,1
56,0 212.0 5032.8 51.1 20.6
57.0 212.0 5032,.8 S1.1 ' 20.7
58,0 ' 212.0 3596.9 51.1 17.0
59.0 212, 3596.9 S1.1 17.4
60,0 213.8 16186.2 106.0 28.7
61,0 213.8 13213.0 106.0 25.4
62.0 213.8 13213.0 106.0 25.7 -
63,0 212.,0 22509.,9 106.5 34,4
64,0 212,0 22509.9 106.5 33.8
5.0 212.0 22509.9 106.5 34,1
66.0 S 212.0 22509.9 106.5 33.8
67,0 212.0 22393.,9 106.5 34.6
68.0 212.,0 22393.9 106.5 34,9
69.0 212.9 19043.,5 106.5 32.1
© 70,0 212,9 19043.5 106.5 31,7
71.0 212.4 15359.,5 106.5 29,3
72, 212.4 15359.5 106.5 30.0
73.0 212.9 15272.5 106.5 - 28.4
- 74,0 212.9 15272.5 106.5 29,4
75.0 212.,9 13242,0 106.5 25.8
76.0 212.9 13242.0 106.5 26,1
77.0 212,/ 12908.4 106.5. 26.3
78.0 . 212.9 12908.4 106.5 27.1
79.0 212.0 10181.7 106.5 24,1
80.0 212, 10181.,7 106.5 23,7
81.0 212.,0 10094.4 106.5 21.8
82.0 212.0 10094.6 ©106.,5 22,
83.0 212.,9 7164,9 104.5 20.6
84.0 212, : 71464,9 106.5 18.8
85.0 - 212.9 7077.9 106.5 19.4
B6.0 212.,9 72077.9 106.5 19.9
87.0 212.4 51463.4 104.0 18.2
88,0 212.4 5163.4 104.,0 17.5
89.0 - 212.4 5119.8 - 105.0 15,8
90.0 212.4 5119.8 105.0 18.0
93.0 o 212.4 3440.5 105.0 13.4
94,0 212.4 3640.5 105.,0 . 13.0
95.0 - 212.0 2059.5 105,0 9.7
96.0 ' 212.,0 2059,5 105.,0 9.1
7.0 211.5 21842.7 ‘ 166.3 26.8
$8.0 211.5 21842,7 166.3 26,1
99,0 211.1 22103.8 166.3 27.3
100,0 21141 19087.,0 166.3 24,5
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER THEGF FSI SAL SCF

101.0 211.1 19087.0 166.3 24,4
102.0 210.6 16157.2 166.3 23.1
103.,0 211.5 13314,5S 166.3 20.3
104,0 211.5 13314.5 166.3 20.7
105.0 211.5 13198.,5 163.5 22,6
106.0 211.5 13198.5 163.5 20.5
107.0 211.5 13372.5 163.5 22,

109.0 210.6 ?993.1 164.6 17.6
110.0 210.6 9993.1 164.6 18.1
111.0 212.0 9833.6 163.5 20.5
112, 212.0 98323.6 163.5 17,6
113.0 212.4 9935.1 163.5 17.5
114.0 212.4 9935.1 163.5 19.8
115,0 210.9 7208, 4 164.6 5.4
116.0 209.8 7106.9 163.5 17,3
117.0 209.8 7106.9 163.5 16,6
118,0 209.8 7106.9 163,5 17.0
119.0 209.8 7106.9 163.5 17,0
120.0 211.5 7034.3 163.5 16,4
121.0 211.5 7034.,3 162.5 16.0
122.,0 211.5 5018.3 163.5 14,5
123.0 211.5 5018.3 163.5 14,5
124,0 210.9 3205.3 163.5 9.8
125.0 210.9 3205.3 163.5 .7
126.0 211.1 1914.,5 163.5 8.6
127.0 211.1 1914.,5 163.5 8.5
128.0 211.1 1972.5 163,59 8.6
129.0 211.1 1972.5 163.5 8.6
130.0 211.5 22466, 4 227.6 17.9
131.0 211.5 22446.4 227.6 18.6
132, 211.5 22466.4 227.6 20,9
133.0 211.5 22466.4 227.6 19.6
134.,0 211.5 22437.4 227.6 20.7
135.0 211.5 22437.4 227.6 19.4
136.0 211.5 17462.6 227.6 18.2
137.0 211.5 17462.6 227.6 18.1
138.0 211.5 15345.0 227.6 17.7
139.0 210.64 15519.1 227.4 18.4
140.,0 210.6 15519.1 227.6 19.1
141.0 211.1 16302.3 227.6 16.9
142,0 210.6 16360.3 227.6 14,0
143.0 210.6 . 16340.3 227.6 16.8
144,0 210.6 13285,5 227.6 14,7
145.0 S 210.6 13517.5 227.4 14,1
146.0 210.6 13517.5 227,64 5.5
147.0 210.2 9746, 4 227.64 13.0
148.,0 210.64 10181.7 227.6 2.2
149.0 210.6 10181.7 227.4 13.7
150.0 210.2 7280.% 225.1 11.4
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER THEGF FSI SAL SCF
151.0 210.2 7280.9 225.1 11.9
152,0 210.6 5047.3 225.1 12.0
153.0 210.2 S5366.4 223.7 10.0
154,0 210.6 5395.4 223.72 8.6
155.0 210.6 5395, 4 223.7 9.5
156.0 210.6 3596.9 223.7 8.1
157.0 210.6  35946.,9 223.7 8.4
158.0 210.4 35946.9 223.7 10.5
159.,0 210.6 3567.,9 223.7 8.1 ,
160.0 210.2 2117.6 223.7 645
161.0 210.2 2117.6 223.7 642
162, 213.4 22219,8 293.5 12,4
163,0 212, 19000.0 293.5 13.7
1464,0 212.,9 19000.0 293.5 14,3
165.0 212.9 19000.0 293.5 14,0
166.0 212.,9 19000.0 293.5 13.9
167.0 212.,9 19000.0 293.5 : 14,7
168.0 212.9 15997.7 293.5 10.4
170.0 212.9 13067.9 293.5 11.1
171.0 212.9 13067.9 293.5 12,2
172.0 214,2 131469.4 294.6 10,7
173.,0 214.,2 13169.4 294,64 11.4
174.,0 213.4 13111.4 294.6 11.8
175.0 213.4 13111.4 294.6 12.5
176.0 213.8 10239.7 294.6 : 11,2
177.0 213.8 10239.7 294.4 10,9
178.0 213.4 7193.9 294,64 8.7
179.0 213.4 71932.9 294.6 9.1
180.0 213.,8 5177.9 294,4 7.7
181.0 213.8 S177.9 294,686 7+ 3
182,0 214.2 3625,9 294,46 5.9
183.0 214,2 34625,9 294.4 b7
184.0 213.4 2045,0 294,64 Sl
185.0 213.4 2045.0 294,44 4,9
1846.0 213.4 2045.0 294,64 4.5
187.0 212.4 2045.,0 294,64 4,9
188.0 272.8 22495, 4 3,2 60.6
189.0 272.8 22495,4 3.2 : 60. 4
190.0 272.8 19203.0 3.2 59.8
191.0 272.8 19203.0 3.2 53,3
192.0 273.2 19217.5 3.2 S56.4
193,0 ‘ 273.2 19217.5 3.2 5644
194,0 272.8 16186.2 3.2 ' 53.4
195,0 . .. 272.8 16186.2 W2 49,0
196.0 273.2 13169, 4 3.2 47,5
197.0 273.2 13169.4 3.2 49,3
198.0 273.2 103%99.2 3.2 44,8
199.0. 273.2 10399,2 3.2 40.6
200.0 272.3 10384.7 3,2 43,2
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY

NUMEER TOEGF FSI SAL SCF
201.0 272.3 10384.7 3.2 ;g.g
202, ' 273.7 7222,9 3.2 .
20300 272.8 7266, 4 3,2 33,0
204.0 272.8 7266.4 3.2 35.3
205,0 273.2 7629.0 3,2 35.8
206.0 273.2 7629.0 3.2 gg.g
207.0 274.1 5148.8 3.2 .
208.,0 273.2 51463.4 3.2 28.2
209.0 273.7 5134.,3 3,2 28.6
210.0 273.7 5134.3 3.2 31.1
211.0 273.2 34625.9 3.2 23.5
212.0 273.,2 34625.9 3,2 25,2
213.0 274.1 2248.1 3.2 18.4
214.,0 274.1 2248.1 3.2 20.6
215.0 275.0 16128.,2 51.1 48.9
216.0 274.5 16186.2 51.1 45,7
217.0. 274.,5 16186.2 S51.1 48,2
218.0 275.0 13154,9 51.1 40,3
219.,0 275.0 13242,0 51,1 41.3

© 220.0 275.0 13242,0 51,1 38.8
221.0 274.5 10326.7 51.1 36.9
222,0 274.5 10326,7 51.1 38.5
223.0 272, 7034.,3 51.1 29.4
224.0 272, 7034.3 51.1 28,1
225.0 272.0 7034.3 51,1 28.8
226.,0 272, 7034.3 51.1 29.8
227.0 272.8 5061.8 5141 23.8
228.0 272.8 5061.8 5141 23.9
229.0 272.8 3567.9 S1.1 20.0
230.0 272.8 3567.9 51,1 70,1
231.0 272, 2016.0 51.1 13.2
232.0 272.3 20_16.0 . 1.1 12,
233.,0 275.0 19014.5 106.0 36,5
234.0 275.0 19014.5 106,0 36.8
225.0 275.0 16273.3 106.0 32.4
2346.0 275.0 16273.3 1060 31.9
237.0 275.0 16157.,2 106.0 34,1
238.,0 275.0 16157,2 106.0 37,2
239.0 275.0 16128.,2 106.,0 38.4
240.,0 275.0 16128,2 106,0 37,9
241,0 275.5 13169.4 106.0 31.6
242.0 273.,2 13372.5 106.0 29,6
243,0 273.,2 13372.5 106.0 30.6
244.0 274.5 13096.9 106.0 29.9
245,0 274.5 13096.9 ©106.,0 29,7
2446.,0 274.5 13254.5 106,0 32.2
247.0 276.8 13082.,4 106.0 31.3
248.0 ' 276.8 13082.4 106,0 31.9
249,0 276.8 10212.2 106.0 30,7
250.0 276.8 10312.2 106.0 20.2
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THiS

STUDY
NUMEER TREGF FSI SAL SCF
251.,0 274.1 7222,9 106.0 25.2
252.0 274.1 7222,9 106.0 25.0
253.0 274.5 7425.9 106.0 25.9
254.0 274.5 7425.9 106.0 26.7.
255.0 274.5 - 5279.4 106.0 19,0
256.0 274.1 3596.9 106.0 16.7
257.0 274.,1 3596.9 10640 15.4
258.0 274.1 3625.9 106.0 17.1
259.0 274.1 3625,9 106.0 16,0
260.0 275.9 19043.5 105.0 36,7
261.,0 276.4 19130.5 105.0 37.2
262,0 276.4 19130.5 105.0 36.7
2632.0 276.8 15939.7 105.0 33.9
264.0 276.8 15939.,7 105.0 35,1
265.0 277.0 13024.4 105.0 29.5
266.0 277.0 13024.4 105.0 29,7
267.0 277.2 13154.,9 105.,0 30.3
248.0 277.2 13154.9 105.0 29.5
269.0 276.8 13125,9 105.0 30.1
270.0 277.2 701%9.8 107.0 22.7
271.0 277.2 7063.4 107.0 24.4
272.0 277.2 7062,4 107.,0 22.8
273.0 277.2 5018.3 107.0 19.4
274.0 277.2 5018.3 107.0 19.7
275.0 276.8 5148.8 107.0 20.8
276.,0 276.8 5148.8 107.0 20,7
277.0 276.8 $148.8 107.0 20.7
278.0 276.8 3684.0 107.,0 15.5
279.0 277.0 3364,9 107.0 15.8
280.0 27740 3364.9 107.0 16,1
281.,0 277.0 2016.0 106.8 11.2
282, 277.0 2016.0 106.8 11.2
- 283.0 271.0 - 2016.0 106.8 10.7
284.0 271.0 2016.0 106.8 10.2
285.0 275.0 22538.9 163.5 35.7
286.,0 275.0 22538.9 163.5 34.8
287.0 275.0 22277.8 161.7 34,0
288.0 275.0 22350.4 161.,7 36,0
289.0 275.0 22437.4 161.7 35.64
290.0 275.0 19029.0 161,7 34,4
291.,0 275.0 19203.0 161.7 31.2
292.0 - 275.0° . 19203.,0 161.7 32,0
293.0 275.0 16157.2 160.,7 31.0
294,0 . 275.0 16157.2 160.,7 32,7
295.0 275.9 13227.5 163.5 26.0
296.0 275.5 12850.4 160,7 27.5
297.0 275.0 13024, 4 160,7 29.1
298.0 275.0 13024,4 160,7 27.9
299.0 . 275.9 10210.7 163.5 24.8
300.0 275.0 10181.7 163.5 24.4
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Tab1e A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMERER THEGF FSI SAL SCF
301.0 275.0 10181.7 163.5 27.1
302.0 27545 10152.7 160.7 27 .2
303.0 27545 10152.7 160.7 24.0
304.,0 272.0 7135.9 160,7 192.2.
305.0 275.90 7135.9 160.,7 19,2
306.0 27543 5163.4 160.3 16,3
307.0 2753.3 5090.8 160.3 15,9
308.,0 275.5 9090.8 160.3 15.8
309.0 275.0 35367.9 1539.7 12,3
310.0 274.5 362549 163.9 12.4
311.0 274.5 - 36359.,0 163,9 154.6
312, 275.0 2146.6 163.9 2.4
313,90 273.0 2146.6 163.9 8.7
314,0 274.5 2291.6 163.9 8.6
315.0 274.5 ' 2291.6 163.9 10.4
3146.0 2795.0 192087.0 224.3 24.5
317.0 275.0 19087.0 224.3 24.46
318.0 275.0 19232.0 224.,3 22.5
319.0 274.5 19174.0 224.3 23.46
320.0 273,7 19072.5 227.8 23.5
321.90 273.7 19072.5 227 .8 2246
322.0 273.7 12072.3 227.6 22,
323.0 27347 19072.5 227.46 2446
324.0 273.7 16041.2 2271 22.4
323.0 273.7 16070.,2 22%5.7 22.8
326.0 273.7 16070.2 225.7 23,2
327.0 273.7 13024.4 225.4 19.3
328,90 273.7 13024.4 225.4 21.6
329.0 273.7 10065.6 223,7 21.4
330.0 273.7 10065446 223.7 22,0
331.0 C273.7 10080.1 222.46 20.°
332.0 : 273.7 110080.,1 222,46 18,9
333.0 273.7 100%4.6 221.3 21.2
334,90 27347 10109.1 219.9 18.9
335,90 273.7 10109.1 219.9 18.9
336.,0 273.7 7135.9 218,46 16.4
337.0 272.3 7193.9 224.,3 15.9
338.0 272. 7193.9 224.3 1646
3392.0 273.7 4873.3 224,23 14.2
340.0 273.2 -4931.,3 224,3 12.4
341.,0 273.2 4931.3 224.,3 12.1
342.,0 273.7 3596.9 223.7 ?.1
344,0 : 273.7 2175.6 223.,2 7.1
345.0 27347 2175.6 22246 2.0
346.0 273.7 2173.6 222.6 8.4
347.,0 273.7 216141 222.6 742
348.0 273.7 2161.1 222,46 6.9
J349,0 275.9 22640.,4 2935.2 21.6
265, 1 21.6

350.0 275.9 22640.4



| Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER TOEGF FSI SAL SCF
351.,0 275.9 19217.,5 295.1 19.3
352.0 275.9 19217.,5 295.1 19.1
353.0 275.9 16273.3 294,.4 18.9
354.0 275.9 16273.3 . 294.4 17.7.
355.0 277.3 13067.9 293.6 15.6
356.0 277.3 13067.9 293.6 o 15.2
357.0 277.7 10167.2 293.0 13.8
358.0 277.7 10167.2 293.0 14.0
359.,0 276.8 7150.4 292.1 11.6
340.0 276.8 7150,4 292,1 11,4
361.0 276.4 5163.4 291.5 9.5
362, 276.4 5163.4 C291.5 9,4
363.0 276.8 2262.6 ‘ 284.0 6.3
364.0 276.8 2262.6 286.0 5.8
365.0 - 335.1 22538.9 3.0 80.9
366.0 335.1 22538.9 3.0 1.5
367.0 335.8 22277.8 3.0 89.9
348.0 335.8 22277.8 3,0 82,9
369.0 335.8 21842,.7 3.0 89.4
370.0 335.8 22594,9 3.0 B0.6
371.0 335.8 225946,9 3.0 85.9
372, 336.2 22800.0 3.0 B2.6
373.0 336.2 22771.0 3.0 94,9
374,0 336.2 22771.0 3.0 92.9
375.0 336,2 18332.8 3.0 80,2
376.0 336.2 18332.8 3.0 85.8
377.0 336.2 17926.7 3.0 7.4
378.0 335.8 . 19217.5 3.0 84.7
379.0 - 335.8 16360.3 3.0 73.0
380.0 335, 16360.3 3.0 78.8
381.0 336.6 13149.4 3.0 72.8
382.0 33646 13169.4 3.0 71.4
283.0 336,64 10225.2 3.0 59.2
384.0 _ 335,8 10268.7 3.0 S58.6
385.,0 . 334.2 10167.2 3.0 63,3
386.0 337.5 5076.3 3.0 46,3
387.0 337.5 5076.3 3.0 44,9
388.0 336.2 3625.9 - 3.1 31.8
389.0 336.2 34625.9 3.1 32,5
390,0 336,2 1 3640.5 3.1 35.3
391.,0 336.2 3640.5 3.1 37.4
392,0 340.3 18347,3 51.1 63.7
393.0 340.3 18347.3 S1.1 63.8
394.0 340.3 17984.,7 S1.1 63.4
395.0 340.3 17984.7 S51.1 6642
396.0 340.0 15649.6 51.0 6046
397.0 340.,0 15649.6 51.0 62.0
398.0 340.7 12821.,4 S50.7 53.0
399.0 340.,7 12821.,4 50.7 S56.1
400.0 340.0 9775.4 50.4 49,5
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER THEGF FSI SAL SCF
401.0 340.0 977544 50.4 45,2
402.,0 340.0 6773.3 50.0 .28.2
403.0 340.0 6773.,3 50.0 40,1
404,0 ' 33%9.1 4800.8 49,7 35.5.
405,0 339.1 4800.8 49,7 33,2
406.,0 339.1 4800.,8 49.7 33.4
407,0 238.9 3553.4 49,5 27 .4
408,0 338.9 3552.4 49,5 28.2
409,0 339.3 1958.0 49,5 18.8
410.0 339.3 1958.0 49,5 18.0
411.0 339.4 19043.,5 104.6 44,9
412, 339.8 19072.,5 104.6 51.5
413,0 339.8 19072.,5 104.6 52.4
414,0 339.8 . 16157.,2 104.4 46.8
415,0 339.8 16157.2 104.6 45,4
416,0 339.8 16026,7 104.6 45.8
417.0 339.8 16026.7 104.6 44,9
418.,0 339.8 14026.7 104.6 47 .6
419,0 339.8 16026.7 104.6 47 .6
420,0 339.8 13024.4 104.6 40,7
421.0 339.8 13024.4 104,64 ' 41,7
422,0 338, 4 13024, 4 104,46 41.7
4232,0 338.4 13024.4 104.4 43,3
424,90 339.8 10007.6 106.0 37.8
425,0 339.8 10007.6 106.0 29,0
426,0 339.8 1003646 106.0 36,4
427,0 329.8 7048.8 106.0 29.6
428.,0 339.8 7019.8 106.0 28.7
429,0 339.8 7019.8 106.0 29,8
430.Q 339.8 6990.8 106.0 29,2
431.0 339.8 6990.8 106.90 29.0
432,0 _ 339.8 5047.3 106.0 24,2
433,0 339.8 5047.3 106.0 25.9
434,0 339.8 5250.4 106,0 25.6
435,0 339.8 5250,4 106.,0 23,9
436.0 339.8 3553.4 1106.0 21.1
437.0 339.8 3553.4 106.0 19,6
438,0 ‘ 339.8 3567.9 104.0 - 22.5
439.,0 339.8 3567.9 " 104.0 20,0
440,0 339.8 2001.5 104.0 17.2
441,0 339.8 2001.5 104.,0 16,7
442,0 339.8 2001.5 104.0 13.9
443,00 339.8 2001.5 104.0 15.6
444,0 338.0 22567.9 163.9 44,3
445,0 338.0 22567.9 163.9 45,4
446,90 338.0 22582.4 162.1 44,0
447.0 338.0 22582, 4 162.1 44,4
448,0 338.4 19072.5 163.4 . 42,1
449,0 3384 19072.5 163.4 41,0
450.,0 336.2 16099.2 159 .8 39.8
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Table A-1

ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

NUMEBER
451.0
452.,0
453.,0
454,0
455.0
456,0
457.0
458.,0
459,0
4460.0
461,0
4462,0
463,0
464,0
465,0
466.0
467.0
4468.0
469.0
470.0
471.0
472.,0
473.0
474.,0
475.0
4746.0
477.0
478.0
479.0
480.0
481.0
482.,0

483.0

484.0
4B5.0
486.0
487.0
488.0
489.0

491.0
492,0
493.0
494,0
495.0
496.0
497.0
498.0

499.0

500.0

TOEGF
336.2
338.4
338.4
336.2
33642
336.2
33642
336.2
336.2
336.2
336.2
337.1
337.6
337.6
338, 4
338.4
338.4
338.4
338.0
338.0
33746
338.0
338.0
338.0
338.0
338.0
337.6
338.4
338.4
335.8
338.0

338.0-

338.0
33840
338.0

- 338.0

338.0
1 338.4
338.4
338.0
338.0
339.8
338.0
338.0
338.0
338.0
338.0
338.0
338.0

338.0

STUDY

FSI
16099.2
13096.9
13096.9
10297.7
10297.7

7164.9

7164.9

5108.3

5105.3

3553.4

3353.4

2059.5

2016.0

2016.0
22538.9
22538.9
2233549
22335.9
19087.0
19087.0
1602647
16070.2
16070.2

-13082.,4

13096.9
13096.9
10065.6
10051 .1
10051.1
7034.3
7092.4
7092,4
5177.9
5032.8
5032.8
3625.9
3625.,9
2262.6
2277.1
22480,9
22480.9
21552.6
19232,0
19232,0
16258.8
16258.8
13256.5
13256.,5
13256,5

13256.5
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SAL
159.8
157.8
157.8
159.5
159.5

159.5

159.5 .

159.5
159.5
159.5
159.5
159.5
139.5
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
22345
223.5
223.5

220.4

220.4

220.4
226.5
226.5
22643
220.4
220.4
226.5
22645
289.9
289.9
289.9
287.2
- 287.2
284,95
284.5
283.0
283.1
283.1

283.1



Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEQUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMRER THEGF FSI saL SCF
501.0 338.9 10210.7 283.1 20.2
502,0 338.9 10210.7 283.1 19.3
503.0 339.4 7251.9 283.1 15.0
504.0 339.4 7251.,9 283.1 15.7
505.0 339.4 5163.4 282.1 12.9
506.0 339.4 5163.4 282.1 13.6
507.0 - 338.9 - 3538.9 282.1 10.5
508.0 338.9 3538.,9 282.1 10.8
509.0 401,0 22451.9 3.1 125.1
510.0 401.5 22742,0 3.5 122.6
$511.0 401.5 22742, 3.5 125.9
512.0 401.5 19406.1 3.5 114,4
512.0 401.5 19406.1 3.5 123.7
514.0 400.5 192319,1 3.5 119.4
515.0 400.5 19319.1 3.5 122,0
516.0 401.9 16418,3 3.5 108.,1
517.0 401.9 16360.3 3.5 114,9
518.,0 401,9 16360.,3 3.5 111.6
519.0 401.9 13140.4 3.5 96.3
520.0 401,9 13140.4 2.5 98.5
§21.0 401.5 10355.7 3.5 86.0
522.0 401,2 10268.7 3.5 1.5
523.0 400.8 10326,7 3.5 ° 87.4
524.,0 400.8 10326.7 3.5 . 85.0
525.0 398.8 7309.9 3.5 79.2
§26.0 398.8 7309.9 3.5 - 80,0
§27.0 398.3 5206.9 3.5 56.8
528.0 398.3 5206.9 3.5 56.6
529.0 398.1 34655.0 3.5 43,6
530.0 398.1 3655.0 3.5 43,8
531.0 397.2 2059.5 3.5 246.8
532.0 - 397.2 2059.5 3.5 32,1
533.0 , 401.9 19244.5 49.8 4.7
534,0 401.,9 19377.1 49,4 96,1
535.0 401.5 19522,1 49.3 2.5
536.0 401.5 19522,1 49,3 93.5
537.0- 401.5 16070.2 49,2 87.3
538.0 401.,5 16244,3 49,0 94,9
539.0 401.5 16244.3 49,0 91.0
540.0 401.5 13227.5 49.0 90.6
541.,0 401.5 13227.5 49,0 84.6
542.0 401.5 9978.6 49,0 75.4
543.0 401.5 9978.6 49,0 73.9
S44,0 401.9 7193.9 48.8 53.6
545.0 401.9 7193.9 . 48.8 55.6
546.,0 402.3 7513.0 48.8 57.6
547.0 401.0 4873.3 46,8 47.7
548.0 401.0 4916.8 46,8 51.0
549.0 401.0 4960,3 46.8 52.8
550.0 401.,0 © 4960,3 446.8 53.1
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEOUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER TUEGF FSI , SAL SCF
5%1.0 401,4 2553.4 45.3 . 41.0
£52.0 401.4 3553.4 46,3 43,0
553.0 401.4 2161.1 46,3 27.2
554.0 401.4 2161.1 46,3 27.8.
555.0 404,64 22277.8 161.7 59.6
556.0 404,64 22277.8 161.7 60.5
557.0 : 404,646 22292.,3 161.7 60.8
558.0 404,46 22292.3 161.7 61.2
559.0 404,46 18854.9 161.7 57.4
560.0 404,64 18854.9 161.7 58.3
561.0 404,64 15948.7 161.7 55.1
562.0 404.6 15968.7 161,7 52,9
563.0 404,2 12966.4 161.,7 S52.1
564.,0 403.,7 12951.9 161.7 49,3
565.0 404,2 10123.7 161.7 45,3
5660 404,2 10123.7 161.7 43,7
567.0 404,2 7005.3 161.7 38.7
548.0 404,2 7005.3 161.7 7.2
569.0 404.2 507643 161.7 31.9
570.0 404,2 5076.3 161.7 35,2
571.0 404,2 25467.9 161.7 25, 4
572, 404,2 3567.9 161.7 25.0
573.0 404,2 2074.0 161.7 19.5
574,0 404,2 2074.0 161.7 17.2
575.0 402.4 22480.9 221.0 47 .4
576.0 402,4 22480.9 221.,0 50,4
577.0 401.,9 S 19217.5 221.,0 47,0
578.0 401,9 19087.0 216.0 44,9
579.0 401.,9 19087.0 2146.0 46,1
580.,0 402.4 15635.1 212.6 42,2
581.0 402 .4 15635.1 _ 212. 45,9
582.0 402,4 13169.4 212,3 35,8
583.0 . 402,.4 . 13169.4 212.3 36.4
584.0 40149 13067.9 211.5 36.4
585.0 401.9 13067.9 211.,5 37.0
587.0 © 402.4 10428.2 218.6 36.1
588.0 - 402.4 10428.2 218,46 26,0
589.0 402.4 . 7092.4 216.0 28.1
590.,0 ' 402,4 7092.4 216.0 25.1
591.0 402.4 7 4989.,3 211.,5 23.0
592.0 402,4 _ 4989.,3 211.5 20.6
593.0 - 401.9 3509.9 207.,0 17.9
594.0 - 401.9 3509.9 207.0 17.4
595.0 - 398.8 22683.9 281,7 44,4
594.0 298.8 22567.9 281.7 41,2
597.0 : 398.8 22567.9 281,7 41 .6
598,0 399.2 22451.9 281.7 42,4
599.0 298.8 22219.8 281.,7 . 44,9
200

600.0 398.8 22219.8 281.7 446.0



Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEQUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMERER TLEGF FSI ‘ SAL SCF
601.0 398.8 22596.9 - 281.7 42,
602.0 3198.8 22596.9 281.7 44,7
603.0 399.2 19362.6 ' 281.,7 38.4
604,0 399.,2 19362.6 281.7 41.7
605.0 39%9.2 16273.3 281.7 38.4
606.0 399.2 16273.3 281.7 35.7
607.0 . 398.8 13198.5 281.,7 33.1
608.0 398.8 13198.5 281,7 32,7
609.0 398.3 10268.7 273.7 29,6
610.0 398.3 10268.7 273.7 29.3
611.0 398.3 7106,9 273.7 24,1
612, 398.3 5163.4 255.8 18.4
613.0 398.3 5163.4 255.8 17.1
614.0 398.8 5453.,4 249,1 19.3
615.0 398.8 S453 .4 249,1 19,2
616.0 398.3 34684,0 243,64 15,2
617.0 398.3 3684.0 243,46 14.3
618.0 462,2 18942.0 47.7 ~ 135.2
619.0 462,2 19145.,0 47 .6 150.3
620.0 462,22 19145,0 47,6 141.3
621.0 462,2 19217.5 47.5 137.7
622.0 462.,2 15948.7 47,4 126.6
623.0 462,2 15968.7 47,4 122.0
624.,0 462.2 13329.0 46,3 127.,1
625.0 462.2 13329.0 46,3 124,64
626.0 4462.,2 13575.6 46,1 107.3
627.0 462,22 14213.7 45,8 118.9
628.0 442.,2 14503.8 45,8 117.8
629.0 4462,2 14503.8 45.8 119.4
63000 46..0; 9d7hod ’ 45.8 i 101.5
63100 46..0.'. 9d7._ou 4508 101.0
632.0 462.2 7396.9 45,3 ?2.4
633.,0 462.2 7396.9 45,3 84.7
634.0 462.,2 5018.3 45,1 74,7
635.0 4462,2 5221.4 44,0 67 .6
636.0 442,2 5308.4 43,7 67.8
637.0 462,72 5308.4 43,7 67.9
63840 460.4 3567.9 43,7 62,
63%9.0 4460.4 3567.9 43,7 54,0
640.,0 4460.4 2030.5 . 43,2 41.4
641,0 ‘ 4460.4 2030.5 43,2 37.0
642.0 460.,4- 2045.0 43,2 35.1
643.0 461,8 ©19203.0 158.4 78.7
644,0 461.8 19203.0 158.4 78.2
645,0 462,2 . 16171.7 - 158.4 74,2
646.,0 _ 4462.,2 16171.7 158.4 74,4
647.0 4461,3 13169.4 158.4 65.9
648,0 461.3 13169,4 158.4 697
649 .0 441.8 9944,1 161.9 58.1
650.0 461.8 9944.1 161.9 S7.7
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Table A-1
ORIGINAL EMPIRICAL DATA OF AQUEQUS METHANE SOLUBILITY AS DETERMINED IN THIS

STUDY
NUMEER THEGF FSI ‘ SAL SCF
651.0 4461.8 7077.9 161.9 47.0
52,0 461.8 7077.9 161.,9 44,2
653.0 459.5 5003.8 161.9 42,8
54,0 459,5 - 5003.8 161.9 43,1.
655.0 461.8 3509.9 161.9 31.7
656.0 461.8 3509.9 161.9 32,5
657.0 461.8 - 3451.,9 161.9 32,0
658.0 461,8 3451.9 161.9 31.7
659.0 462.2 19232.0 253.8 S9.4
660.0 462,2 19232.0 253.8 58,4
661.,0 454.0 1633103 253.2 52.7
662.,0 464,0 . 16331.,3 253.2 59,7
663.0 4564,0 15867.2 250.4 54,2
64,0 464.,0 15867.2 250.4 52,4
665.0 464,0 12140.4 248.3 51.8
666.0 464,0 13140.4 248.3 52.8
66740 464,0 13256.5 243.6 50.9
68,0 464,0 13256.5 243,64 51.0
66%9.0 464,0 10297.7 229.4 44,0
70,0 4464,0 10297.7 229.4 42,7

Temerature in OF.

Psi is absolute _
Salinity in grams/liter.
SCF at 25°C (77°F)
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Table A-2 Empirical data for the solubility of methane in NaCl
solfutions at Tow temperature and pressure

NUMBER TDEGF PSI SAL SCF
1 75.0 1922 52 11.5
2 75.0 1015 52 8.2
3 75.0 1010 52 8.0
4 74.0 1005 52 8.3
5 74.0 1005 52 8.1
6 74.5 510 52 4.6
7 74.5 510 52 4.3
8 75.0 510 52 5.4
9 74.5 505 . 52 4.4
10 74.5 505 52 5.6
11 74.5 258 52 2.4
12 74.5 258 52 2.1
13 74.0 255 52 3.1
14 74.0 249 52 2.2
15 74.0 249 52 2.4
16 124.5 2045 52 11.4
17 124.5 2045 52 10.7
18 124.5 2031 52 10.1
19 124.5 2031 52 10.9

20 124.5 1033 52 6.8
21 124.5 1033 52 6.8
22 124.0 355 51 2.4
23 124.0 355 51 2.4
24 124.0 154 51 0.9
25 124.0 154 51 1.3
26 120.0 150 52 0.8
27 120.0 130 52 0.9
28 120.0 130 52 1.0
29 120.0 130 52 0.7
30 120.0 130 52 0.8
31 157.0 1976 46 9.0
32 157.0 1976 46 10.1
33 156.5 1044 46 6.0
34 156.5 1044 46 5.1
35 155.5 540 46 3.3
36 155.5 251 49 1.9
37 155.5 251 49 1.7
38 156.0 261 49 1.5
39 156.0 261 49 1.6
40 156.0 240 49 1.4
41 156.0 240 49 1.3
42 156.0 149 49 0.8
43 156.0 149 49 0.8
44 78.5 500 105 3.4
45 78.5 500 105 3.4
46 78.0 496 105 3.3
47 78.0 496 105 3.3
48 78.0 312 105 2.6
49 78.0 312 105 2.5
50 78.0 125 105 0.8
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Table A-2 continued

NUMBER

TDEGF

78.

78.

78.

78.

78.
120.
120.
120.
120.
120.
120.
122.
122.
122.
120.
120.
120.
122.
123.
123.
123.
123.
123.
123.
120.
120.
120.
120.

COTNNOOOOOOUOO0OO0COOOOOUITINOOOOO

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
2000
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
250
250
250

250 -

250

130 -
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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
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Table A-2 continued

NUMBER

96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
1120
121
122
123
124
125
126
127
128

TDEGF

122.
122.
161.
161.
161.
160.
160.
158.
158.
158.
158.
158.
158.
158.
158.
159.
159.
159.
159.
212.
212.
212.
212.
212.
212.
212.
212,
212,
212.
212,
212.
212.
212.

Temperature in °F.
Psi is absolute.

Salinity 8
SCF at 25

n grams/11ter
c (77°F).

OO0 OCOOOC OO0 OO0 OOOOOOUIUNTIUNIUIOODODOODOO

PSI

125
125
2000
2000
2000
1002

1002

1000
1000
1008
1008
505
505
500
128
125
125
125
125
2010
2010
2000
2000
2006
1010
1010
1006
1006
500

500

500
500

500
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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
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Table A-3 Original empirical data for the solubility of methane and carbon dioxide at 302°F in aqueous

NaCl solutioens.

Cond. Temp.
0.

F

— ——

1-1 303
2 . ]
3 1]
4 302
2-1 303
2 n
3-1 302
2 1]
3 303
4-1 305
5-1 303
2 n
3 n
4 302
5 11
6-1 302
2 1
3 {3
7-1 "
2 1}
3 113
4 n
5 1n
6 [}
8-1 "

- — - v - o e A e S Em e A A S N AR A e e A = e = A N S A e e e ———

Experimenta]lResults

The symbol ¢~ is the standard deviation for averaged experimental data.

Averaged Experimental Data

- - ——— = e = e e e -

]
1
] .
Pressure Salinity Total Gas % CHy! Total Gas % co CHg
_psi g/1 SCF C0y SCF ! C0, sC SCF
!
22,340 52 71.2 12.8 62.01  70.8 12.6 8.9 61.8
" " 74.1 12.7 64.71  £3.3 7.4 c2.5
" " 71.5 13.3 62.0 !
22,470 " 66.2 11.5 58.6 !
_________________________________________________________________ e o o e o o o v e o e e e e = = . A o= e e
22,600 ‘ 67.9 9.9 61.21  68.5 9.8 6.7 61.8
" " 69.0 9.6 62.3 1
_________________________________________________________________ e e o o o s et o o - o o = o o SN 8 Ee e = e = -
22,610 " 65.6 7.5 60.7 1  64.9 7.3 4.7 60.1
" " 64.3 7.4 59.6
22,510 " 64.7 7.0 60.1 !
_________________________________________________________________ S
22,610 v 61.8 4.5 59.01  61.8 4.5 2.8 59.0
_________________________________________________________________ b cr e r e, e e e, m e a e, e - ———-——-————
22,460 n 69.1 2.3 67.51  64.1 2.1 1.3 62.8
22,540 " 58.7 1.9 57.6 1 4.0 3.8
" " 61.9 2.0 60.6 !
22,570 ! 64.7 2.1 63.4 1
" " 66.2 2.0 64.9 !
_________________________________________________________________ k_____________-________—_________-_—___
12,760 " 67.0 82.0 12.11  66.1 81.5 53.7 12.3
" " 68.4 81.0 13.0 !
13,050 " 62.9 81.0 12.0 !
_________________________________________________________________ b e m e e e e e e o e o e e v - - - ——— = ——
L " 62.4 79.0 13.11  62.2 78.0 48.5 13.7
" " 62.5 79.0 13.1!  70.9
" ! 63.2 78.0 13.9 !
13,020 " 61.7 78.0 13.6 |
" " 60.8 77.0 14.0 !
13,050 " 62.9 77.0 14.5 !
_________________________________________________________________ F________________-_________-____-—-____
13,020 " 61.6 75.0 15.4 1 61.6 75.0 46.2 15.4
L
(|
1
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Table A-3 (continued, page 2)

Experimental Results Averaged Experimental Data

1

1

]
Cond. TSmp. Pressure Salinity Total Gas % CH E Total Gas % CO2 CHy
F psi g/1 SCF €Oy SCF ! CO2 SCF SCF

) t
9-1 302 13,020 52 51.1 72.0 16.6 ! 58.5 71.5 41.8 16.7

2 * 13,000 " 57.7 73.0 15.6 ! '

3 " " " 58.0 70.0 17.4 1

4 " 12,910 " 59.1 71.0 17.11
_________________________________________________________________ g S U g S
10-1 303 13,110 " 57.5 8.2 52.8 1 54,2 8.2 4.4 49.8

2 " " " 54.4 8.4 49.8

3 " 13,080 ! 50.8 8.0 46.7 |
_________________________________________________________________ b e e e e e o i e e - —
11-1 303 13,050 " 48.9 3.7 47.0 E 50.0 3.3 1.7 48.3

2 " 13,080 " 48.8 3.0 47.4 ! 72.0

3 " " X 52.9 3.2 51.2 !

4 " " " 49.2 3.4 47.5 !
_________________________________________________________________ g g g e g
12-1 303 " " 47.8 2.4 46.6 E 47.8 2.4 1.2 46.6
_________________________________________________________________ g ey S S g g
13-1 " 13,110 " 51.9 1.3 51.2 i 50.2 1.15 0.6 48.9

2 " 12,970 " 48.4 1.0 47.9 |
g g g g gy
14-1 300 5,030 " 42.6 84.0 6.8 i 41.1 83.5 34.3 6.8

2 " " " 39.6 83.0 6.7 |
_________________________________________________________________ gy i g g S Sgg
15-1 303 " " 40.6 78.0 8.9 i 39.2 77.5 30.4 8.8

2 " " i 38.2 79.0 8.0 |

3 ) 5,000 " 39.6 77.0 9.1}

4 " " " 38.6 76.0 9.2 |
_________________________________________________________________ A S
16-1 302 5,060 " 33.8 25.0 25.3 E 32.7 23.0 7.5 25.1

2 " " " 32.1 23.0 24.7 |

3 " 5,000 " 32.3 21.0 25.5 |
_________________________________________________________________ L e e e mmm e mmmmmemcmo o

I
i
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Table A-3 (continued, page 3)

Experimental Results Averaged Experimental Data

]
1
_ | !
Cond. ~ Temp. Pressure Salinity Total Gas % CHq 1 Total Gas % €02 CH
OF ~ psi g/1 SCF C0» SCF g 0o SCF SC
: t
17-1 305 22,553 107 72.7 42.0 43.2 5 73.4 42.0 30.8 42.6
2 " " o 71.4 42.0 41.4
3 " " " 74.9 42.0 43.5 |
4 " " " 74.6 42.0 43.2 |
————————————————————————————————————————————————————————————————— ...-_..-_—_—_-_.._——-—-—_—--——-—-—--—_———--
18-1 299 22,480 105 74.6 36.4 47.4 5 71.8 37.2 26.7 45.1
2 " " u 71.6 39.0 43.7 1 2.2 1.0 1.4
3 298 22,470 " 71.6 37.5 44.8 i
4 " u n 72.2 37.5 45.1
5 300 22,500 " 68.4 36.5 43.7 i
6 " " " 72.0 36.5 45.8 i
----------------------------------------------------------------- +_____—_—_..._--._—_———_——_—_-—_———-—-——_—
19-1 300 "o " 67.6 30.0 47.4 5 69.3 30.0 20.8 48.5
2 301 " “ 73.9 29.0 52.2 i
3 300 22,520 n 68.3 30.5 47.5 i
4 " " n 67.6 30.5 47.0
_________________________________________________________________ Bt o o e e e e e = e e e - . e e e
20-1 " 22,500 107 64.5 20.5 _ 51.2 5 63.8 20.1 12.8 51.0
2 n n " 66.1 21.0 52.2 1
3 301 " " 63.1 19.2 51.0 1
4 " y " 61.4 19.6 49.4 1
_________________________________________________________________ o . e o o o = = e e = = = = e e e A e e e .
21-1 302 " " 54.7 12.1 45.2 i 53.9 12.3 6.6 47.3
2 " " " 53.1 12.5 45.2 1
_________________________________________________________________ G o o e mm e e = = e = e e R B SR S e e R G e A e e e e e -
22-1 " " 103 50.0 9.6 45.4 i 49.9 9.4 4.6 45.2
2 " " " 49.7 9.2 45.0 |
23-1 301 22,520 " 46.4 3.1 45.4 i 46.5 3.25 1.3 45.2
2 " u " 46.6 3.4 45.0 1
_________________________________________________________________ .:._..________..__...______..___--—___————____
]
]
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Table A-3 (continued, page 4)

Experimental Results Averaged Experimenfa] Data

]

. ]
Cond. Temp. Pressure Salinity Total Gas % CH E Total Gas % C0o CHg
OF psi: g/1 SCF Cop SCF ! COo SCF SCF

. i 1

]
24-1 301 . 13,080 106 64.3 48.1 33.31 64.8 48.2 31.2 33.5

2 " " : " 65.2 48,3 33.7 |
_________________________________________________________________ }__________-_.._____________..-----_______
25-1 " 13,020 " 75.6 62.1 28.7 | 75.0 62.0 46.5 28.5

2 " M " 74.3 61.9 - 28.3 1
________________________ .---_____---_-—-'-—-—-----—_'-_"-"-_'_-—I'_---—__-_-_—_---_-__---—_—_---__-__---
26-1 " 13,000 107 52.9 28.9 37.6 } 51.8 27.3 14.8 37.0

2 " "o " 53.4 27.6 38.7 |

3 " " " 50.9 26.0 37.7

4 " " " 49.9 26.8 36.5 |

t
_________________________________________________________________ e e cmmmmmmmmmmmmmmmemccemm oo
27-1 " 13,040 " 44 .4 10.1 39.9 | 46,5 10.1 4.7 41.8

2 " " " 46.9 11.2 41.7 |

3 " 13,000 " 48.1 9.8 43.4 |

4 " " " 46.7 9.6 42.2

- '

1

1



Table A-4 Emgirica] data for the -solubility of methane and
ethane at 302"F in aqueous NaCl solutions at a salinity of 107
grams/liter.

Sample Temp. Pressure Salinity % Total Gas CHg
number OF psi g/1 CoHe SCF/Bbl  SCF/Bbl
1 301 22,500 107 0.9 44.8 44 .4
2 " o . 1.1 45.1 44.6
3 " " " 3.8 49.5 47.6
4 " " " 3.9 52.1 50.1
5 " " " 4.5 51.1 48.8
6 " " " 4.5 50.46 48.19
7 302 " " 7.8 50.8 46.8
8 " " " 8.4 49.2 45.1
9 " " 8 12.7 38.5 33.6
10 " " " 13.7 35.1 30.3
11 " " 105 14.9 34.2 29.1
12 " " " 15.1 34.4 29.2
13 " " " 17.2 31.9 26.4
14 " " " 20.0 29.6 23.7
15 " 10,000 " 0.9 30.2 30.0
16 " " " 1.5 33.7 33.2
17 " " " 3.9 35.2 33.8
18 " " ! 4.2 35.2 33.7
19 ! " 107 6.0 38.6 34.5
20 " " " 6.3 39.1 36.6
21 " " " 9.2 34.2 31.0
22 " " " 9.4 32.2 29.2
23 - " " " 10.6 30.6 27.3
24 " " " 10.9 29.2 26.0
25 " 9,980 " 11.2 25.2 22.3
26 " " " 11.3 22.7 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 Conduct1v1ty

Injection Temperature - 250°c.

Oven Temperature - 60°C.

Detector Temperature - 300°C.

Analysis - Area integration by HP 5840 microprocessor.

Methane-Ethane Analysis:

Column - Stainless steel, 6 feet by 1/8 inch packed with
Carbosieve B 80/100 mesh.

Other analytical conditions were the same as for the methane-
carbon dioxide analysis (above).
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APPENDIX C

SOLUBILITY OF CRUDE OIL IN METHANE AS A FUNCTION OF PRESSURE AND TEMPERATURE!

LEIGH C. PRICEZ, LLOYD M. WENGER3, TOM GINGZ AND CHARLES W. BLOUNT%

2U.S. Geological Survey, Denver, Colorado

Rice University, Geology Department, Houston, Texas
Idaho State University, Pocatello, Geology Department, Idaho

lpartially supported by DOE (contract DE-AS08-78ET12145). This article
is dedicated to Hollis Hedberg and Stefano Neglia, both early proponents.
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ABSTRACT

The solubility of a 44° API (0.806 specific gravity) whole crude oil has
been measured in methane with water present at.temperatures of 50° to 250°C
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
250°C 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). Similar results
were found for the petroleum distillation fractions, one of which was the
highest molecular weight material of petroleum (material boiling above 266°C
at 6 microns pressure). Unexpectedly mild conditions (100°C-15,200 psij;
200°C-7,513 psi) resulted in cosolubility of crﬁde 0il and methane. Under
these conditions, samples of the gas—-rich phase could give solubility values
of 4 to 5 g/L, or greater.

Qualitative analyses of the crude-oil solute samples showed that at iow
pressure and temperaturé équilibration conditions, the solute condensate would
be enriched in Cg to Cls.range hydrocarbons and in saturated hydrocarbons in
the Cjg4 fraction. with increases in temperatureAand especially pressure,
these tendéncies were reversed; and the solute condensate became identical to
the starting cfude 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
01l than in dry systems. The presence of water also drastically lowers the

temperature and pressure conditions required for cosolubility.
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The data of this and/or previous studies demonstrate that the addition of
carbon dioxide, ethane, propane, or butaﬂe to methane also has a strong
positive effect on crude oil solubility, as does the presence of fine grained
rocks.

The n-paraffin distributions (as well as the overall composition) of the
solute condensates are controlled by the temperature and pressure of solution
and exsolution, as well as by the composition of the original starting
material. It appears quite possible that primary migration by gaseous
solution could "strip" a source rock of crude-oil like components leaving
behind a bitumen totally unlike the migrated crude oil. The data of this
study demonstrate previous criticisms of primary petroleum migration by gas
solution are invalid;'that primary migration by gaseous solution cannot occur
based on the inadequacey of methane to dissolve sufficient volumes of crude
0il or to dissoive the Highest molecular weight components of petroleum (tars

and asphaltenes).

INTRODUCTION

0f the different processes which lead to the accumulation of commercial
0il deposits, the primary migration of petroleum is still considered by most
investigators to be the least understood. It is an area where, speculative
hypothesis far outweigh har& data -a situation best summed up by S. L.
Clemeﬁs’ a.k.a. Mark Twain (1883, p. 174) quote "There is soﬁething
fascinating about science. One gets such wholesale returns of conjécture out
of such a triflihg investment of fact."

Here we present data from a solubility study of crude oil (and high
molecular weight petroleum distillation fractions) in methane in the presence

of water. These data allow a more solid appraisal (Price and Wenger, 1982),
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than hefetofore has been possible, of the feasibility of gaseous solution as a
mechanism of primary petroleum migration. Here gaseous solution is taken as
the solution of the components of a crude oil into a free methane gas phase in
the pores of fine grained rocks and the movement of that phase from those
rocks to a carrier system or directly to a reservoir-trap system.

Prima;y petroleum migration by gaseous solution has been championed
previously by Sokolov (1948), Sokolov et al (1963), Neglia (1979) and He&berg
(1980). The mechanism has been criticized om an unsubstantiated assumption
that a methane gas phase cannot dissolve the highest molecular weight (tar and
. asphalt) components of a crude oil (Uspenskii, 1962; Sokolov et al, 1963;
Welte, 1965; Cordell, 1972; Price, 1976; Tissot and Welte, 1978, and others.
McAuliffe (1980, p. 97) noted, "However it is doubtful that gas can contain
the heavier hydrocarbons and N4S—O‘eompounds in high-molecular weight crude
0il fractions." Data of this paper reply to that criticism. McAuliffe (1978)
and Hunt (1979) have criticized this migration mechanism on the basis that the
crude o0il to gas ratios of many producing fields negate the possibility' of
primary migration by gaseous solution. Data of this paper alsc reply
partially to that criticism. Other criticisms of this mechanism are discussed
elsewhere (Price and Wenger, 1982), as is the relation of these laboratory

data to the natural system.

PRESENTATION_OF DATA
Quantitative Soiubility Data’
The solubility of the Spindle field whole crude oil is given in Figure 1
and Table 1 (sée éppendix for a description of the crude o0il). Obvious breaks
ift slope occur in the 50° and 100°C curves. As shown by qualitative analysis

of the solute hydrocarbons (Table 2, discussed below), the lower pressure
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Figure 1.--Solubility of Spindle field whole crude 0il (see appendix for
description) in pure methane as a function of pressure for different isotherms.
The solubility scale of the left hand side of the figure, grams of crude oil
per 1iter of methane (at 259C and one atmosphere), is accurate. The scale on
the right hand side is only an approximation for descriptive purposes as a
constant API gravity of 350 (.850 specific gravity) was assumed for all crude
0il solute samples for ease of calculation. This assumption is invalid for

the lower pressure-temperature samples which would have much higher API (lower
specific) gravities than the assumed value. Therefore solubility values on the
volumetric scale (Bbls/MCF) at Tower pressures and temperatures would actually
be s1ightly higher than those shown. For higher temperature and pressure
samples this approximation is likely close to reality. The recovered volumes
of most crude o0il solute samples prevented determination of their API (specific)
gravities. Data from Table 1.
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Table 1.--Solubility of the Spindle whole crude oil, and water, in methane in grams per liter of gas at 25°6 and one atmosphere.
Bars may be converted to pst by multiplying by 14.504 and to atmospheres by multiplying by 1.0132.

001

Temperature Pressure 0i1/Gas . Water/Gas Percent Temperature Pressure 0il/Gas Water/Gas Percent
in °C in bars © in g/L in g/L water 1a °c in bars in g/L in g/L water
50.0 79 0.0136 0.00156 10.3 150.6 73 0.123 0.0204 14.2
50.0 166 0.0232 0.00172 6.89 148.9 153 0.137 0.0143 9.45
50.6 227 0.0407 0.00168 3.25 150.2 255 0.190 0.0072 3.65
50.6 324 0.0597 0.00138 2.25 150.2 262 0.177 0.0078 4.22
49.2 433 0.159 0.00217 1.35 150.2 364 0.261 0.0081 3.02
49.2 529 0.207 0.00078 0.38 150.5 495 0.391 0.0099 2.47
49.4 626 0.284 0.00288 1.00 150.6 : ‘610 0.653 0.0109 1.65
49.8 688 0.360 0.00210 0.58 150.8 700 0.740 0.0114 1.51
49.4 807 0.669 - 0.00238 0.35 150.8 705 0.770 0.0118 1.50
149.4 172 0.816 0.0153 1.50
99.2 71 0.0430 0.00386 8.23 150.0 798 1.03 0.0158 1.51
98.9 : 145 0.0528 0.00390 6.88 150.0 909 1.39 0.0127 0.90
100.0 150 0.0542 0.00835 13.3 150.2 918 1.46 0.0102 1.50
99.8 153 0.0560 . 0.00950 14.5
100.6 183 0.0768 0.00892 9.62 205.0 160 0.270 0.0438 6.17
100.6 186 0.0763 0.00957 1.1 205.0 165 0.269 0.0315 10.5
100.8 271 . 0.117 0.00681 5.52 199.0 234 0.339 0.0197 5.49
100.8 273 0.131 0.00388 2.87 199.0 240 0.340 0.0205 5.69
100.2 276 0.135 0.00316 2.28 204.0 251 0.324 0.0300 8.47
99.8 284 0.155 0.00320 2.02 204.2 255 0.330 0.0405 10.9
99.0 288 0.166 0.00498 2.92 199.8 320 3.410 0.0171 4.00
100.0 355 0.196 0.00671 3.30 199.4 321 0.403 0.0281 6.52
100.0 360 0.207 0.00951 4.39 199.8 323 0.411 0.0252 5.78
99.8 364 0.201 0.01060 5.04 204.8 346 0.434 0.0323 6.94
99.8 366 0.208 0.01070 4.9 204.8 445 0.591 0.0307 4.93
100.0 377 06.219 0.00305 1.37
100.6 377 0.212 0.00356 1.66 251.1 51 1.12 0.612 35.2
100.0 384 0.227 0.00214 0.93 248.9 90 0.699 0.209 23.0
100.0 385 0.217 0.00349 1.58 250.2 161 0.489 0.130 21.0
100.0 466 0.267 0.00614 2.25 251.1 259 0.507 0.094 15.7
99.2 . 588 0.393 0.01030 2.55 251.1 352 0.572 0.084 12.8
99.8 695 0.558 0.01300 2.27 251.3 452 n.828 0.088 9.59
99.8 811 0.757 0.00394 0.52 251.1 510 1.15 0.081 6.57
99.4 1008 1.542 0.00652 0.42
99.4 1010 1.362 0.00404 0.29
99.2 1024 1.360 0.00574 0.42




Table 2.--Qualitative analyses of Spindle whole crude oil solute samples.

Analytical methods given in appendix.
Bars may be converted to psi by multiplying by 14.504 and to atmospheres by multiplying by 1.0132.

Normalized Carbon Number Distribution
in percent

C54 Compound Distribution

in percent

Temper- Co ot
ature Pressure 25
in °c in bars €;Cio Ci0C15 C€15C0 Ca0Czs5 Cp5C30 C3p+ €1 €15 C;-Cis Saturates Aromatics N-$-0°s
49.4 327 33.60 53.55 11.27 1.59 -— ~-~-  87.15 0 —-— —-— -—
49.2 356 40.67 44.00 11.72 2.93 0.69 -— 84.67 0.008 ——— —-— -—
49.2 413 35.48 47.28 11.82 4.05 1.37 ---  82.76 0.017 - -— -
49.2 433 28.92 50.80 15.36 3.95 0.97 —-— 79.71 0.012 94.80 4.81 0.38
49,2 529 31.32 38.06 18.25 8.47 2.19 1.70 69.39 0.056 —-— - -——
49.5 621 27.08 38.16 20.80 8.68 3.39 1.59  65.24 0.076 95.37 4.35 0.27
49.5 626 25.82 37.62 20.36 9.10 4.09 3.01 63.44 0.112 -—- -—— -
49.8 688 20.47 37.18 22.77 10.75 5.24 3.38 57.65 0.150 —— -— -
49.4 729 29.02 34.18 20119 9.57 4.13 2.91 63.20 0.111 94.16 5.07 0.77
49.4 807 17.20 30.14 22.04 13.91 8.25 8.47 47.33 0.353 91.30 6.66 .94
98.3 249 35.81 51.52 9.92 2.23 0.57 -—- 87.32 0.006 — - -—
97.8 343 36.08 45.81 13.51 3.16 1.08 --=  82.25 0.013 94.71 4.67 0.62
100.0 360 34.26 38.82 19.06 5.39 1.99 0.48 73.08 0.034 —-——- ——— —_—
99.2 468 36.30 39.22 16.57 5.30 1.81 0.80 75.52 0.035 94.11 5.24 0.65
99.2 588 29.13 31.40 18.75 18.75 5.50 5.30 60.53 0.178 92.78 5.82 1.40
100.0 700 15.49 33.44 21.69 13.03 7.94 8.41 48.93 0.334 89.65 8.67 1.68
99.8 701 17.88 25.97 19.62 12.91 8.99 14.63 43.86 0.538 -— -— -
99.4 702 16.88 27.98 19.39 12.96 9.10 13.69 44.86 0.508 -—- == -—=
99.8 811 18.71 27.77 19.27 13.08 8.83 12.34 46.47 0.456 86.80 10.63 2.57
99.4 1008 19.51 25.66 18.46 13.11 8.61 14.64 45.17 0.515 - -— -—-
149.8 76 49.36 40.80 6.73 2.25 0.77 —-— 90.25 0.008 - -— ———
150.2 151 35.57 45.36 14.69 3.03 1.35 -— 80.93 0.017 -— -— -—
150.2 255 38.57 41.91 12.62 4.70 2.20 —-— 80.48 0.027 ——— -—— -—
150.2 364 34.00 43.53 15.33 4.81 2.01 0.32 77.53 0.030 92.26 6.64 1.10
150.5 495 31.76 33.44 20.12 8.57 3.81 2.20 65.00 0.092 94.56 4.32 .12
150.6 610 17.93 32.35 21.68 12.81 7.51 7.52 50.28 0.299 - ——- -—
150.2 635 21.42 26.81 18.90 12.25 8.15 12.55 48.15 0.430 88.07 9.00 2.93
150.0 798 18.27 26.75 19.57 12.57 9.28 13.56 45.02 0.507 86.08 10.98 2.94
150.0 909 20.59 26.22 19.07 12.76 8.12 13.24 46.81 0.456 —-— - -
205.8 88 59.48 33.71 5.60 1.01 0.20 -— 93.19 0.002 -— -—-= -———
204.8 163 38.76 45.23- 12.04 3.51 0.46 --- 83.98 0.006 94.04 4.89 1.07
203.3 197 38.52 45.70 12.98 2.46 0.34 [ m——— 84.22 0.004 94.07 5.17 0.76
199.4 247 24.53 53.56 16.58 3.98 1.03 0.31 78.34 0.017 - —— -
205.8 340 38.14 37.41 15.77 5.51 2.08 1.05 75.59 0.041 94.26 4.90 0.34
205.2 458 23.83 30.14 24.57 12.21 6.81 2.38 - 54.03 0.170 -—- -— —
2040 468 10.94 28.46 21.56 14.55 10.28 14.21 39.40 0.622 - —— -—=
20S.8 A9 19.31°  "26.95 19.78. 12.97 8.82 12.18 46.25 0.454 -— -—- -—=
2061 620 15.12-° 28.85 -14.76 14.77 10.50 16.00 43.97 0.603 82.66 13.72 3.62
2511 63 34.61 .54.93 10:27 1.91 ——- -—- 89.54 0 -— ——— -—
248.9 30 I8 .44 49.34 10.44 1.77 -— —-— 87.79 0 95.36 3.77 0.87
250,2 161 38.63 44.36 13.42 3.03 0.55 —-— 82.99 0.007 94.53 4.86 0.61
251.1 259 30.79 41.48 17.37 6.26 2.57 1.52 72.28 3.057 93.48 5.89 0.63
251.1 352 14.40 43.78 23.52 10.64 4,63 3.02 58.13 0.132 93.91 5.18 0.91
251.3 452 14.87 31.77 22.21 13.09 9.26 9.00 46.64 0.392 91.74 6.63 1.43
251.1 510 8.58 21.72 16.36 12.90 9.78 8.94 30.30 0.618 88.79 8.43 2.78
251.1 523 . 10.94 26.61 21.24 14.39 9.93 14.59 39.85 0.615 —_— —— -—
Spindle Crude 01l 29.30 23.32 17.03 11.13 7.29 11.94 52.62 0.3521 86.99 10.89 2.12
Kimball Crude 01l 86.87 9.88 .25
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samples of the 50° and 100°C isotherqs were composed almost entirely of C,-C),
or C4~Cysg hydrocarbons. Thus these breaks in slope were actually experimental
artifacts, caused by a depletion of the lowest molecular weight hydrocarbons
in the hydrocarbon reservoir in the pressure vessel, at a crude oil solubility
level of roughly 0.16 g/L. Crude oil solubility data at 250°C (Fig. 2, Table
1) plot as a hyperbolic curve as a function of pressure, with a minimum at
around 2,900 psi.* Again this behavior was due to selective solution (Table
2) of the lower molecular weight hydrocarbons'(ca to Cyg) at lower pressusres,
and a depletion of those hydrocarbons in the hydrocarbon reservoir of the
presssure vessel.

The extremely high solubilities (1.0 gram/liter and higher) that we
measured for moderate temperatures (50° to 150°C) and pressures (10,150 to
14,500 psi) were surprising and unexpected. With water present in the system,
as would be the case in nature, methane exhibits an extreme carrying capacity
fof crude oil.

Cosolubility was encéuntered for the 100°, 150°, and 200°C isotherms at
pressures slightly higher (435 to 870 psi).than the highest pressure points
shown for each isotherm (Fig. l1). The relatively mild conditions (100°C,
15,230 psi; 150°cC, 13;634 psi; and 200°C, 7,513 psi-we found that as
temperature increased, lower pressufes were required for cosolubility) at
which we encéuntered cosolubility were surp¥ising, and again testify to an

extreme carrying capacity that methane has for crude oil at elevated

*We have given pressures . here in the non-metric psi (pounds per square inch)
as most of the people who will use these data employ that unit of

measurement. An exXception to this is in our tables of original data where the
deta were given in our laboratory unit of measurement, bars. Bars may be
converted to psi by multiplying by 14.504 and to atmospheres by multiplying by
1.0132. Data of other investigators discussed here was also converted to psi
from their original unit of measurement.
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Figure 2.--Solubility of Spindle field whole crude oil (see appendix for
description) in pure methane as a function of pressure at 250°C. The solubility
scale of the left hand side of the figure, grams of crude oil per liter of
methane (at 259C and one atmosphere), is accurate. The scale on the right hand
side is only an approximation for descriptive purpose as a constant API gravity
of 350 (.850 specific gravity) was assumed for all crude oil solute samples for
ease of calculation. See discussion in the figure 1 caption. Data from Table 1.
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temperature and pressure. At pressures in excess of critical pressure, crude
oil and methane became a one phase system and under this condition, in our
tests for cosolubility (see appendix), we recorded solubility values as high
as 4 to 5 grams/liter (oil to gas).

An arithmetic plot of crude oil solubility versus pressure (nmot shown)
revealed a significant break in slope for the 50°, 100° and 150°C isotherms at
around 8,700 psi, where the effect of pressure on increasing crude oil
solubility became dominant. Isobaric arithmetic plots of-crude oil
solubility versus temperature (not shown) demonstrated that increases in
temperature had a smaller effect on increasing crude oil solubility than did
increases in pressure.

The effect of adding carbon dioxide to the methane was examined for ome
data point (Table 3) to verify the results of a previous study (Zaks, 1952).
We found, as Zaks (1952) did, that the addition of carbon dioxide to methane
significantly increased the solute capacity of methane. Unfortunately
however, time limitations prevented detailed examination of the carbon dioxide
inf luence.

The solubility of the twelfth (F-12) distillation fraction (material
distilled off at 215°C, 6 microns pressure, roughly Cqy to C47) in methane gas
as a function of preééure for three different isotherms SO°? 150°, and 250°C
is given in Figure 3 and Table 4. Pressure increases, at all temperatures,
drastically increaséd the solubility of this distillation'fraction, literally
hundreds of times. With this fraction pressure was also more dominant than
temperature in increasing crude o0il solubility. However here, the effect of
temperature on increasing crude oil solubility was much more pronounced than
1t was for the whole crude oil. The high solubilities measured for this high

molecular weight fraction were unexpected. The solubility of the fifteenth
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. Table 3.--Comparison of the solubility of the Spindle whole crude oil and
water in pure methane and in a mixture of 71.8 percent methane and
28.2 percent carbon dioxide in grams per liter of gas at 25°C and
one atmosphere. The oil/gas solubility value for the pure methane
is from figure 1, and the water/gas solubility value from figure
5. Bars may be converted to psi by multiplying by 14.504 and to
atmospheres by multiplying by 1.0132.

Temperature Presssure 0il/Gas Water/Gas Percent
in 9C ‘ in bars in g/L in g/L water

28.2 Percent Carbon Dioxide

102,2 ' 416 0.405 0.00977 2.36

Pure Methane

160 416 0.237 0.006 2.45
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Figure 3.--Solubility of the twelfth distillation fraction (F-12) of the Kimball
field crude oil (see appendix for description) in pure methane as a function cf
pressure at three different isotherms. The left hand solubility scale (grams of
asphalt per liter of methane at 250C and one atmosphere) is valid. The solubility
scale on the right hand side (Bb1s/MCF) is only an approximation for descriptive
purposes. See discussion in the figure 1 caption. In the case of the F-12 fractior
a constant API gravity of 159 (.966 specific gravity) was assumed. Data from Table
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Table 4.--Solubility of the twelfth (F-12) distillation fraction (material
boiling below 215°C at 6 microns pressure) of the Kimball crude oil,
and water, in methane in grams per liter of gas at 25°C and one
atmosphere. Bars may be converted to psi by multiplying by 14.504
and to atmospheres by multiplying by 1.0132.

Temperature Presssure 0il/Gas Water/Gas Percent
in °C in bars in g/L in g/L water
50.0 545 0.00371 0.00278 42.9
50.0 817 0.00534 0.00666 55.0
50.0 1195 0.0248 0.00276 10.2
49.4 1314 0.0324 0.00163 4,78
50.2 1501 . 0.0711 0.00599 7.77
49,8 1514 0.0586 0.00413 6.58

152.5 309 0.0972 0.00769 44,2
151.8 412 0.0130 0.00716 35.5
152.5 520 0.0151 0.00525 25.8
152.5 617 0.0238 0.00396 14.3
152.8 723 0.0365 0.,00185 4.83
152.8 819 0.0513 0.00379 06.87
152.8 924 0.0713 0.00301 4.05
152.8 1025 0.0874 ©0.00352 3.87
152.5 ' 1127 0.126 0.00363 2.80
152.5 1221 0.164 0.00348 2.08
152.5 1333 0.254 0.00512 1.98
152.5 1438 0.357 0.00626 L.72
152.0 1742 1.00 0.0190 1.80
251.3 357 0.0248 0.0826 76.9
251.3 487 0.0374 0.0643 3.2
250.2 586 0.0498 V.0574 53.5
251.1 : 663 N.0768 0.0545 41.5
250.8 759 0.122 0.0339 24.3
251.8 909 0.266 0.0468 14.9
250.6 1150 0.672 0.0802 10.7
250.6 1265 0.686 0.0804 1045
248.,3 - 1465 1.65 0.074 4.30
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(F-15) distillation fraction (material boiling above 266°C at 6 microns
pressure, roughly C,74) is given in Figure &4 and Table 5 for 250°C as a
function of pressure. Again increases of pressure had a strong positive
effect on increasing the gaseous solubility of even tar.

Figure 5 gives the solubility of water in the methane gas phase for the
100°, 150°, 200°, and 250°C isotherms as a function of pressure. Although the
data show scatter; for all temperatures, with increase in pressure, water

becomes less soluble in methane.

Qualitative Solubility Data

Qualitative analyses performed on solute samples of the crude oil and
petroleum distillation fractions (see appendix for methods) revealed that
temperature, and especially pressure, controlled the mclecular weight (carbon
nnmher) distributions of the solute hydrocarbons (Table 2 and Fig. 6). At low
pressures and low temperatures the lower molecular weight (€, to Cls)
hydrocarbons made up almost all of the solute sample. At any given pressure,
as temperature increased from 50° to 250°C, the Ci5+ material became more
dominant as the Cl to ClS material decreased in abundance (column 9, Table
2). This demonstrates that methane, at high temperatures, has an increased
carrying capacity for higher molecular weight hydrocarbons compared to loQ
temperatures. |

However, pressure has an even greater effect than temperature on
increasing the average molecular weight of the solute hydrocarbons. At any
given temperaturé; as pressure increased, the C; to Ci5 hydrocarbons decreased
from between 87 to 90 percent at low pressures to between 40 to 45 percent at
high pressures (column 9, Table 2). At the same time, the Cyg material

increased from zero to between 8 to 16 percent (column 8, Table 2). This
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Figure 4.--Solubility of the fifteenth distillation fraction (F-15) of the
Kimball field crude oil (see appendix for description) in pure methane as a
function of pressure at 2500C. The left hand solubility scale (grams of
asphalt per liter of methane at 250C and one atmosphere) is valid. The
solubility scale on the right hand side (Bbls/MCF) is only an approximation
for descriptive purposes. See discussion in the Figure 1 caption. In the
case of the F-15 fraction, a constant API gravity of 7.59 (1.015 specific
gravity) was assumed. Data from Table 5.
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Table 5.--Solubility of the fifteenth (F-15) distillation fraction (material
boiling above 266°C at 6 microns pressure) of the Kimball crude oil,
énd'water, in methane in grams per liter of gas at 25°C and one
atmosphere. Bars may be converted to psi by multiplying by 14.504
and to atmospheres by multiplying by 1.0132.

Temperature Presssure 0il/Gas Water/Gas Percent

in.9C in bars in g/L in g/L water
248.3 582 0.00738 0.0141 65.6
248.0 759 0.0140 0.0305 68 .6
247.8 1056 0.0197 0.0252 56.2
249.0 - 1323 0.0321 0.0232 41.9
248.5 1328 0.04630 0.0178 29.3
248.5 1335 0.0412 0.0215 34.4
249,2 . 1527 0.107 0.0179 14.3
250.6 - 1720 0.166 0.0213 11.3

248.3 1723 0.163 : 0.0269 14.2
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Figure 5.--Solubility of water in pure methane at four different isotherms as
a function of pressure. The solubility scales on both sides of the figure are
accurate. (Water has a constant density of 1.00 gram/cc). Data from Tables
1, 4 and 5 as well as unpublished data from equilibrium approach studies.
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overall carbon number shift i1s displayed in a plot of the percentage of the
Cosy compounds divided by the percentage of Cl to ClS compounds for solute
crude oil samples from the 50°, 150°, and 250°C runs (Fig. 7). For all three
temperatures, this ratio changed from zero at low pressures to between 0.35 to
0.60 at high pressures. Another manifestation of this shift in carbon number
distribution was seen in the comparison of the original Spindle field crude
0oil (line 47, Table 2) to any of the solute samples. This showed that the
solute samples became more crude oil like with increase of either pressure or
temperature.

The percentages of the different compound classes (saturated
hydrocarbons, aromatic hydrocarbons, and N-S-0 bearing compounds) in the Cio+
fraction of the solute samples varied slightly with temperature and more
significantly with pressure. At low pressure, especially at low temperature,
the saturated hydrocarbons were preferentially taken into solution over the
aromatic hydrocarbons and N-S-0 bearing compounds (columns 1l through 13,
Table 2) compared to the original crude oil (line 47, Table 2), At
temperatures of 100°C or greater, with increase in pressure, the percentage of
the saturated hydrocarbons in the Cyg, fraction of the soiute samples
decreased from between 96 to 95 percent to between 88 to 82 percent, as the
percentages of both the aromatic hydrocarbons and N-S-0 bearing compounds
increased. vAc constant pressufe, at pressures less than about 5,800 psi,
increase in temperature had no discernable effect on compound class changes in
the Cysgy fraﬁtion'of the solute samples. However at pressures in excess of
about 5,806.psi,lat constant pressure, with increases in temperature the
percentage of the saturated hydrocarbons decreased as the percentages of
aromatic hydrocarbons and N-S-0 bearing compounds increased. This resulted in

the Cigy solute material coming to more resemble the original crude oil
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Figure 6.--Plot - of carbon number distribution of various Spindle field crude
0il solute samples equilibrated at different pressures and temperatures. The
left hand most bar of every bar graph represents compounds with carbon numbers
of 0 to 10, which in reality were largely C4 to Cyg compounds. A1l other bars
are increments -of five carbon numbers. The bottom two lines of bar graphs show
the influence of pressure on solute composition as a function of pressure at a
constant temperature of 50°C. The middle two lines of bar graphs show the in-
fluence of pressure on solute composition at a constant temperature of 2000C.
The top two lines of bar graphs (five samples) show the influence of temperature
on solute composition at a roughly constant pressure of 4,743 to 5,279 psi.

The carbon number distribution of the original Spindle who]e crude 011 is

shown in the upper r1ght hand corner of the figure.
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Figure 7.--Plot of C2 +/C]_1 ratio for solute samples of the Spindle whole
crude oil equi]ibrateé at d1§ferent pressures at three different isotherms
(500, 1009, and 1500C). This ratio is the percentage of compounds with carbon

numbers of Cyg or greater (Cp54) divided by the percentage of compounds with
carbon number between Cy to 15- Data from Table 2. '
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(columns !l to 13 and line 47, Table 2).

Changes in the carbon number distribution of the solute crude o0il samples
as a result of changes in temperature and presssure are most evident in the
gas chromatograms of the solute samples (Fig. 8). Due mainly to the high
pressures, the 50°C-11,705 psi, 100°C-11,763 psi, and 200°C-8,833 psi solute
samples all closely resemble the starting crude oil despite large differences
in temperature. Ihe pressure effect on the qualitative aspects of gas
solution is ﬁost evident in the 50°C-11,705 psi solute sample. In spite of
the low temperaturé, the carbon number distribution (lines 10 and 47, Table 2)
and overall appearance (Fig. 8) of this sample is quite similar to the
original oil. Even considering the small differences in the compound class
distributions, and percentages of Cao+ material, the close similarity at this
low temperature was suprising. The 100°C-3,612 psi, and 250°C-914 psi samples
demonstrate the other endpoint. Although the temperatures of these two
samples were higher than the 50°C-11,705 psi sample, the low pressures
prevented significant solution of any Cjg, material. These two samples are
equivalent to high API gravity condensates found in the natural system. The
temperature effect on the qualitative aspects of gas solution is also apparent
with these tﬁo samples. In spite of the large pressure differential (914
versus 3,612 psi) the lower pressure 250°C solute sample was almost identical
in composition (lines 11 and 39, Table 2) aﬁd appearance (Fig. 8) to ﬁhe much
higher pressure 100°C solute sample.

The 250°C-3,757 psi, and 150°C—7,}80 psi solute samples are examples
between the high and low pressure cases.. These samples were equilibrated at
temperatures and pressures which resulted in a transition from gas-condensate
characteristics to crude—-oil characteristics. Signifiﬁant amounts of Copy4

material were present in both samples, which still do not, however, totally
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Figure 8.--Gas chromatograms of solute samples of the Spindle crude 0i]
equilibrated under the conditions shown above each chromatogram. Two
chromatograms of different attenuations of the original Spindle crude o0il are
also given. The C-15 n-paraffin is designated in each chromatogram by the

arrow.
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resemble the starting material. Whereas the starting crude oil had 30.36
percent of Cjyp4 material, the 250°C-3,757 psi solute sample had only 10.35
percent and the 150°C-7,180 psi sample only 14.58 percent.

The 250°C-7,397 psi sample (Fig. 8) is an example of another control,
besides temperature and presssﬁre, on the qualitative aspects of gas solution
of crude oil and that is the composition of the starting material. 1In this
case the crude oil reservoir in the pressure vessel had been largely depleted
in C4 to Cy material.’ The pressure and temperature at which this sample was
equilibrated, were such that if more lower molecular weight material were
present to be dissolved, it would have been dissolved. However, this was not
the case, and the result was a sample depleted in C, to C; material compared
to a '"mormal" solute sample.

Crude o0il n~-paraffin distributions have been used to type oils into
families as well as match oils to source rocks. However, in this study, the
n-paraffin distribution of the solute crude oil was very dependent on the
saméle.equilibration pré58ure and temperature, as well as on the composition
of the original starting material (Fig. 9). On the topmost set of four curves
of Figure 9, the equilibration conditions (100°C~11,763 psi, 150°C-9,210 psi,
and 200°C-8,833 psi) were such that, disregarding minor differences in the
lowest carbon number range, the n-paraffin distributions of the three samples
of solute crude oil were very close to the original crude oil. In these
cases, the temperatﬁre-pressure conditions were high enough such that all
molecular weight ranges of the crude oil were taken into solution in the same
proportion as they weré present in the starting material. However this was
not the case in the7middle set of curves, where equilibration conditions
(150°C-1,044 psi, 2009C-2,364 psi, 250°C-914 psi and 2,944 psi) were milder.

Because of the lower equilibration pressures, the higher molecular weight n-
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paraffins were not taken into solution by the gas phase. The equilibration
conditions (150°C-7,180 psi, 250°C-3,757 psi) for two of the samples in the
bottom set of curves are such that a greater percenfage of the higher
molecular weight n-paraffins were dissolved by the gas. Thus the resulting n-
paraffin distributions of these two samples were more like, but still
significantly different, from the starting crude oil.

The n-paraffin distribution of the 250°C-7,397 psi solute sample, in the
bottom set of curves, Figure 9, demonstrates the control that the original
starting material has on the material taken into gas solution. The
equilibration pressure and temperature of this sample were high enough such
that its n-paraffin distribution should match that of the original material.
However previous depletion of the C, to C;, hydrocarbons from the pressure
vessel, resulted in a difference between.the n-paraffin distribution of this
solute sample and the starting crude oil.

Qualitative analyses wereAalso performed on solute éamples of the F-12
~and F-15 distillation fractions (Table 6). The F-12 solute samples at SOOC
show an .enrichment in the NSO compounds at all pressures compared to the
original fraction (10 to 22 percent versus 7 percent). Saturated hydrocarbons
increase, with increase in pressure, from 56 percent at 817 bars (11,850 psi),
to values ranging around that of the original fraction. There is no definite
trena in the aromatic hydrocarbon fraction.- At 150°C, ‘at all pressures, the
percencagés of the NSO cqmpounds in the F-12 solute samples are roughly equal
to that of the oriéinal fraction. The percentage of the aromatic fraction is
quite variable with no trends. Like the 50°C F-12 solute samples, there is a
trend for the percentage of the saturated hydrocarbons in the 150°C solute
samples to increase with increase in pressure from a value much lower than

that of the original fraction (37 versus 68 percent) at low pressure to high
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Table 6.--Qualitative analyses of solute samples of the twelfth, F-12 (material boiling below
215°C at 6 microns vacuum, carbon number range C 1 to C47) and fifteenth, F-15,
(material boling above 266°C at 6 microns vacuum) distillation fractions of the
Kimball field crude oil. The F-12 fraction contains no asphaltenes. Analytical
methods given in appendix. Bars may be converted to psi by multiplying by 14.504
and to atmospheres by multiplying by 1.0132.

Normalized Percent

Temperature Presssure Saturated Aromatic N=5-0 bearing Asphaltenes
in ©C in bars hydrocarbons hydrocarbons compounds

Twelfth Distillation Fraction

Original Fraction 68.25 27.22 7.43
152.5 122 36.74 51.70 11.56
152.5 309 67.57 25.31 7.12
152.8 723 70.26 23.2 6.49
152.5 1127 81.33 13.20 5.46
152.5 1127 83.25 11.42 5.33
152.9 1438 72.60 20.21 7.19

50,0 817 55.85 26.99 17.16
4G4 1314 73.07 10.40 16.53
49 .8 1514 ) 63.20 14 .04 22.76
50,00 1820 : 64,18 24,92 10.90
250 .0 . 74 38.38 41.03 20.59
250.% L35 43,52 34,20 22,28
251.3 487 44,75 41,01 14.24
250.8 759 36.93 42,18 20,88
250 .6 1060 43,50 34.90 21.60
248.3 : 1465 42.57 43.87 13.56

Fif teenth Distillation Fraction

Uriginal Fraction 11.80 33.53 34.77 19.90
255.8 512 20.50 22.98 42,24 14,28
C248.00 759 19.36 37.99 24.76 17 .89
249.,0 1056 31.59 49.37 18.27 0,77
248.5 1323 35.60 43.00 20,46 (.94
2492 1527 34.60 28.80 21.19 15.41
2480 1720 26.53 45,11 21.25 7.1
248.0 1796 23.84 44,19 25.15 6.82
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percentages (up to 83 percent) at higher pressures. At 250°C, the F-12 solute
samples are noticeably richer in aromatic hydrocarbons than the starting
material (34 to 44 percent versus 27 percent) as well as NSO compounds (l4 to
22 percent versus 7 percent). The percentage of saturated hydrocarbons in the
solute samples are quite depréssed, compared to the starting fractionm (37 to
43 percent versus 68 percent). The apparent tendency of the F-12 solute
samples at 50°C and 150°C to be depleted in saturated hydrocarbons at the
lowest pressures isAopposite of the behavior of the Spindle whole crude oil,
which was enriched in saturated hydrocarbons at low pressures. We do not
understand nor have an explanation for this behavior, although it probably
reflects the complexity of crude oil and the system we studied. The depletion
of the saturated hydrocarbons in the F-12 solute samples at all pressures at
250°C is also unexpected and inexplicable.

Solute samples of the F-15 fraction show apparent random compositional
variation af 250° as a function of pressure although some trends are
present. All solute samples show a definite enrichment in saturated
hydrocarbons compared to the original starting material (19 to 37 percent
versus 12 percent). This is expected based on the compositional behavior of
the Spindle field whole crude oil solute samples (Table 2) and makes the
compositional behavior of the F~12 fraction at 250°C even more puzzling. Most
of the F-15 solute samples show a depletion of aromatic hydrocarbons and NSO
compounds compared to the original sample. The asphaltenes, with the
exception of two samplés, always make up significant concentrations in the
solute samples.. The two exceptions to this, the 1056 bar (15,316 psi) and
1323 bar (19,189 psi) samples, are probably artifacts from‘saﬁple work up
and/or qualitative sample analyses. (The F-15 fraction is an obsidian-like

tar which was quite difficult to work with.) The significant percentages of
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the asphaltenes (7 to 18 percent) in most of the F-15 solute samples
demonstrate the ability of methane to dissolve even the highest molecular

weight material in crude oil.

Comparison to and Previous Work

Most previous work in this area has been performed by Russian
investigators, much of which has not been translated. Chilingar and Adamson
(1964) reviewed the earlier Russian work and their discussion has been largely
paraphrased here. Kapelyushnikov (1954) examined the system oil, gas
(unspecified composition) and water (brines) to 100°C and 7,345 psi. He
found, as did this study that in addition to dissolving crude oil components,
the gas also dissolved (and transported) water and salté (the solution of
salts was not examined in this study). He also found, as we did, that the
tars and asphaltenes were the last components of a crude o0il to be dissolved,
and the first to exsdlve with decrease of pressure or temperature.
Kapelyushnikov (1954) also found that the presence of fine-grained rocks
decreased the critical pressure of oil-gas mixtures (i.e.-increased the
solubility of crude oil in the gas phase at a given pressure and
temperature). Chilingar and Adamson (1964) experimentally duplicated this
using clays. Kovalev (1960) reported that the presence of ethane, propane,
and/or bufane (élone or in cqmbination) in fhe gas phase, greatly increased
crude oil solubility. For example at 100°C—4,409 psi, when the amount of
heavier gases was increased from 32 to 47 percent, crude oil solubility was
"increased 250 percent. Zaks (1952) found that pure carbon dioxide had a much
greater carrying capacity for crude 0il than a mixture of methane (30 percent)
and carbon dioxide (70 percent). We also found that the addition of carbon

dioxide to methane increased the solubility of crude oil in the gas phase.
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Gerber and Dvali (1961) extracted bitumen from fine grained sediments
with pure carbon dioxide at pfessures of 2,845 to 5,689 psi and temperatures
of 40°C to 90°C. They found, even under these mild conditions, that the tars,
aSphaltenes, and porphyrins-were taken into solution as well as large amounts
of petroleum-like bitumen. Gerber et al (1972), in a later study, extracted
two limestones, a marl, and three "combustible" (0il?) shales with a natural
gas mixture (70 percent methame, 20 to 25 percent propane, and 5 to 10 percent
ethane, butane, nitrogen and carbon dioxide), as well as with pure propane, at
temperatures of 100° to 130°C and pressures of 1,469 to 4,409 psi). Water was
not present in their experiments. The natural gas mixture removed up to 2 kg
of bitumen per cubic meter of compressed gas whereas the pure propane removed
up to 4 kg/m3 (compressed gas). The first gases which passed through the
rocks were enriched in lower molecular weight saturated hydrocarbons. With
time. the absolute amount of soluté bitumen in the gas decreased, while its
composition became more aromatic and tarry.

Zhuze et al (1962) equilibrated condensates and petroleum with natural
gases (89 to 92 percent methane, the remainder being ethane, propane, butane,

nitrogen and carbon dioxide) in systems without water at temperatures and

pressures of 70° to 150°C and 4,531 to 10,287 psi. They found, at low
temperatures and preséures, that compared fo thé starting material, the solute
“condensate" was enriched in satﬁratéd hydrocarbons and impoverished in both
aromatic hydroééfbdns and non-hydrocarbons. Wé recorded the same results in
this study (Iable\Z). They also found, as we did, as system femperature and
pressure increased, that the composition of the solute material more and more
approached that of'tﬁé starting material. Also they found, as we did, that

wlth increase in system temperture and pressure, not only did the amount of
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solute material increase, but also the solute specific gravity and its
molecular weight range.

A notable difference between our results and theirs, was the conditions
needed for critical pressure (co-solubility). Whereas they estimated at
150°C, pressures of 16,165 to 17,364 psi would be necessary for cosolubility,
we encountered cosolubility at this temperature at (9,210 psi). At 70°C and
10,287 psi, their solute condensate contained only 22 percent of the
components of starting material. At 49°C and 11,705 psi, our solute
condensate was very close to our starting material, and at 99°C and 10,167
psi, identical. At 150°C and 10,287 psi, their solute condensate contained
only 39 percent of the éomponents of the starting material, whereas we
encountered cosolubility at 150°C at 9,210 psi. In our studies, we used pure
methane gas, whereas Zhuze et al (1962) used natural gases which contained
<ienificant percentages of hydrocarbon gases besides methane, which if
anything would give their gas a much greater carrying capacity for crude oil
than ours. However, our experiments were carried out with water present,
whereas those of Zhuze et al (1962) were done in dry systems. The large
differences between the two studies, in regards to the pressures and
temperatures needed for cosolubility, then must have been due to a significant
and unsuspected positive influence of water on gas solution.

Chilingar and Adamson (1964) found thaf the presence of water increased
the critical pressure (decreased the solubility) of light hydrocarbons
(benzene, hexane and cyclohexane) in methane. This is opposite of the
influence that we propose water has on the solubility, in methane, of the
higher molecular weight material in crude oil. Analagous aqueous solubility
beéhavior (Price, 1981), as a function of sdlute—hydrocarboﬁ m&leCular weight,

was found in the system water—petroleum—-gas (the gas was either methane or
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carbon dioxide). In that study, the presence of either gas decreased the
aqueous solubility of lower molecular weight hydrocarbons, whereas at the same
temperature and pressure, the aqueous solubility of the higher molecular
weight hydrocarbons was increased. We believe that the same behavior is
present in the gas phase of this system as was present in the aqueous phase of
the system.

Previous quantitative measurements of crude oil solubility in petroleum
gases (Sokolov, 1948; Zaks, 1952; Kapelyushnikov, 1954; Zhuze and Ushkevich,
1959; Sokolov and Mironov, 1962; Sokolov et al, 1963; and Zhuze et al, 1962,
1968) were not made under uniform conditions. These experiments, depending on
the iﬁvestigators, were carried out in dry systems, with pure methane or with
gas mixtures, with and without clay present, and with different starting crude
oils. All these parameters affect the solubility behavior of crude oil in a
gac nhace, Therefore direct comparison of the data of previous studies with
each other or with the data of this study loses meaning. However the data of
Table 7 and Figure 10 show that our solubility data are consistently higher
than the values reported in previous studies. This, we believe is, due to the
fact that we carried out our experiments in the presence of water, whereas the
previous studies were carried out in dry systems. Had we used gas mixtures

instead of pure methane, our solubility values would have been even higher.

DISCUSSION
The solubility values reported for the tar (F-15) distillation fraction
of this study (Fig. 45 were for pure methane. The presence of higher
molecular weight hydroéarbon gases, carbon dioxide, or clay in the system
would have resulted in the measurement of higher solubility values for that

fraction. We did not measure the solubility of the F-15 fraction in methane
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Table 7.--Comparison of previous
this study. Pressures

from atmospheres.

Zhuze et al, 1968) was
1, as these conditions

gas solution data with interpolated data of
from previous studies were converted to bars

Our value for 200°C, 987 bars (Stepnovo field;

extrapolated from the 200°C curve of figure
were in our field of cosolubility.
Solubility values of previous studies which were given in kilograms
(or grams) of condensate per cubic meter of gas at reduced
conditions were changed to grams of condensate per liter of gas
(reduced conditions).

Do is ditto.

Reported Solubility
Field and (authors) Temperature Pressure Solubility this study
in °C in bars grams/liter grams/liter
Stepnovo _
Zhuze et al (1962)...... 120 691 0.344 0.64
Stepnovo
Zhuze et al (1968)...... - 140 790 0.680 0.95
DOveesssonsnssonnonns 150 395 0.147 0.303
DO¢eessovesssanssnnns 150 691 0.462 0.738
DOcvresecsacssennanns 160 888 0.820 1.43
DOseovecennsas cesenes 200 987 0.874 3.05
Kum-Dag 100 395 0.109 0.225
(West and Fast Fields 100 691 0.281 0.550
Combined 1 to 1) 150 395 0.145 0.301
Zhuze et al (1968) 150 691 0.360 0.742
West Kum-Dag 100 395 0.127 0.225
Sokolov et al (1963) 100 691 0.315 0.550
DOvecesececanannconcns 150 395 0.155 0.301
DOcseosseassoeassacsse 150 691 0.397 0.742
East Kum-Dag 100 395 0.09 0.225
Sokolov et al (1963) 691 0.271 0.550

100
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Figure 10.--Comparison of previously published gas solution data with the

data for this study. The dashed lines are the 500, 100°, 1509, and 200°C data
of this study (curves of figure 1, without data points). The 200°9C West Kum-
Dag and 200°C East Kum-Dag data are from Sokolov et al (1963). The 700C
Stepnovka data are from Zhuze et al (1968), and the 100°C Karadag data are
from Zhuze et al (1962). The original data of those authors were given in
pressures of atmospheres and solubilities in kilograms (or grams) of con-
densate per cubic meter of gas at reduced conditions. These units were con-
verted to pressure in bars and solubility 1in grams of condensate/liter of gas.
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at 150°C. However based upon other data of this study as well as other data
from previous studies, it can safely be assumed that at 150°C, at high
pressures, with other gases present, methane would have an adequate carrying
capacity for this fraction (F-15) to account for the amounts of this fraction
found in a typical 35° to 40° API gravity crude oil.

The Spindle field crude oil used in this study has a rather high
saturated to aromatic hydrocarbon ratio (7.99). 1In spite of this high ratio,
we saw (Table 2) a tendency under some conditions for methane to
preferentially take up saturated hydrocarbons. This same tendency was also
reported by Zhuze et al (1962, 1968) and Gerber et al (1972). An informative
experiment, which we did not carry out, would be to equilibrate a methane rich
gas (natural gas) with a starting material quite unlike a crude oil (such as
-the extract of a humic coal, which would be rich in N-S-O bearing compounds,
and asphaltenes and would have a low saturated  to aromatic hydrocarbon ratio),
and determine if a more "typical" crude o0il would be "stripped" from the
ofiginal material by gas solution. Much of the data from this and previous
gas solution studies suggest that this would be the case.

Hunt (1979, p. 215) in discussing migration by gas solution stated "Gas-
phase migration—--—-- may explain the presence of aromatic rich condensates in
the Pleistocene of the Gulf.COast. When gas is passed through oil, it tends
to concentrate more aromatics in the gas ph;;e." Hunt gave no reference to a
study which documented this "tendency". On the other hand data from this
study as well as previous studies have shown the opposite tendency - i.e., the
saturated hydrocarbons tend to be concenﬁfated in the gas phase. Price (1981)
showed that up'to 275°C, water preferentially takes aromatic hvdrocarbons into
solution 6ver saturated hydrocarbons. An extensive testing program of the

geopressured-geothermal resource has been carried out on the Gulf Coast in
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which large amounts (5,000 to 30,000 bbls/day) of brine were produced from
sandstones at moderate depths (3,000 to 4,000 km) through surface separators
to try to recover the dissolved methane. In some cases, in addition to the
methane, samples of a small amount of condensate or crude oil like material
also have been recovered. Compositional analyses (Price and Wenger, 1982) of
the lightest samples show that some of them are almost entirely composed of
light aromatic hydrocarbons, which due to the decrease in temperature in the
surface separator, exsolved from solution from the brines. The presence of
aromatic rich condensates in the Pleistocene of the Gulf Coast, the Alberta
basin, the Beaufort basin, the East Turkmen basin, and most probably many
other localilties, is likely due to primary migration of the condensate

hydrocarbons, and gases, by aqueous molecular solution over the temperature

range 200° to 275°C. There is no evidence to link these condensates to
mieration by gas solution, as Hunt (1979) proposes.

Kapelyushnikov (1954) and Chilingar and Adamson (1964) reported that the
presence of rock or clay in the system crude oil-methane, increased crude-oil
solubility in the methane gas phase. Chilingar and Adamson (1964) attributed

the effect to adsorption. Because two different research groups have reported

this same phenomena, it éannot_be easily attributed as an artifact from
experimental proceduré. We certainly have no explanation or even insight as
to why the presence of ﬁlaystone should result in this behavior. Nor do we
understand how adsorptién would be a contributary facﬁor.

The crude—oii solute molecular compositional data of this paper (Table 2)
have application to hydrocarbon phase.behavior in deep reserviors as well as
to the field of hydrocarbon production engineering. Clearly, in the past,
there has been an overwhelming opinion that methane, even under conditions

encountered in deep, high pressure-high temperature reservoirs, would not take
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up the higher molecular weight cowmponents of petroleum (USpenskii, 1962;
Sokolov et al, 1963; Welte, 1965; Cordell, 1972; Price, 1976; Tissot and
Welte, 1978; McAuliffe, 1978, 1980; Hunt, 1979). For example, Uspenskii
(1962, p. 802) commenting on fhe solubility data of crude oil in methane of
Zhuze et al (1962) stated--"These data show that the gas phase of petroleum-
condensate deposits lying at a-depth of 6,000-7,000 meters must contain
condensates véporizing within a broad temperature range and approaching
petroleum in specific gravity and molecular weigh}. The principal difference

between condensate and petroleum in this case will be the lower content of

"tar"

in the condensate.and‘almost complete absence of asphaltenes.”

Neglia, (1979, p. 579) has provided the only evidence from the natural
system, of which we are aware, that the high molecular weight material of
petroleum can be dissolved in methane in his discussion of the Malossa field,
Po Valley, Italy-"PVT analyses prove that Malossa is a condensate field with
heavy liquid components dissolved in the gaseous phase. The decrease of
bottom—hole pressure causes separation of asphalt, the melting point of which
is around 120°C. The asphalt tends to plug the production tubing; a squeeze
of solvent is needed every 2 months to dissolve the deposits of asphalt and
clean the well." Hunt (1979, p. 213) after considering Neglia’s (1979)
conclusions on the Malossa field noted, "The data of Rzasa and Katz (1950)
indicate that hydrocarbons through C;g woula be dissolved in the gas phase
under these conditions." Hunt’s conclusions here are in error, as asphalt

which melts at 120°C has a carbon number much greater than Cige
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Hunt’s, and other’s, beliefs in this matter probably are due to two main
reasons. Firstly, phase behavior studies, such as those of Rzasa and Katz
(1950) for the most part have been carried out with methane as the only
component in the gas phase (see Standing, 1977). The substantial effects that

~water, carbon dioxide, and the hydrocarbon gases ethane through butane have on
the methang-crude 0il system went unnoticed through years of experimental
measurements by petroleum engineers, who in efforts to minimize the degrees of
freedom for these systems did not fully delineate ail the controlling
parameters. Thus experiments were designed which suggested a behavior of the
methane—crude o0il system different from its behavior in nature. These
experiments thus supported the incorrect belief that methane rich natural gas
could not dissolve the higher molecular weight components of crude oil.

The secénd reason that the methane-crude oil system has been
misinterpreted for so many years lies, we believe, in its sensitivity to
pressure, as evidenced by the data of Tables 1l and 2. 1In the production of a
deep, high presssure, high temperature hydrocarbon reservoir, the hvdrocarbon
fluids will suffer a substantial pressure decline in the well bore and even in
the reservoir. This will cause separation of the higher molecular weight
components from the gas phase, before the separator i§ encountered. Thus it
appears that the hydrocarbon reservoir is a two phase system, when in reality
it is probably a one phase (vefy pressure sensitive) system. If the pressure
decline in the reservoir was substantial, during early production, it is
conceivable that a significant exsolution of the higher molecular weight

components could occur in the reservoir. This material would then be lost to

production forever.
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1)

2)

3)

4)

5)

CONCLUSIONS AND SUMMARY

Methane, in systems with water, has substantial carrying capacities for
all components of petroleum.

At low pressures and temperatures, the lower molecular weight (Cg to Cyg)
saturated hydrocarbons are taken into gaseous solution in preference to
aromatic hydrocarbons and higher molecular weight saturated hydrocarbons,
and in extreme preference to the high boiling distillation fractions of
petroleum which are composed of tars, resins, and asphaltenes. As
temperature and»pressure increase, even at moderate conditions (100°C,
10,150 psi), ali components of crude oil become quite soluble in a methane
gas phase—even the tars and asphaltenes. Indeed, the composition of the
solute material in the gas phase becomes an exact compositional match of
rhe starting material. Increases in pressure have a greater effect on
increasing petroleum solubility in methane than do increases in
temperature.

The presence of water in the methane gas phase, as would be found in the
natural system, has a large and previougly unreported positive influence
on the solution of all components of petroleum in methane, but especially
on the solution of ﬁhevhighest molecular weight material of petroleum.
Increases in carbon dioxidé concentration in the gas phase drastically
increase gas—phase'petroléum solubility (Zaks, 1952§ and this study).

The presence'of'ethane through butane in the gas phase increases gas—-phase

petroleum solubility (Kovalev, 1960, and Gerber et al, 1965).
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6)

7)

8)

The presence of fine-grained rocks in hydrocarbon gas-petroleum systems,
decreases the critical pressure of these systems—increases petroleum

solubility in the gas phase (Kapelyushnikov, 1954; and Chilingar ard

‘Adamson, 1964).

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. Cosclubility was encountered in these crude
oil-methane-water systems under relatively mild conditions (100°C, 15,230
psi; 150°, 13,364 psi; 200°C, 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 bﬁtane,
or claystones), even higher solubililties and lower pressure—-temperature
conditions for cosolubility would have been encountered than those
reported in this study.

The data of this study show that two previous criticisms of gas solution
as an agent of primary petroleum migrationm 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.

Experimental Techniques

Materials

The crude oil used was from the Spindle field, Weld County, Colorado
(Denver basin). The 44° API (0.806 specific) gravity oil is produced from the
Cretaceous Sussex Sandstone at 1,443 m. Petroleum distillation fractions were
derived from the crude oil of the Kimball field, Kimball County, Nebraska
(Denver basin). This 35° API (0.850 specific) gravity oil is produced from
the Cretaceous "J" sand at 1,989 m. The original distiliation of this o0il,
done at the Marathon 0Oil Co. Research Laboratory,>Littieton, Colorado,
resulted in eleven separate distillation fractions plus a C314 residue. (The
first through eleventh distillation fractions were used in a another solution
study, Price, 198l). The C3y4 fésidue was vacuum distilled by J. E. Dooley,
at the then ERDA Research Center, Bartlesville, Oklahoma, into 3 fractions
leaving a residue (here termed F-15) boiling above 266°C at 6 microns
pressure. This residue plus the first fraction taken by Mr. Dooley (F-12,
boiling below 215°C at 6 microns -carbon number range Cq; to C47) were used in
‘this study. Methane (99.99 percent pure) was obtained from Matheson™ in 300
SCF tanks at 2,250 psi. Distilledfdeionized water was used for all
procedures.

Mallinckrodt reagent grade tgtrahydrofﬁran (THF) was used as a solvent to
prepare the samples taken from the pressure vessels for quantitative
analysis. This cyclic aliphatic ether is cosoluble with Both water and

petroleum. Butylated hydrotholuene (0.025 percent) was present in the THF to

*Use of specific brand name does not necessarily constitute endorsement
of the product by the U,S. Geological Survey.

134



prevent peroxide formation. Because THF is extremely hydroscopic, a layer of
3 ‘angstrom molecular sieve (8~12 mesh beads) was added to the reagent bottle

to remove any water which the THF would take up from the air.

Containment Vessels and Support Equipment

All systems were contained in 300 ml pressure vessels (321 stainless
steel) sealed by Bridgeman seals (Fig. 1l1). These vessels were heated in
large diameter (l10.4 cm) muffle furnaces (Fig. 12). Temperatures were
maintained to * 1.5°C by Love temperature controllers and measured by chromel-
alumel thermocouples using a potentiometer, galvanometer, standard cell and an
electronic ice-point reference (Kaye Instruments). Pressures were generated
by a Teledyne-Sprague air-actuated hydraulic pump which could either pump
water into the pressure Qessel or, by means of a separator, methane or
petroleum (Fig. 12). A separator is a stainless steel cylinder, with a
polished bore, sealed at both ends, and fitted with a (sliding) brass plug
guided by one or more rubber o-rings. The separator is filled with methane or
petr&leum with the plﬁg at one end and the gas or fluid is then compressed to
the desired pressure by pumping water into the other end. Pressures were
monitored by 0-50,000 psi Ashcroft géugeé, and measured by a 2500 bar Heise
gauge.

Round bottom flasks (usually 1,000 or 2,000 ml), whose volumes had been
accurately measured, served as sample flaéks (Price, 1979). The flasks were
sealed by.éttaching brass compression fittings to the mgﬁal end of glass to
metal (Kovaf) seéis which were attached to the round bottoms at the glass
end. A septum piéced in the compression fitting and held in place by a
férrule and nut made the flask gas tight and allowed sample access bf means of

hypodermic needles.
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Figure 11.--Diagram of the pressure vessels used in this study. The vessels
were sealed by tightening the large closure nut which exerted pressure through
the back up washer to the Bridgeman seals (washers). This pressure caused
these slightly convex washers to flatten out, which exerted lateral pressures
on sides of the pressure vessel which made the seal.
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Sampling

A high pressure capillary (0.48 mm I.D.) line (the sample line) with a 22
gauge hypodermic needle silver soldered on its end, was attached to a valve
block. The valve block in turn was attached to a large inside diameter (2.34
mn) high pressure line (sample exit tube) attached to the top of the pressure
vessel. When the pressure vessel (autoclave) was in an upright position,
inside the vessel, a2 methane rich phase (the phase of interest) over laid a
petroleumn-rich phase which in turn was over water. The sample exit tube,
valve block, and in the case of petroleum distillation fractioms, the sample
line, were all heated to the temperature of the pressure-vessel to help
prevent exsolution of liquids from the gas phase during sampling.

Methane and water form a hydrate phase at high pressures, below 40°C,
which plugs lines and cannot be dislodged by even extreme pressure
differentials (Price, 1979). Therefore all "support" capillary lines carrying
methane to or from the autoclave were heated to 50°C to 60°C, to prevent
hydrate formation, by wrapping them with electrical heating tape and asbestos
cloth.

Once the system of'in:erest in the autoclavg had reached equilibrium, a
slight decrease in pressure during sampling would cause immediate exsolution
of liquids from the gas phase, and thefefore erroneous results. Thus, before
sampling, the autoclave was slightly overpréssured (40 to 90 bars) by pumping
water into the bottom of the autoclave, and during sampling (a five minute
process) this slight overpressure was maintained. Equilibrium studies
(discussed below) showed thaﬁ if the furnace and autoclave were static,
equilibrium approach-from undersaturation was very slow. Thus this slight

overpressuring for short times did not affect equilibrium solubility values.
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Before sampling, the sealed round-bottom sample-flasks were vacuum
evacuated and filled with methane at laboratory pressure and temperature. (If
the sample flasks, before sampling, contéined air and not methane, bouyancy
introduced errors into subsequent calculations). The flasks were then tared.
on a top loading balancé to 0.001 g. Before sampling, a sufficient bleed was
taken from the autoclave to remove any petroleum-rich phase or water which had
lodged in the sample exit tube during rocking (see below). A needle on the
end of the sample line allowed sample access to the sémple flask through the
sample-flask septum. All water and petroleum carried in the gas phase
exsolved in the sample flask from the pressure-temperature drop caused by
sampling.

After sampling, the flask was reweighed and allowed to come to room
temperature. The excess pressure generated by the methane was then measured
with a Matheson O to 15 or O to 30 psi Bourdon tube test gauge (accurate to
0.25 percent at full scale). A hypodermic needle silver soldered onto the end
of the gauge allowed access to the sample flask; With knowledge of the
sample-flask volume and the volume of the Bourdon tube in the gauge, ideal gas
calculations gave the number of moles and therefore the sample weight of the
methane. Subtraction of the sample-flask tare weight and the methane weight
from the sample flask weight after sampling gave the weight of the liquids in
the sample (water an& petroleum),

Crude oil samples for qualitative analyses were taken in 2,000 or

5,000 ml round. bottom fiasks'sealed by a septum (to pfevent loss of C4=Cio
range hydrocarbons). The round bottom falsks contained about five ml of
distilled water. After a sample was ﬁaken, oil, exsolvea from the gas phase
would form an immiscible layer on the water. The crude-oil sample was

recovered by pouring the liquids into a two dram vial, and suspending the
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sample flask over the vial for complete drainage. The vial was sealed by a
tin-lined screw cap and the samples were frozen uﬁtil analysis.

At low pressures, and therefore low oil solubilities, multiple gas
samples had to be taken. This was done by vacuum evacuating the sample flask
before sampling, which allowed a larger volume of gas to be taken., The sample
flask was then chilled with ice to promote total exsclution of all light
. hydrocarbons from the gas phase. The excess gas pressure was bled from the
sample flask with a needle and another sample was taken. The process was
repeated as necessary. Because of extremely low solubilities (Fig. 1), no
gqualitative samples were recovered at the lowest pressures.

Qualitative samples of the two distillation fractions were taken directly

into eight-dram vials, as loss of light hydrocarbons was not a problem.

Fquilibrium Attainment

The muffle furnaces, which contained the autoclaves, could be
mechanically rocked through a 60° arc from horizontal for mixing of the
different phases. A 40 gram stainless-steel ball (used at the suggestion of
Ralph Simon, Chevron 0il Field Research Center, La Habra, CA) inside the
autoclave also aided in mixing the three phases. Equilibrium approach studies
were carried out wiﬁhout-rockiné (étatic mffle furnace),'with rocking and
with rocking with a steel ball. Without roéking,:equilibrium was not achieved
after 168 hours. With rocking but without the stainless steél ball,
equilibrium would be achieved between 25 to 31 hours. With.roéking and with
the ball, equilibrium was achieved between 5 to 10 hours. Equilibrium
approach from oversaturation (exsolution due to pressure decrease) yielded the

same soluBility values as approach from undersaturation.
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All solubility data for the formal study were approached from
undersaturation by increase of pressure, with 24 hours of rocking for the
crude oil and 48 hours.of rocking for the petroleum distillation fractions.
Before sampling, the furnace and autoclave were set vertically stationary for
one hour after rocking to allow liquids to settle away from the exit tube.

Two studies showed that after one hour, the length of time of sampling after
rocking had no detectable effect on the solubility values. Sample size also
had no effect on solubility values.

For any isothermal run with petroleum, samples were taken with increasing
pressure until a condition of "limited" cosolubility was reached. Here most
(roughly carbon number C4q5 or less) of the compounds in the petroleum phase
became cosoluble with the gas phase. Once thisvcondition was reached, further
measurements had no meaning as any solubility number could be manufactured by
varving the gas-oil‘ratio of the total system. Cosolubility was apparent by a
large positive deviation in a linear plot of crude-oil solubility (dn the
logarithmic scale) versus pressure (arithmetic scale) at constant
temperature. This deviation could be caused by either cosolubility or loss of
the gas-rich phase from too much oil in the system. When such a deviation
occurred, the system was tested to determine which cause was responsible by
adding methane to the system to form a gas rich phase if possible. After
equilibfation, the system was sampled. Thié prdcess was repeated several
times in an atteﬁpt-to achieve a constant solubility vaiue which indicated
" that a petroleum-saturéted gas-rich phase existed. If, on the other hand,
solubility values ‘continued to decline as more methane was added to the
system, it was assummed that cosolubillity had occurred and that a one-phase

mixture existed.
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In all solubility studies with the crude o0il, the petroleum "reservoir"
was removed from the autoclave regularly by purging the system with water or
methane, and new crude o0il was injected. This prevented strong preferential

depletion of the lower molecular weight fractions of the crude o0il which could

change the solubililty values.

Quantitative Analyses

After a sample was taken, and the round-~bottom sample flask was reweighed
and its overpressure measured, the excess methane was bled from the sample
flask by means of a hypodermic needle. The éample flask was then opened and
rinsed five times with five ml each of tetrahydrofuran (THF), which
quantitatively dissolved all water and hydrocarbons in the sample flask. The
successive rinses of THF with dissolved crude oil and water were transferred
to 50 ml hypodermic vials. Tuf-Bond discs (Pierce Chemical Co.) were used to
seal the vials with an aluminum cap which was crimped on the top of the
vial. The discs were constrycted of a layer of silicone rubber bonded to a
thin layer of teflon. The teflon side contacted the solvent. Other septa
(butyl rubber, silicone rubber, nebprehe, etc.) were unsatisfactory, as they
were permeable to water and allowed the very hydroscopic THF to take up
substantial water from the éir, which led to erroneous data. Contact of rinse
THF with air was minimized due to the hydroécopic nature of the former; THF
solvent blanks wére prepared in the same fashion as the samples, every three
samples. Theée.provided background levels of solvent-water concentrations

which were subtracted from the water concentrations in the samples.
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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
thé 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 pl 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 ml, while sample sizes of 150 ul 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
Annarser ynit, 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 tﬁese
numbers by the weight of the liquids in the hypodermic vial, géve the absolute
weight of ﬁhe water in each sample. By subtracting this number and the weight
of the methane from the total sample weight, #he weight of the liquid
hydrocarbon fraction was determined by difference. Usually quantitative
analyses by difference are undesireable, Howeve; in this case, 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
meéthane or water weights, yould ha§e resulted in only small errors in
péetroleum weights. When petroleum made upAonly a small percentage of the

total sample weight (not the case for most samples) larger errors could be
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introduced. The limit of detection for petroleum using this analysis was

about 0.005 g/L.

Qualitative Hydrocarbon Analyses

Crude oil solute samples were qualitatively analyzed for carbon number
distribution, using a Hewlett Packard 5740 gas chromatograph with dual flame
ionization detectors. Column conditions were 1.6 mm I.D. X 45.8 m open column
coated with SE-30. The oven temperature was programmed at 15°C per minute
from 60° to 300°C with a variable upper temperature limit interval (0 to 16
minutes, dependent on the amount of high molecular weight material in each
sample). Detector and injection port temperatures were 300°C. Sample sizes
varied from 0.2 to 1.5 microliters, dependent on the percentage of C4-Cq
hydrocarbons in the sample. The chromatograph was equipped with a Hewlett
Packard 7127-A strip chart recorder with a mechanical Disc Integrator. Carbon
numbers were identified using the n-paraffins in each sample as internal
standards. The percentage of each carbon number range in a given sample was
determined by dividing the number of Disc Integrator counts for that carbon
number range by the total number of counts for the entire sample. Verticals
from the midpoint of the respective n-paraffins to the integrator trace,
allowed determination of the counts corresponding to that.respective carbon
number rangee.

The Cy3, fraction of crude o0il solute saﬁples and solute samples of
petroleum;distillatiOD fractions were analyzed for compdund class distribution
by high performance liquid cﬁromatography. One to two hundred milligram
aliquots of crude oil qualitative samples (dependent upon carbon number
diStribution)‘were evaporated to constant weight (roughly Cl3+) by nitrogen

evaporation, and then dissolved in 1.5 ml of hexane for injection onto the
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high performance liquid chromatograph (HPLC). The HPLC consisted of
Constametric I and 11 pumps controlled by a Gradient Master (Laboratory Data
Control, LDC), a loop injector (Model U6K, Waters Associates), a
Spectromonitor I UV-Vis detector (LDC), a flame ionization detector model LCM-
2 (Pye-Unicam), and a backflush valve model 70-10 (Rheodyne, Inc.). The
Whatman column was 10 uym I.D., 250 mm long, preceded by a 2.2 mm I.D. by 70 m
long guard column, packed with Whatman 10 ym PAC.

The column was equilibrated with hexane, previously passed through
Super I alumina WZOO basic (ICN Pharmaceuticéls, Inc.) to remove water and
impurities. The hexane, with dissolved oil, was injected onto the column at 3
il/minute. On injéction, a two minute gradient, éurve 5, was initiated to
yield a mobile phase of 90/10-hexane/dichloromethane. During this time, the
saturated hydrocarbons and alkyl-substituted monoaromatics eluted, followed by
rhe di—; tri- and poly-cyclic aromatics. Compound class detection was by a
flame ionization detector and a UV detector at 254 or 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 NSO 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 (Cj3;). The NSO fraction
weights for most of the samples coﬁld 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. A linear plot of peak heights

vérsus known weights of NSO fractions, served as an index.
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The petroleum distillation fractions (F12 and Fjg) were qualitatively
analyzed differently. The THF and water were removed bv evaporation from the
quantitative samples in the hypodermic vials. The FlZ samples were
redissolved in hexane and filtered into a tared 3 dram vial to remove solid
particulate matter., The sampies were then blown down to dryness with nitrogen
in a heated water bath and a sample weight was taken. The material was
redissolved in hexane in a 10 ml volumetric flask and enough liquid was
pipetted for the HPLC for a 80 to 100 mg sample Qeight. The Fyg samples,
after hypodermic Qial-evaporation, were dissolved in pentane (for
deasphaltening) and filtered into a tared three dram vial to remove solid
particulate matter and the asphaltenes. The asphaltenes were remobilized into
é tared 3 dram vial by dichloromethane which was removed by evaporation to
give an asphaltene weight. The pentane in the other 3 dram vial was removed

by evanoration, and the same procedure as used with the Fj, fraction, was then

followed.
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APPENDIX D

Estimation of the effect of COQ on methane solubility

The effect of carbon dioxide on agueous methane sclubility was deter-
mined at pressures of 5000, 13000 and 22509 psi at 202°F in NaCl soluticns
with salinities of 52 and 107 gréms per liter. In Table 7 (along the hor-
izontal lines designated by "C") the percentage of methare (as compared %o
carbon dioxide free brines; in solutions containing different amounts of
carben dicxide was reported. Carbon dioxide is expressed as percentaces
of total dissolved gases. In Figure D-1 the interpolated concentration
of carbon dicxide for specific methane percentages were plotted along the
apphopriate salinity lines for a pressure of 13000 nsi. Carbon dioxide
veluas were plotted on a scale that is equal to the square root of the
carbon dioxide content. Contours representing equal percentage values for
methane were drawn between the salinities and extrapolatec to zero salinity.
The 100 percent line represents the locus of points (combinations of salin-
ities and carbon dioxide concentrations) that separates conditicns whkere
methane solubility is suppressed from the conditiens where methane solubili-
ty is enhanced (compared tc methane solubilities in carbon dioxide free sol-
utions under the same conditions. The different percentage contours in-
dicate the amount of methane contained in saturated soiutions compared to
carbon dioxide free solutions. . |

, From the cdntuurs in Figure D-1, it isAapparent that carbon dioxide
suppresses methane soiubility greatest at Tow salinities and high carbon
dioxide concentrations. The addition of carbon dioxide at low to intermeciate

concentrations at high salinity can enhance methane concentrations.
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The carbon dioxide content and salinity of a number of geopressure
test wells are also plotted on Figure D-1. For exanple, "CZ" represents
the Crown Zellerbach well No. 2 (CO2 content of cbout 29 mole percent of
the dissolved gases and a salinity cf 21.7 grams/liter, see T2ble 11).
Under these conditions saturation with methane would be predicted when the
methane content reached 75 percent o7 that predicted using equations in
Tab'2 1 and the hysical conditions listed in Table i1. The solubility of
methane predicted in this way was 37.5 scf per hbarrel. The measured ccntent
of 22.é scf is well below the predicted value. Tris suygests that Lhe

Crovin Zellerbach well may be undersaturated.
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Figure D-1 Contours representing the percentage amount of methane con-
tained in solutions at the indicated salinity and mole percent of carbon
dioxide of gases dissolved in solution compared to methane solubility
values in CO, free solutions at the same salinity, temperature and press-
ure. The circles represent the compositional position of geopressured
test wells as follows: CZ = Crown Zellerbach, SAL = Saldana, PC = Praire
Canal, LK = Lear Koelemay, G = Girouard, BS = Beulah Simon, and PB =
Pleasant Bayou.
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