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Abstract. The subject of research presented in the article is the processes that occur in the coal during
change of its thermodynamic parameters. The aim of this research is to study the influence of pressure, tem-
perature and binding energy of methane molecules on its distribution in coal. The analysis and generalization
of the results conducted by the authors as well as referenced experimental and theoretical studies conducted
by means of broad lines nuclear magnetic resonance method at high gas pressure as well as by means of spin
echo method, physical and mathematical modeling are stated in the paper. The study of the influence of
thermodynamic conditions change on the phase components of methane in coal has been further developed.
The influence of pressure, temperature and binding energy of methane molecules on its distribution in coal
has been studied. The redistribution of methane content between phases during pressure change has been
studied. The nonlinear dependence of free and adsorbed methane on pressure that takes into account the re-
laxation time is established. The contribution of adsorbed and free methane varies with pressure change but
proportion holds, which at low pressure is expressed by the Henry equation. At high pressure the Langmuir
equation should be applied. It was established that the value of the methane phase components contribution
to the total methane capacity significantly depends on the temperature. At low temperature, the amount of
methane in coal could reach high values and it its value is determined mainly by adsorbed and dissolved me-
thane content. As the temperature rises, the amount of methane contained in the coal decreases sharply - me-
thane predominates as a free gas. It was found that at temperature value T = 300 K the solid solution contains
a small amount of methane. Given that the solid state diffusion coefficient is very small, the contribution of
methane to solid solution could be neglected in case of mine disasters. As the temperature increases from
300 K up to 350 K, the partial pressure of methane in the solid solution increases nearly in order of magni-
tude, so the gasdynamic situation in mines becomes more dangerous. According to the research results, the
values of the desorption energy change for methane molecules and molar energy of methane desorption from
the adsorbed state depending on the free methane pressure at T = 300 K are obtained, which allows estima-
tion of the adsorbed methane amount.

Keywords: coal mine, gasdynamic phenomena, phase state, thermodynamic parameters.

Introduction. It is obvious that a significant risk factor during mining operations in
coal mines is the risk of sudden coal and gas release. Among the main factors leading
to the sudden coal and gas release in the working coal seams is methane which is
contained in the coal seams, herewith, the amount of emitted gas significantly ex-
ceeds the natural gas amount within the coal produced. The coal seam is a complicat-
ed physical and chemical system, which balance depends on external parameters —
temperature and pressure. During mining operations, the stresses affecting the outer
hole volume of the coal seam are redistributed, the pore space changes, the gas is fil-
tered towards the face of the working, the intrapore methane pressure is reduced.
Both gas desorption processes and phase transitions could occur.

Preliminary studies have assessed the contribution of the main phase components
of methane to the gas content of the coal seams and established the volume of free
methane, adsorbed methane in solid solution and gas hydrate components of methane
in the coal seam for certain thermodynamic conditions [1] — [3]. The purpose of the
study is modeling the influence of the thermodynamic conditions change on the
abovementioned phase components of methane in the coal seam.
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Methods. The analysis and generalization of the results conducted by the authors
as well as referenced experimental and theoretical studies conducted by means of
broad lines nuclear magnetic resonance method (NMR) at high gas pressure as well
as by means of spin echo method, physical and mathematical modeling are stated in
the paper.

Results and discussion. The analysis of the studies for this field of science was
performed [4] — [10]. The influence of pressure, temperature and binding energy of
methane molecules on its distribution in coal has been studied. The redistribution of
methane content between phases during pressure change is studied and the nonlinear
dependence of free and adsorbed methane on pressure is established (Fig. 1).
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Figure 1 — Dependence of methane content in coal on pressure [5]

The contribution of adsorbed and free methane varies with pressure change but
proportion holds on, which at low pressure is expressed by the Henry equation. At
high pressure the Langmuir equation should be applied. It was established that the
value of the methane phase components contribution to the total methane capacity
significantly depends on the temperature [10]. The total amount of gas released due
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to temperature increasing is the amount of methane released in solid solution and in
the adsorbed state. At low temperature, the amount of methane in coal could reach
out high values. Its amount is determined mainly by adsorbed and dissolved methane.
As the temperature rises, the amount of methane contained in the coal decreases
sharply, thus, methane predominates in the state of a free gas. The value of the char-
acteristic (low - high) temperature depends on the properties of the coal-gas system,
in particular, it depends on the binding energy of methane with coal, and could vary
widely.

It is obvious that under constant external conditions, the gas content of the seam
could maintain its value as long as desired [11]. When the stresses decrease, for ex-
ample, within the area affected by mining operations and wells, methane is released
from the solid solution into the fractured-porous formation system, forming the free
gas pressure and, thereafter, the filtration flow directed to the exposed surface. Since
the initial mechanical load (geostatic pressure) is 2.5 times greater than the gas pres-
sure (hydrostatic pressure), probable increase of free methane pressure released from
the solution is largely determined by the decrease of mechanical stresses. As a result,
the pressure of methane above the coal surface increases, the corresponding part of
the methane, which has turned into the free state gas, is adsorbed as well, reducing
the increase of gas pressure. The higher the coal sorption potential, the greater its in-
fluence on the "damping"” of the dynamics for free methane pressure in cracks. It
should be noted that decomposition of the solid solution is accompanied by an in-
crease of the temperature; sorption is described by an increase of the temperature,
while desorption is described by decrease of the temperature. Given the loosening
bond of adsorbed methane with the surface of coal compared to the "dissolved"” one,
the initial desorption rate is significantly higher than the decomposition rate of solid
solution (for example, in case of destruction of preliminary unloaded but not degasi-
fied coal).

It should be noted that at present several opinions on determination of methane
state in coal exist. They are often very different because coal is a very complicated
object of study. There are no reliable experimental results, for example, for studies of
coal samples, which properties differ from the coal properties of the seam. Many re-
searchers assert that methane in coal mostly could be found in solid state. Using the
fact that for coal equilibrium chemical potentials of methane for all the states of me-
thane are the same, it is possible to determine the pressure and concentration of me-
thane molecules in solid solution, depending on the pressure of free methane. The
lack of accurate values for the energy of methane desorption from solid solution to
adsorbed and free state respectively. The molar heat of physical adsorption is in the
range 8-30 kJ/mol, while the heat of solid-state adsorption is obviously even higher.
Based on the above conditions, numerical calculations of thermodynamic parameters
were performed (Tables 1 - 4). Table 1 shows the values of the relative pressure P¢/Ps
for methane in solid solution depending on the pressure of free methane at a tempera-
ture T = 300 K.
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Table 1 shows that solid solution contains small amount of methane. Given that
the solid-state diffusion coefficient is small enough, the contribution of methane to

solid solution could be neglected during mine disasters.

Table 2 shows the values of the methane molecules concentration per unit volume
in solid solution depending on the pressure of free methane and the energy of solid

desorption at a temperature T = 300 K.

Table 1 — Relative pressure of methane molecules in solid solution

depending on the molar energy of methane desorption y and pressure Psat T = 300 K

g, ki/mol

Pr MPa 30 35 40 45 50
1 5.94-10°° 7.99-10” 1.08-10” 1.45-10° 1.95-10°
2.97-10” 4.0-10° 5.38-10” 7.25-10°% 9.74-10°
10 5.94-107 7.99-10°° 1.08:10° 1.45-107 1.95-10°

20 1.19-10" 1.6-10” 2.15-10° 2.9-10” 3.9-10°®
50 2.97-10" 4.0-10° 5.38:10° 7.24-10” 9.74-10°®
70 4.16-10° 5.6:107 7.53-10° 1.08-10° 1.36-10”
100 5.94-10™ 7.99-10° 1.08-10” 1.45-10°° 1.95-107
150 8.91-10™* 1.2-10" 1.61-10” 2.17-10° 2.92-10”

200 1.19-10° 1.6-10" 2.15-10” 2.9-10° 3.9-10”
250 1.48-10° 2.0-10" 2.69-10” 3.62:10° 4.87-107
300 1.78-10° 2.4-10" 3.23-10° 4.34.10° 5.84-10”
350 2.08-10° 2.8-10" 3.77-10° 5.07-10° 6.82:10"
400 2.38-10° 3.2.10" 4.310° 5.79-10° 7.79-107

Table 2 — Concentration change of methane molecules in solid solution
depending on the molar energy of methane desorption y and pressure Psat T = 300 K
U, kJ/mol

Py MPa 30 35 40 45 50
1 1.45-10% 1.96-10" 2.64-10" 3.55-10" 4.77-10%
5 7.28-10%° 9.79-10% 1.32-10" 1.77-10" 2.39-10"
10 1.45-10* 1.96-10% 2.64-10" 3.55-10" 4.77-10"
20 2.9-10* 3.92-10%° 5.27-10% 7.09-10" 9.55-10"
50 7.28-10* 9.79-10%° 1.32-10" 1.77-10" 2.39-10%
70 1.02-10% 1.37-10% 1.84-10% 2.48-10" 3.34-10%
100 1.45-10% 1.96-10* 2.64-10%° 3.55-10" 4.77-10"
150 2.18-10% 2.94-10* 3.95-10%° 5.32-10% 7.16-10"
200 2.9-10% 3.92-10* 5.27-10%° 7.09-10% 9.55-10"
250 3.64-10% 4.9-10°" 6.59-10%° 8.87-10" 1.19-10"
300 4.37-10% 5.88-10*! 7.91-10%° 1.06-10% 1.43-10"
350 5.09-10% 6.86-10*" 9.22-10%° 1.24-10% 1.67-10"
400 5.82-10% 7.83-10*! 1.05-10** 1.42-10% 1.91-10"

During bearing zone formation an intensive process of crack formation takes
place. New surface formation is a low energy consumption process, because signifi-
cant amount of energy is spent on the rock heating process. The rock strength is het-
erogeneous one. The centers of quasi-static failure emerge in places of stress concen-
tration which leads to local heating of rock and coal. It would be useful to evaluate
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how the pressure and concentration of methane in solid solution change with increas-
ing temperature values. Table 3 shows the values of the methane relative pressure in
solid solution depending on the free methane pressure P; and the energy of methane
desorption from solid solution into the free state y at a temperature T = 350 K.

Table 3 — Relative pressure of methane molecules in solid solution
depending on the molar energy of methane desorption y and pressure Prat T = 350 K

U, ki/mol

Pr MPa 30 35 40 45 50
1 3.31-10° 5.94-10°° 1.06-10° 1.91-107 3.42-10%
5 1.66-10™ 2.97-10” 5.32:10°° 9.54.10” 1.71-10°®
10 3.31-10" 5.94-107 1.06-10” 1.91-10° 3.42-10”
20 6.62:10™ 1.19-10" 2.1210” 3.82:10° 6.84-10”
50 1.66-10° 2.97-10" 5.32:10” 9.54-10° 1.71-10°
70 2.32-10° 4.16-10" 7.45-107 1.34-10° 2.39-10°
100 3.31-10° 5.94-10* 1.06-10™ 1.91-10° 3.42:10°
150 4.97-10° 8.91-10* 1.6-10" 2.86-10” 5.13-10°
200 6.62:10° 1.19-10° 2.12-10" 3.82:10° 6.84-10°
250 8.29-10° 1.48-10° 2.66-10™ 4.77-10° 8.55-10°
300 9.93-10° 1.78-10° 3.18-10™ 5.72-10° 1.03-10”
350 1.16-107 2.08-10° 3.73-10™ 6.68-10 1.2-10°
400 1.33-10° 2.38-10° 4.26-10" 7.63-10° 1.37-10”

Table 3 shows that with increasing temperature from 300 K to 350 K, the partial
pressure of methane in solid solution increases by about an order of magnitude.

Table 4 shows the values of the concentration of methane in solid solution de-
pending on the pressure of free methane P; and the energy of desorption of methane
from solid solution into the free state y at a temperature T = 350 K.

Table 4 — Concentration change of methane molecules in solid solution
depending on the molar energy of methane desorption y and pressure Psat T = 350 K

Y, ki/mol

Pr MPa 30 35 40 45 50

1 8.12:10% 1.45-10%° 2.61-10" 4.67-10" 8.38-10"
4.06-10* 7.28-10% 1.3-10%° 2.34.10" 4.19-10"

10 8.12:10* 1.45-10°" 2.61-10% 4.67-10" 8.38-10"
20 1.62-10% 2.9-10% 5.22:10% 9.35-10" 1.68-10"
50 4.06-10% 7.28-10% 1.3-10%* 2.34.10% 4.19-10%
70 5.68-10% 1.02:10% 1.83-10** 3.27-10%° 5.87-10"
100 8.12:10% 1.45-10* 2.61-10* 4.67-10%° 8.38-10"
150 1.22-10% 2.18-10% 3.91-10% 7.01-10% 1.26-10%°
200 1.62-10% 2.9-10% 5.22-10% 9.35-10%° 1.68-10%°
250 2.03-10% 3.64-10% 6.52-10* 1.17-10* 2.09-10%
300 2.44-10% 4.37-10% 7.83-10%" 1.4-10% 2.51-10%
350 2.84-10% 5.09-10% 9.13-10% 1.64-10* 2.93-10%°
400 3.25-10% 5.8-10% 1.04-10% 1.87-10* 3.35.10%°
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Note that the concentration of methane molecules at P, = 101325 Pa and T =
300 K equals n, = 2.45-1025 1/m°.

| order to study the adsorbed methane, it is necessary to determine the desorption
energy of methane molecules. Nowadays it is impossible to accurately determine the
desorption energy value. In case of multilayer adsorption, it is difficult to determine
the bulk density of the adsorbed layer. In addition it should be noted, the more layers,
the lower value of the desorption energy is.

Taking into account the fundamentals of statistical physics and thermodynamics
[12], let’s estimate the desorption energy value. The Gibbs energy, i.e. thermodynam-
ic potential for methane in the adsorbed state could be calculated as follows

@aq =C,T=TC, INT +PVyq +¥aq (1)

where C,, C, — molar heat capacity of methane in the adsorbed state at constant vol-
ume and pressure respectively, J/mol'K; V,q — molar volume of methane, m3; Wad —
molar energy of methane desorption from the adsorbed state, kJ/mol.

The chemical potentials of methane in the adsorbed and free state are the follow-

ing:

C,TInT

C,+ ©p L PVag fag 2)
Na Na Na

Had =

1t :%kT(l—lnTHlenP, 3)

where i — number of degrees of freedom; k —Boltzmann constant, J/K; N, — Avoga-
dro's number, mol™; e, — adsorption energy of methane molecules, kJ/mol.

At thermodynamic equilibrium, the chemical potentials are equal to each other.
Being equated an expression for g4 could be obtained:

i CoTInT
€ad :%kT(l—lnTHlenP— EV +—P _ PVag , 4)

A N a N A

Using relationships (1) — (4), the values €54 and .4 could be calculated depending
on the pressure of free methane at a temperature of 300 K and 350 K (Tables 5, 6),
which allow to estimate the amount of adsorbed methane.

The values of adsorption energy given in the tables above suggest that the in-
crease of yuq With increasing pressure is explained by the fact that the entropy of free
methane is much more dependent on pressure. In order to obtain more accurate val-
ues of yq, the dependence of the molar volume of adsorbed methane on pressure and
temperature must be taken into account. This dependence does not significantly
change the value of adsorption energy.
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Table 5 — The adsorption energy of molecules €54 as Well as molar adsorption energy of methane
molecules y,q at T = 300 K depending on the free methane pressure

P, MPa 0.1 0.5 1 5 10 15 20 25 30 35 40

£.+10°) [284 [35 |378 [439 |461 |471 [476 |479 |48 4.8 4.78

Wag,kl/mol | 17.07 21.5 | 22.74 | 26.43 | 27.76 | 28.37 | 28.67 | 28.84 | 28.89 | 28.88 | 28.81

Table 6 — The adsorption energy of molecules €54 as Well as molar adsorption energy of methane
molecules y,q at T = 350 K depending on the free methane pressure

P, MPa 0.1 0.5 1 5 10 15 20 25 30 35 40

€£q010%, ) 223 |3 3.33 4.05 4.32 | 4.45 4.52 4.56 4.58 4.592 | 4.59

Wag, kJ/mol 13.4 | 18.05 | 20.02 | 24.32 | 26.0 | 26.78 | 27.21 | 27.46 | 27.59 | 27.64 | 27.63

Conclusions. Thus, as a result of research, the study for the influence of thermo-
dynamic conditions change on the phase components of methane in coal was further
developed. The influence of pressure, temperature and binding energy of methane
molecules on its distribution in coal has been studied. The redistribution of methane
content between phases at pressure change was investigated as well as nonlinear de-
pendence of free and adsorbed methane on pressure that takes into account the relaxa-
tion time is established. The contribution of adsorbed and free methane varies with
pressure change but proportion holds on, which at low pressure is expressed by the
Henry equation. At high pressure the Langmuir equation should be applied. It was de-
termined that the value of the methane phase components contribution to the total
methane capacity significantly depends on the temperature At low temperature val-
ues, the amount of methane in coal could reach out large values and is determined
mainly by adsorbed and dissolved methane. As the temperature rises, the amount of
methane contained in the coal decreases sharply, thus, methane predominates in the
state of a free gas.

It was found that at T = 300 K the solid solution contains only a small amount of
methane. Given that the solid-state diffusion coefficient is small enough, the contri-
bution of methane to solid solution could be neglected during mine disasters. As the
temperature increases from 300 K to 350 K, the partial pressure of methane in the
solid solution increases by about an order of magnitude, so the gas-dynamic situation
becomes more dangerous.

According to the research results the values of the desorption energy change for
methane molecules €54 and the molar energy of methane desorption from the adsorbed
state yoq depending on the free methane pressure at T = 300 K were obtained, which
allows to estimate the amount of adsorbed methane.

The increase of y,q With increasing pressure is explained by the fact that the en-
tropy of free methane is much more dependent on pressure.

To obtain more accurate y,q Values, the dependence of the molar volume of ad-
sorbed methane on pressure and temperature must be taken into consideration. This
dependence does not significantly change the value of adsorption energy.
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OOCNIIXEHHA BNNMBY TEPMOAWHAMIYHUX MAPAMETPIB HA ®A30BUA CTAH METAHY Y
Byrinni
Ckinoyka C.l., lNManamapuyk T.A., lMpoxopeus J1.B., KypiHHut B.T1.

AHorauis. [MpegmeTt gocnimkeHb, BUKNaAeHUX B CTATTi, Le npouecy, Wo BiabyBaloTLCA Y BYTIMbHIA PEYOBMHI Npu
3MiHi TepMoaMHaMiYHKX napameTpiB. MeToto AaHoi CTaTTi € JOCNiMKEHHS BNAKUBY TUCKY, TEMNEPATYPU Ta eHepril 38'a3Ky
MOJIEKYN MEeTaHy Ha MOro PO3MOAin y BYriNbHiN peyoBuH. B poboTi BUKOPUCTAHO aHania Ta y3aranbHeHHs pesynbTaTiB
BMTACHUX i CTOPOHHIX eKCrepUMEHTanbHUX Ta TEOPETUYHUX JOCTIIKEHb, BUKOHAHUX METOLOM S4EPHOro MarHiTHOro pe-
30HAHCY LUMPOKWX MiHiil B yMOBAaX BMCOKWX ra3oBUX TUCKIB, @ TAKOX METOAOM CriH-exo, (isu4yHOro Ta MaTeMaTU4HOro
MoaentoBaHHs. OTpUMano noganbLumnii PO3BUTOK BUBYEHHS BMAMBY 3MiHM TEPMOAWHAMIYHUX YMOB Ha (ha30Bi CKNagosi
MeTaHy Y BYrifibHil pe4OBMHi. BUBYEHO BNIUB TUCKY, TEMNepaTypu Ta eHeprii 38’A3Ky MONeKyST MeTaHy Ha 11oro posro-
Ain y BYrifbHi peyoBuHi. [ocnimkeHo nepepo3noin BMICTy MeTaHy Mix dasamu npu 3MmiHi TUcky. BcTaHoBneHa Heni-
HiHa 3aNeXHICTb BiNbHOMO Ta COp6OBAHOrO METaHY Bif TMCKY 3a YacoM ix penakcauii. Mpu pisHOMY TUCKy BHECOK COp-
BoBaHoro Ta BiNbHOrO MeTaHy byade pi3HUM, oaHaK MK HUMK 36epiraeTbesl NPONOPLIOHANBHICTb, Sika MPW ManoMy TUCKY
BMpaXaeTbCs Yepes piBHAHHSA 'eHpi. Mpu BUCOKOMY TUCKY BUHMKAE HEOBXIAHICTb KOPUCTYBATUCS PIBHAHHAM JleHrMiopa.
BcTaHOBNEHO, WO BenuYMHa BHECKY (ha3oBMX CKIALoBUX METaHy B 3araribHy METaHOMICTKICTb CYTTEBO 3anexuTb Bif
Temnepatypu. Mpn HU3bKUX TemnepaTypax KinbKiCTb MeTaHy Yy BYrinfi MOXe JOCAratv BENWUKUX BEMUYMH | BUSHAYaETb-
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Cs1, B OCHOBHOMY, acopb0BaHUM Ta PO3YMHEHUM MeTaHOM. [1pn 3pOCTaHHi TeMnepaTypy KifbKiCTb METaHy, WO MiCTUTb-
€'y BYrinmi, Pi3ko CKOPOUYETLCA — NEpeBaXae MeTaH Y BinbHOMY cTaHi. BctaHosneHo, wo npu T = 300 K B TBepaomy
PO3YMHI MICTUTBCA NULLE HE3HAYHA KiNbKICTb MeTaHy. FAKWO BpaxyBaTy, Lo koedillieHT TBepaoTiNbHOI Andysii ayxe
MasuiA, TO BHECKOM METaHy y TBEpAOMY PO34MHi MOXXHA HEXTYBATM MPW KaTacTpodiuHux sBuLax. Mpu 36inbLLEHH TeM-
nepatypy 3 300 K go 350 K napuianbHuit TUCK METaHy y TBEpAOMY PO34Hi 36inbLLyeTbCH NPUBIN3HO Ha NOPSAOK, TOMY
rasoguHamivHa cutyalis ctae binbl HebeaneyHa. 3a pesynbTatamu JOCHIGKEHb OTPUMAaHI 3HAYEHHS 3MiHW eHeprii ae-
copbuji monekyn meTaHy i MornbHOI eHeprii aecopbuji meTaHy 3 agcopb0BaHOMO CTaHy B 3aNEXHOCTI Bif TUCKY BIifTbHOTO
meTaHy npu T=300 K, 140 403BONSE OLHMTY KinbKICTb aacopbOBAHOr0 MeTaHy.
KntouoBi cnoBa: ByrinbHa LWaxTa, ra3ognMHamivHi SBrLLa, ha3oBui CTaH, TEPMOAMHAMIYHI NapamMeTpu.
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