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Abstract: Deep Coalbed methane(CBM) has become an important direction for gas storage and production, but its original occurrence
state of adsorbed gas and free gas and distribution law under different geological conditions are unclear, which restricts the accurate estim-
ation of deep CBM reserves and the understanding of production law. With the increase of burial depth, temperature and pressure, meth-
ane enters the supercritical phase, its fluid density will continue to increase, and its viscosity is similar to that of the gas phase, indicating
that the current understanding has underestimated the amount of free gas resources and the flow ability of fluid easy to produce. Under
high temperature and high pressure in deep coal seams, the “supercritical fluid characteristics” of methane are more significant and cannot
be ignored. The current gas content calculation method based on reservoir pressure does not take into account the fact that the fluid pres-
sure inside the coal seam micropores is higher than the reservoir pressure, that is, the existence of a “overpressure in micropores” environ-
ment, so the actual gas content is underestimated. A calculation model for the content of free gas and adsorbed gas in deep coalbed meth-
ane considering the characteristics of overpressure in micropores and methane supercritical fluid was established based on the variation of
methane physical properties with pressure and temperature, as well as the theory of overpressure in micropores, targeting the deepest coal
seam burial depth in China up to 5 000 m and coal rank range of 0.8% to 3.0%. The results show that: (D Under high temperature and high
pressure, methane viscosity, density, compression factor, volume coefficient and other high pressure physical property parameters do not
change linearly with temperature and pressure. Based on the quantitative relationship between high pressure physical property parameters
and temperature and pressure, empirical calculation formulas for each parameter are established. 2 The distribution law of adsorbed gas
and free gas occurrence states in deep CBM is revealed under different thermal evolution degrees, different burial depths and different tem-
perature and pressure conditions. At the same depth, with the increase of coal rank, the adsorbed gas content is increasing, the free gas con-
tent is decreasing, and the proportion of free gas is decreasing. With the increase of coal seam depth, the content of adsorbed gas increases
first and then decreases, but the proportion of free gas increases gradually. 3 Considering the influence of methane supercritical fluid
properties on adsorption, compared to the same situation where this feature is ignored, the actual adsorbed gas content is not as high as the
existing understanding, and the proportion of adsorbed gas is reduced by 6%—9%.@ Four model methods were established to clarify the
critical transition depth of gas content, and the variation laws and charts of adsorbed gas/free gas at different coal ranks, porosity and wa-
ter saturation. (3 Based on the new understanding of “overpressure in micro pores and normal reservoir pressure in macro pores” a new
calculation method for free gas and adsorbed gas content considering “overpressure in micro pores +supercritical state” has been estab-
lished. Compared with traditional methods that only consider reservoir pressure, the calculation results are more in line with production
reality. When the burial depth of Daji Block reaches 2 000 m, the proportion of free gas in high rank coal seams can conservatively reach
41%, an increase of 20% compared to existing understanding. The research results can provide scientific theoretical basis for revealing the
distribution law of deep coalbed methane occurrence and reserve evaluation.

Key words: coalbed methane; deep coalbed methane; supercritical; occurrence; adsorbed gas; free gas; critical turning depth; overpres-

sure in micropores
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Fig.1 Supercritical phase diagram of methane
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Table 1 Empirical formula of compression factor Z for

methane at different temperatures

B/ C ViZL e

20 Z=5.178x10"p° =8.417x 107 p* +3.923x 107 p* -
1.554%107*p> - 0.014 9p +0.999 3

" Z=4225%10"p> —6.952x 1077 p* +3.242x 107 p* -
9.121x107°p> = 0.013 4p+0.999 4

” Z=3.484x10""p° —5.791 x 107 p* +2.697x 107> p* -
4248107 p> -0.012 0p +0.999 5

o Z=2.902%x10"°p° —4.866 x 1077 p* +2.259x 107> p* -
5.571x107°p> - 0.010 8p+0.999 6

% Z=2441x10"°p° =4.120x 1077 p* +1.903 x 107> p>+
2.247 %1073 p> —0.009 7p +0.999 7

0 Z=2.072x107p° 3,516 x 107 p* +1.613x 107 p*+

4.357%1073p? = 0.008 7p+0.999 7
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Table 2 Compression factor Z value of methane under common temperature and pressure

& 71/MPa 40 C 50 C 60 C 70 °C 80 C 90 C
0.101 0.998 354 0.998 531 0.998 689 0.998 829 0.998 954 0.999 066
0.2 0.996 744 0.997 096 0.997 408 0.997 686 0.997 933 0.998 155
0.4 0.993 504 0.994 208 0.994 832 0.995 387 0.995 882 0.996 325
0.6 0.990279 0.991336 0.992 273 0.993 106 0.993 847 0.994 51
0.8 0.987071 0.988 481 0.989 731 0.990 84 0.991 829 0.992 712
1 0.983 88 0.985 644 0.987 206 0.988 592 0.989 827 0.990 929
5 0.924 544 0.933239 0.940 878 0.947618 0.953 585 0.958 885
10 0.867 232 0.883 28 0.897 35 0.909 738 0.920 685 0.930394
20 0.834 538 0.856 567 0.876 064 0.893372 0.908 78 0.922 53
30 0.916 243 0.931 033 0.944 678 0.957 241 0.968 789 0.979 39
40 1.0417 1.046 4 1.05134 1.056 39 1.061 44 1.066 41
1.3 FREBEARBEEATTUNE p ML h
R AL B, MR S R 48 K+ Z i 3hie B, = (a1p* +@p® +asp* +aup +as +bP71)pscl (4)
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Be=27 7, (3)
o o MERHER LR B9 % JT, MPa; T, AR HEIR DL
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Table 3 Volume coefficient B, value of methane under common temperature and pressure

JE71/MPa 40 °C 50 C 60 °C 70 °C 80 C 90 °C

0.101 1.084 93 1.11978 1.154 61 1.189 44 1.224 25 1.259 06
0.2 0.547 008 0.564 675 0.582 332 0.599 978 0.617616 0.635 245
0.4 0.272 615 0.28152 0.290414 0.299 298 0.308 173 0.31704
0.6 0.181153 0.187 138 0.193 111 0.199 075 0.205 029 0.210975
0.8 0.135425 0.139949 0.144 462 0.148 965 0.153 459 0.157 945
1 0.107 99 0.111638 0.115275 0.118902 0.12252 0.126 129

5 0.020 295 0.021 141 0.021 973 0.022 795 0.023 607 0.024 41
10 0.009 519 0.010 004 0.010478 0.010942 0.011 396 0.011 842
20 0.004 58 0.004 851 0.005115 0.005372 0.005 624 0.005 871
30 0.003 352 0.003515 0.003 677 0.003 838 0.003 997 0.004 155
40 0.002 858 0.002 963 0.003 069 0.003 176 0.003 285 0.003 393

L0 fg = 107 @ exp(aap,™) (5)
' O R S o, 9 TR B, mPa - s; p, BB, gloms
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Fig.5 Fitting effect of methane volume coefficient B, at 60 °C.
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Table 4 Empirical formula of methane viscosity p, at dif-

ferent temperatures

W R S
40 g = 00122 1780 10-4p! 215
30 g = 0.012 3~ 1781 x 10-#p!216
60 g = 0.012 6 1534 x 10-4p! 235
70 pg =0.013-1.344 % 1074 p1252
80 Hg =0.013-1.195% 1074 p!-265
%0 /lg:0.014—1.08><1074p1276

%5 HAREEATEGHE u IE

Table S Methane viscosity p, value of methane under common temperature and pressure

mPa - s
JEF1/MPa 40 C 50 C 60 C 70 C 80 C 90 C

0.101 0.011916 0.012 286 0.012 653 0.013017 0.013378 0.013 736
0.2 0.011 924 0.012294 0.012 66 0.013 024 0.013 384 0.013 741
0.4 0.011 944 0.012312 0.012 677 0.013 039 0.013 398 0.013 755
0.6 0.011 967 0.012334 0.012 697 0.013 058 0.013 415 0.013 771
0.8 0.011 993 0.012 357 0.012719 0.013078 0.013 434 0.013 788
1 0.012 02 0.012383 0.012 742 0.013 1 0.013 455 0.013 808

5 0.012 842 0.013 145 0.013 453 0.013 765 0.014 079 0.014 395
10 0.014 474 0.014 637 0.014 827 0.015038 0.015 265 0.015 505
20 0.019 407 0.019 053 0.018 823 0.018 686 0.018 622 0.018 614
30 0.024 525 0.023 772 0.023 19 0.022 742 0.022 402 0.022 15
40 0.028 777 0.027 887 0.027 145 0.026 531 0.026 024 0.025 609
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Table 6 Methane density p, value of methane under common temperature and pressure

-3

g cm
& J1/MPa 40 C 50 C 60 C 70 C 80 C 90 C

0.101 0.000 62 0.000 60 0.000 58 0.000 57 0.000 55 0.000 53
0.2 0.00124 0.001 20 0.001 166 0.001 131 0.001 09 0.001 06
0.4 0.002 49 0.002 41 0.002 33 0.002 26 0.002 20 0.002 14
0.6 0.003 74 0.003 63 0.003 51 0.003 40 0.003 31 0.003 21
0.8 0.005 01 0.004 85 0.004 69 0.004 55 0.004 42 0.004 29
1 0.006 28 0.006 08 0.005 88 0.005 70 0.005 54 0.005 38

5 0.033 44 0.03211 0.030 89 0.029 77 0.028 75 0.027 80
10 0.071 30 0.067 84 0.064 77 0.062 03 0.059 55 0.057 31
20 0.148 20 0.13992 0.13270 0.126 33 0.120 67 0.115 60
30 0.202 47 0.193 09 0.184 59 0.176 86 0.169 80 0.163 34
40 0.237 45 0.229 07 0.221 15 0.213 68 0.206 64 0.200 01
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Table 9 Ratio of adsorbed gas content to free gas content at 2 000 m under different vitrinite reflectance obtained by four com-

prehensive model methods
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TR < /% 58.62 46.45 33.08
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