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INTRODUCTION

The program described herein will calculate the solubility of methane in
either pure water or sodium chloride aqueous solutions for a wide range of
temperature, pressure, and salinity conditions. This program was written for
the Texas Instruments Programmable TI-59 calculator and can be used to predict
the amount of dissolved methane present in geopressured-geothermal zones having
temperatures less than 360°C, pressures less than 20,000 psi (pounds per square

inch), and salinities less than 25 weight percent sodium chloride. At

pressures as great as 10,000 psi, the solubility of methane is valid to + 5
percent of the reported valﬁe. Pressure may be extrapolated to 20,000 psi, but
the precision deteriorates. The precision also deteriorates as NaCl concentra-
tion increases. Temperature extrapolations above 360°C are not valid. No
checks are built into the program to detect inputs outside these limits. The
calculation scheme is based upon the empirical equations of Haas (1978). The
constants used in those equations are derived from reported literature values
for the solubility of methane in pure water as described in Haas (1978). The
Setschenow or salting-out constant (Ag) was estimated from our recent unpublished
experimental data and carries an uncertainty of + 20 percent of the reported
value. The numerical value for the salting-out constant is stored in data regis-
ter no. 11 and can be easily changed or updated as required. All the equations
and constants used herein are listed in the program record section following the
program listing.

To use the program simply enter the temperature, pressure, and salinity of
interest from the keyboard. For pure water solutions, only the temperature and
pressure need be entered. The input temperature may be in either degrees Celsius

or degrees Fahrenheit. Sodium chloride solution concentration can be entered as



either weight percent or molality. Pressure is entered as pounds per square
inch. The units of output (methane concentration) are user selectable and may
be molality, ppm (parts per million), or standard cubic feet/barrel. The
vapor pressure of water is also available as an output for an entered tempera-
ture. When the optional PC-100A printer is used, all input and output are
labeled.

Following the program description is a series of tables of methane
solubility in various concentration units calculated for a variety of pressure,

temperature, and salinity conditions by using the program described herein.

REFERENCE CITED IN INTRODUCTION
Haas, J.L., Jr., 1978, An empirical equation with tables of smoothed solubilities
of methane in water and aqueous sodium chloride solutions up to 25 weight
percent, 360°C, and 138 MPa: U.S. Geological Survey Open-File Report

78-1004, 42 p.
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ADDITIONAL NOTES

The master library is necessary only if temperature input in °F is desired.
Routines will affect pending calculations.
Solubility output is labeled as
SWi or SBi
for solubility in water or in brine respectively.
i may be any of the following depending on the units selected:
M = molality
P = ppm
C = cubic feet/barrel

Pressing C' will return the vapor pressure of water (in atmospheres) in the
display for an entered temperature.

The solubility of methane in water is valid between 25°C and 360°C and at
pressures as great as 10,000 psia with a precision of +5% of the calculated
value. Temperature extrapolations are not valid. Pressure may be extra-
polated to 20,000 psi but precision deteriorates. Precision also deteriorates
as NaCl concentration increases. No checks are made in the program for

inputs outside of the stated limits.

Registers 3, 4, and 6 (T°C, P atms, and M (NaCl), respectively) are not
altered by the program. After the initial entry, the values for these regis-
ters need not be re-entered for each calculation unless the values change.

The iteration routine will briefly display each successive approximation. To
eliminate this display , change step 243 PAU to NOP (or to PRT to list each
approximation).
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EQUATIONS USED

1. Vapor pressure of water -

(from J.L. Haas, Jr., 1976, USGS Bulletin 1421A, p. A8, equation 6)

e, e,w (e3w2) (esyl'zs)
In P = e, +— + > (10 -1) + e410

P is in bars, T in °C

w = 22 -e Y =374.12 - T, Z=T+ 273.16

6’

2. The following equations are from Haas (1978, USGS Open-File Report
78-1004), and the values for the a and b coefficients and the Setschenow
constant have been updated from our new unpublished experimental data.
The values for all constants are listed on the data register page.

a. Q= X(CH4)/P(CH4)

b. P(CH4) = Ptotal - P(HZO)

c. logQ=A+3B X(CHA)

-2 -1 2 3
d. A= a_zt + a_lt + ao + azt + a3t

-1 2 3
e. B =b_;tT +by+bt+byt” + byt
+ 10(log X(CH,) - A - B X(CH,))

Ptotal = P(HZO)

g. log X(CH = log X(CH4) -AI

4)brine water s

where As = Setschenow constant
I = Ionic strength
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Cubic feet / barrel calculations -

Density

1. Equations from Haas (1976, USGS Bulletin 1421-A, p. A9-Al0)

1000 + (mNac1)(GFw Cl)
d =
1000v_ + (mNaCI) (4)
8= d% + my "
2
k =

v

C
(eq +¢,v)) E; -v]
C (o)

where v is the specific volume of water at 60°F, v is the specific
volum@ of water at the critical point, ¢* is the ilmiting apparent
molal volume of NaCl as the concentration in the liquid goes to O,

Cq is -13.644, and c, is 13.97.

2. for water d = 1/vo

The conversion factor in register 47 was calculated from the following
conversions taken from the Handbook of Chemistry and Physics (47th ed.)
1. 23.6905 1/mole (for an ideal gas at 60°F and 1 atm)

2. 158.98 liters/barrel

3. 0.03532 cubic feet/liter

cubic feet/barrel (mol/kg)(kg/l)(1gas/mol)(l/barrel)(ft3/lgas)

cubic feet/barrel (m) (d) (133.012)
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2. 16782044 1" limiting apparent molal volume NaCl @ 60°F
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Methane Solubility in Pure Water

[scf = standard cubic feet]

1000 psi 2500 psi 5000 psi
Temp. Moles SCE Moles SCE Moles SCFE
Kilogram ppm bb1 kilogram ppm bb1 Kilogram ppm bb1
25°C .07681 1230.7 10.20 .14541 2327.4 19.32 .21730 3473.9 28.87
45°C .05937 951.6 7.89 .11495 1840.7 15.27 .17461 2793.4 23.20
60°C .05230 838.3 6.95 .10427 1670.0 13.85 .16199 2592.1 21.52
75°C .04942 792.2 6.57 .10085 1615.3 13.40 +15955 2553.1 21.19
100°C .05003 801.9 6.65 .10513 1683.7 13.97 .17004 2720.5 22.59
125°C .05517 884.2 7.33 .11895 1904.6 15.80 .19560 3128.1 25.98
150°C .06394 1024.8 8.49 .14223 2276.5 18.90 .23742 3794.4 31.54
175°C 07574 1213.6 10.06 .17657 2824.6 23.46 +29995 4788.9 39.85
200°C .08892 1424.5 11.81 .22429 3585.3 29.80 .39058 6226.9 51.89
225°C .09865 1580.1 13.11 .28736 4588.8 38.17 .51989 8271.4 69.06
250°C .09268 1484.6 12.31 .36477 5817.8 48.46 .70188 11134.6 93.24
275°C .04278 685.8 5.68 .44622 7107.6 59.28 . 95256 15051.5 126.54
300°C - -- -- .49789 7924.2 66.14 1.28413 20185.0 170.59
325°C - -- -- .43449 6922.1 57.72 1.68688 26348.9 224.09
350°C - -- -- .08306 1330.7 11.03 2.07765 32255.7 276.0
10,000 psi 15,000 psi 20,000 psi
25°C .30478  4865.7 40.49 .36220 5777.1 48,12 .40536 6461.0 53.85
45°C .24843  3969.7 33.00 .29735 4747.7 39.50 .33431 5334.6 44.41
60°C .23513 3758.0 31.24 .28430 4540.3 37.77 .32172 5134.6 42.74
75°C .23544 3762.9 31.28 .28709 4584.6 38.14 . 32664 5212.8 43.39
100°C .25608 4091.4 34.02 .31554 5036.6 41,92 .36144 5765.0 48.01
125°C .29880 4770.7 39.69 .37087 5914.5 49.27 .42678 6800.1 56.70
150°C .36683 5850.5 48.73 .45780 7290.8 60. 82 .52861 8409.0 70.22
175°C .46869 7462.9 62.26 .58774 9340.8 78.08 .68062 10801.0 90.42
200°C .61876  9829.0 82.20 .78016 12361.1 103.64 . 90626 14330.4 120.39
225°C .83995 13295.8 111.58 ||1.06684 16826.9 141.72 1.24433 19571.6 165. 30
250°C | 1.16825 18397.0 155.20 |(1.50012 23500.3 199.28 1.76030 27464.2 233.85
275°C | 1.66131 25960.0 220.70 ||2.16983 22638.8 288.25 2.57035 39602.1 341.46
300°C | 2.41606 37313.6 320.96 ||3.24431 49472.3 430.99 3.90374 58935.3 518.60
325°C | 3.62042 54892.7 480.95 ||5.10996 75765.9 678.83 6.33110 92202.5 841.05
350°C | 5.80514 85195.3 771.18 ||9.23538 129040.8 1226.87 ||12.41651 166106.0 1649.46
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Methane Solubility in NaCl - 1000 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NacCl

Moles SCF Moles SCF

Temp. Kilogram ppm bb1 Kilogram ppm bb1
25°C .05878 942.1 8.07 .04367 700.1 6.20
45°C .04544 728.4 6.24 .03375 541.2 4.79
60°C .04002 641.7 5.49 .02973 476.8 4,22
75°C .03782 606.4 5.19 .02810 450.5 3.99
100°C .03829 613.9 5.26 .02844 456.1 4.04
125°C .04222 676.9 5.79 .03137 502.9 4.45
150°C .04893 784.4 6.72 .03635 582.8 5.16
175°C .05796 929.0 7.96 .04306 690. 3 6.11
200°C .06805 1090.5 9.34 .05055 810.3 7.17
225°C .07550 1209.7 10.36 .05608 898.9 7.96
250°C .07093 1136.6 9.74 .05269 844.6 7.48
275°C .03274 524.9 4.49 .02432 390.0 3.45
300°C - -- -- -- -- --
325°C -- -- - - -- --

15% NaCl 20% NaCl

25°C .03133 502.3 4.60 .02156 345.7 3.28
45°C .02421 388.3 3.55 .01666 267.3 2.53
60°C .02133 342.1 3.13 .01468 235.4 2.23
75°C .02015 323.2 2.96 .01387 222.5 2.11
100°C .02040 327.2 3.00 .01404 225.2 2.13
125°C .02250 360.8 3.30 .01548 248.3 2.35
150°C .02608 418.2 3.83 .01795 287.8 2.73
175°C .03089 495.3 4,53 .02126 340.9 3.23
200°C .03626 581.4 5.32 .02496 400. 2 3.79
225°C .04023 645.0 5.91 .02769 444.0 4,21
250°C .03780 606.0 5.55 .02601 417.1 3.95
275°C .01745 279.8 2.56 .01201 192.6 1.82
300°C -- - -- -- -- --
325°C -- -- -- -- -- --
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Methane Solubility in NaCl -- 2500 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NaCl
Moles SCFE Moles SCF

Temp. Kilogram ppm bb1 Kilogram ppm bl
25°C .11128 1782.1 15.27 .08267 1324.5 11.73
45°C .08797 1409.2 12.07 .06535 1047.3 9.27
60°C .07980 1278.6 10.95 .05928 950.1 8.41

75°C 07718 1236.6 10.59 .05734 919.0 8.14
100°C .08046 1289.0 11.04 .05977 957.9 8.48
125°C .09103 1458.3 12.50 .06763 1083.7 9.60
150°C .10885 1743.2 14.94 .08086 1295.5 11.47
175°C .13513 2163.1 18.55 .10038 1607.8 14.24
200°C .17165 2746.1 23.56 .12751 2041.5 18.09
225°C «21991 3515.6 30.19 .16337 2614.0 23.18
250°C .27916 4458.4 38.32 .20738 3315.9 29.43
275°C .34149 5448.5 46.87 .25369 4053. 3 36.00
300°C .38103 6075.6 52.30 .28306 4520.5 40.17
325°C .33251 5306.0 45,64 .24701 3947.1 35.05

15% NaCl 20% NaCl

25°C .05930 950.5 8.71 .04081 654.3 6.20
45°C .04688 751.5 6.88 .03226 517.3 4.90
60°C .04253 681.8 6.24 .02927 469.3 4.45

75°C .04113 659.4 6.04 .02830 453.9 4,30
100°C .04288 687.4 6.29 .02951 473.1 4,48
125°C .04851 777.6 7.12 .03338 535.3 5.07
150°C .05801 929.7 8.52 .03992 640.0 6.07
175°C .07201 1153.9 10.57 .04956 794.4 7.53
200°C .09147 1465.3 13.43 .06295 1008.8 9.57
225°C .11719 1876.6 17.20 .08065 1292.2 12.26
250°C .14876 2380.9 21.84 .10238 1639.7 15.56
275°C .18198 2911.0 26.71 .12524 2005.1 19.03
300°C .20305 3246.9 29.81 .13974 2236.7 21.24
325°C 17720 2834.6 26.01 .12194 1952.5 18.53
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Methane Solubility in NaCl -- 5000 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NaCl

Moles SCF Moles SCF

Temp. KiTogram ppm b1 Kilogram ppm bbl
25°C .16630 2660.8 22.83 .12354 1978.0 17.53
45°C .13363 2139.2 18.34 .09927 1590.0 14.09
60°C .12397 1984.9 17.02 .09210 1475.3 13.07
75°C .12210 1955.0 16.76 .09071 1453.1 12.87
100°C .13013 2083.3 17.86 .09667 1548.5 13.72
125°C .14969 2395.7 20.55 .11120 1780.8 15.78
150°C .18170 2906.4 24.94 .13498 2160.7 19.15
175°C .22955 3669.1 31.51 .17053 2728.2 24,20
200°C .29891 4772.4 41.03 .22205 3549.7 31.51
225°C .39787 6342.3 54.61 .29557 4719.3 41.94
250°C .53714 8543.5 73.73 .39903 6360. 8 56.62
275°C . 72899 11559.6 100.06 .54155 8613.0 76.85
300°C .98273 15520.9 134.89 .73005 11576.4 103.59
325°C 1.29096 20290.1 177.20 .95903 15152.2 136.09

15% NaCl 20% NaCl

25°C .08862 1419.7 13.01 .06099 977.4 9.27
45°C .07121 1141.1 10.45 .04901 785.6 7.45
60°C .06607 1058.7 9.70 .04546 728.8 6.91
75°C . 06507 1042.8 9.55 .04478 717.9 6.81
100°C .06935 1111.3 10.18 .04772 765.0 7.25
125°C .07977 1278.1 11.71 .05490 879.9 8.34
150°C .09683 1550.9 14.21 .06663 1067.8 10.13
175°C .12233 1958.6 17.96 .08418 1348.7 12.79
200°C .15929 2548.9 23.38 .10962 1755.5 16.66
225°C .21203 3389.9 31.13 .14591 2335.3 22,18
250°C .28625 4571.2 42.02 .19699 3150.2 29.94
275°C . 38848 6193.7 57.03 .26734 4270.6 40. 63
300°C .52371 8331.6 76.88 .36040 5748.5 54,77
325°C .68796 10916.2 100. 99 .47344 7537.9 71.95
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Methane Solubility in NaCl -- 10,000 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NaCl
Moles SCF Moles SCF
Temp. Kilogram ppm b1 KiTlogram ppm b1
25°C .23325 3727.9 32.02 17327 2772.1 24.59
45°C .19012 3040.8 26.10 .14124 2260.7 20.04
60°C .17995 2878.5 24.70 .13368 2140.0 18.97
75°C .18018 2882.2 24.73 .13385 2142.7 18.99
100°C .19598 3134.1 26.90 .14559 2330.1 20. 66
125°C .22867 3655.0 31.39 .16987 2717.8 24.10
150°C .28073 4483.5 38.53 .20855 3334.6 29.59
175°C .35868 5721.3 49,23 .26646 4256.5 37.81
200°C .47353 7539.5 65.00 .35178 5611.8 49,92
225°C .64281 10207.0 88.23 .47753 7602.5 67.76
250°C .89405 14140.1 122.72 .66417 10542.8 94,25
275°C 1.27139 19988.7 174.51 .94449 14925.9 134.02
300°C 1.84899 28808.1 253.79 1.37358 21560. 7 194,91
325°C 2.77068 42557.2 380.31 2.05828 31964.7 292.07
15% NaCl 20% NaCl

25°C .12430 1990.1 18.25 .08554 1370.4 13.00
45°C .10132 1622.8 14.87 .06972 1117.3 10. 60
60°C .09589 1536.0 14.08 .06599 1057.6 10.03
75°C .09602 1538.0 14.10 .06608 1058.9 10.04
100°C .10444 1672.6 15.33 .07187 1151.7 10.92
125°C .12186 1951.1 17.89 .08386 1343.5 12.75
150°C .14960 2394.3 21.96 .10295 1648.9 15.65
175°C .19115 3057.1 28.06 .13154 2105.8 19.99
200°C .25235 4032.0 37.04 .17366 2778.2 26.39
225°C .34256 5465.4 50.29 .23574 3767.6 35.83
250°C .47645 7585.5 69.94 .32788 5232.5 49.83
275°C .67753 10752.5 99.46 .46626 7424.5 70. 86
300°C .98534 15561.4 144.65 .67809 10761.2 103.06
325°C 1.47651 23139.0 216.75 1.01610 16039.4 154.43
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Methane Solubility in NaCl -- 15,000 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NaCl
Moles SCF Moles SCF

Temp. Kilogram ppm bb1 Kilogram ppm bb1l
25°C 27719 4427.1 38.05 .20592 3292.6 29.22
45°C .22756 3637.4 31.24 .16905 2704.7 23.99
60°C .21757 3478.3 29.86 .16153 2586.3 22.94

75°C .21971 3512.3 30.16 .16322 2611.6 23.16
100°C .24148 3859.1 33.15 .17939 2869.7 25.46
125°C .28382 4532.6 38.96 .21085 3371.1 29.92
150°C .35035 5589.1 48.09 .26027 4158.0 36.93
175°C .44980 7164.1 61.74 .33414 5331.9 47.41
200°C .59705 9487.4 81.95 .44354 7065.2 62.94
225°C .81644 12928.5 112.07 .60652 9636.4 86.07
250°C 1.14803 18084.3 157.58 .85285 13497.2 121.02
275°C 1.66055 25948.4 227.93 1.23359 19406.0 175.05
300°C 2.48284 38305.5 340.80 1. 84446 28739.5 261.73
325°C 3.91061 59032.8 536.77 2.90511 44530.2 412.24

15% NaCl 20% NaCl

25°C 14772 2364.1 21.68 .10165 1628.1 15.45
45°C .12127 1941.7 17.80 .08345 1337.0 12.68
60°C .11595 1856.6 17.02 .07979 1278.4 12.13

75°C .11708 1874.8 17.20 .08057 1291.0 12.25
100°C .12869 2060.2 18.89 .08856 1418.7 13.46
125°C .15125 2420.6 22.20 .10409 1667.0 15.82
150°C .18670 2986.2 27.41 .12849 2057.0 19.53
175°C .23970 3830.6 35.19 .16495 2639.3 25.07
200°C .31817 5078.4 46.71 .21896 3500.4 33.28
225°C .43509 6931.6 63.87 .29942 4780.5 45,51
250°C 61179 9719.3 89.81 .42102 6709.0 63.99
275°C .88492 13997.7 129.91 .60898 9675.1 92.55
300°C 1.32313 20785.2 194.23 .91054 14397.2 138.39
325°C 2.08399 32351.1 305.93 1.43415 22490.1 217.97
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Methane Solubility in NaCl -- 20,000 psi

[scf = standard cubic feet; % = weight percent]

5% NaCl 10% NaCl
Moles SCF Moles SCF
Temp. Kilogram ppm bbl Kilogram ppm bbl
25°C .31022 4952.1 42.58 .23046 3683.6 32.70
45°C . 25585 4087.7 35.12 . 19006 3039.8 26.97
60°C .24621 3934.2 33.79 . 18290 2925.6 25.95
75°C . 24997 3994.2 34.31 . 18570 2970.3 26.35
100°C . 27661 4417.9 37.97 . 20549 3285.8 29. 16
125°C . 32661 5212.3 44,83 . 24263 3877.3 34.43
150°C .40454 6448.0 55.53 + 30052 4798.1 42.64
175°C . 52087 8286.9 71.50 + 38695 6169.4 54.91
200°C +69355 11003.9 92.20 .51523 8197.9 73.11
225°C .95228 15047.2 130.71 .70743 11221.7 100. 38
250°C 1.34714 21154.4 184.91 1.00077 15801.3 142.01
275°C 1.96707 30591.5 270.00 1.46130 22906. 1 207. 36
300°C 2.98750 45735. 3 410.07 2.21935 34380.1 314.93
325°C 4.84514 72122.6 665.05 3.59936 54590.8 510.75
15% NaCl 20% NaCl

25°C .16532 2645.1 24.27 .11377 1821.8 17.29
45°C . 13634 2182.5 20.01 .09383 1503.0 14.26
60°C .13120 2100.4 19.26 .09029 1446.4 13.72
75°C .13321 2132.5 19.56 .09167 1468.5 13.93
100°C . 14741 2359. 3 21.64 .10144 1624.7 15.42
125°C . 17405 2784.4 25.55 .11978 1917.9 18. 20
150°C .21558 3446.5 31.65 . 14836 2374.4 22.55
175°C .27758 4433.4 40.75 .19102 3055.1 29.03
200°C . 36960 5894.4 54,26 .25434 4063.7 38. 66
225°C .50747 8075.4 74.50 .34923 5571.3 53.08
250°C .71790 11385.9 105.39 .49404 7863.4 75.09
275°C 1.04826 16538.7 153.88 .72139 11440.6 109. 64
300°C 1.59206 24904.7 233.71 1.09562 17273.0 166.51
325°C 2.58201 39774.6 379.05 1.77688 27715.7 270.05
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