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Abstract. The Volmer diffusion coefficient of methane adsorbed in the micropores of coal in the elastic zone of the
coal seam bearing pressure, which normally is under conditions of significant compressive stress, was calculated with
taking into account the energy of the methane sorption connection with coal, the energy of Volmer diffusion activation in
the porous space of coal, and the stressed state of the elastic zone with its influence on the change of Volmer porosity.
During the calculations, such parameters as the diameter of Volmer micropores and the length of the descending branch
of the bearing pressure diagram were varied. As a result of the approximation of these calculations, both pairwise depend-
ences of the Volmer diffusion coefficient on the listed parameters and its multifactorial relationship with them were estab-
lished. Therefore, it is concluded that the process of methane diffusion in the elastic zone of bearing pressure is not
blocked by the rock pressure, as previously thought, but is actively developing. The diffusion of free methane will be
determined by the established regularity of changes in the Volmer diffusion coefficient in the elastic zone of the coal seam
bearing pressure. The calculations show that as the distance from the maximum of the bearing pressure increases, the
Volmer diffusion coefficient of methane in the coal seam increases, which is due to a decrease in the pressure of rocks in
the descending branch of the bearing pressure diagram. However, this growth is not great due to the weak compressibility
of pores. Therefore, for pores of the same diameter, the Volmer diffusion coefficient in the elastic zone of the coal seam
bearing pressure for the given mining geological conditions can be considered a constant. For depths of, for example,
1000 m and pore diameters of 10 A, the value of the Volmer diffusion coefficient will be approximately 3.77-10% m2s. This
confirms that methane gas release is caused not only by filtration of free gas, but also by Volmer diffusion of adsorbed
methane. In turn, the reserves of the latter are known to be the main reserves of methane in coal. Therefore, the estab-
lished regularity makes it possible to more accurately calculate the volumes of methane, which will be released from the
coal massif during mining operations, in order to assess safety of conditions for coal deposits mining and to develop
technologies for coal mine methane production.

Keywords: adsorbed methane, microstructure of a coal seam, Volmer pores, area of bearing pressure, elastic zone,
Volmer diffusion coefficient.

1. Introduction

Today, when developing the highly efficient technologies for coal and CMM pro-
duction, the main live task is to establish the regularities of diffusion-filtration flows
of methane mass transfer in the coal massif. At the same time, one of the most im-
portant areas in the carbon-based massif during mining operations is an elastic area of
the bearing pressure, which determines the volumes and regularities of methane re-
lease into the mined-out space of the mining massif. For many years, it was believed
that since this zone was under significant mining pressure, the mass transfer of me-
thane was blocked in it, a priori, due to the compression mechanism of the coal struc-
ture deformation. However, the data of recent studies have shown that the mechanism
of methane mass transfer in the elastic zone of the bearing pressure is more compli-
cated due to the diversity of the hierarchical structure of coal [1, 2], which causes dif-
ferent types of diffusion in the coal seam, in particular, Volmer diffusion [3]. The lat-
ter is important because it connects solid-state diffusion [4] with the diffusion of free
methane. Besides, it overcomes the forces of interphase interaction between methane
and coal, which are important factor for gas-dynamic phenomena development in the
mining massif. Therefore, the purpose of this work was to investigate the change in
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the Volmer diffusion coefficient of methane desorbed from the microsorption struc-
ture of the elastic zone of the coal seam - from the maximum bearing pressure to the
virgin massif during mining operations.

The purpose of the work - to establish the regularity of changes in the Volmer dif-
fusion coefficient of methane in the microsorption structure of the elastic zone of the
coal seam bearing pressure.

2. Methods

It 1s known that the hierarchical microstructure of the coal medium, which forms
various desorption channels in itself, can be represented by the scheme shown in Fig-
ure 1. With taking into account this scheme, the process of methane desorption during
the gas release from the coal medium will proceed in the following way. Since the
main volumes of adsorbed methane are located in the micropores of coal, its gas re-
lease will be directed to the area of the lowest sorption pressure. That is, in the initial
period, desorption is directed to supermicropores and mesopores (Fig. 1) according to
the law of solid-state diffusion. Further, this process will develop towards the inter-
layer space according to the law of Vollmer diffusion. Free diffusion will take place
in the interlayer space, and free methane filtration will take place in the macrocracks

(Fig. 1).

1 — methane molecule; 2 — micropore wall; 3 — supermicropores and mesopores, where Volmer dif-
fusion takes place; 4 — interlayer space; 5 — macrocrack

Figure 1 — The scheme of desorption channels during methane gas release from the hierarchical
structure of the coal medium

Beyond the zone of maximum bearing pressure, the Volmer pores will be com-
pressed. The dimensions of these pores depend on the stress state in this zone. The
diameter of the Volmer pores can be determined from the ratio [5]:

&
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where dp is the diameter of the Volmer pore in the undisturbed coal massif; ¢;, &',y is

the porosity of coal in the unloaded and loaded massif, respectively, at a depth H in
rocks with specific gravity — y (N/m?). The latter are described by exponential func-
tions presented in [6].

As the calculations by formula (1) show, diameters of the Volmer pores in the
zone of the bearing pressure vary within (12—-8) m. At the same time, according to
[1], the main parameters, which describe the state of methane adsorbed in these
pores, are the energy of adsorption — Q, the energy of Volmer diffusion activation —
E4, and the reservoir temperature — 7. For the smallest Volmer pores, these parame-
ters are equal to O = 9100 J/mol, E. = 6500 J/mol [7]. For larger pores, these param-
eters can be approximated by exponential functions in the form of [7]:

O(df )=Dg + Ag exp(=d s /'tg); (2)

Ey(dy)=Dg +Agexp(=dy /tg ), (3)

where the first component in (2)—(3) sets the value of the parameter when the pore
diameter tends to infinity; A; is amplitude of the parameter change; ¢ is the rate of the
parameter change when the pore diameter changes.

In general, the Volmer diffusion coefficient can be determined by the formula [8]:

0- Eaf
—R )

2

Df:DOf-ﬁexp( 4)

where Dy is the Volmer diffusion coefficient, m?/s; Dy is pre-exponential factor,
m?/(s-K); Q is adsorption energy, J/mol; R. is gas constant, J/(mol-K); E,, is the ener-
gy of Volmer diffusion activation, J/mol; T is temperature, K.

The average temperature, for example, at depths of the order of 1000 m will be
7=307.9K [9].

The pre-exponential factor Dy in formula (4) will also depend on the diameter of
the pores. Its numerical values are presented in Table 1.

Table 1 — Numerical values of the Dyr parameter for some pores [7].
Diameters of pores, m
Dorx10", m*/(sK) 8 10 12

3.21 4.44 5.75

Therefore, the ratio (4) with taking into account the approximate dependencies
(2)—(3) and the data in Table 1 allows establishing the Volmer diffusion coefficient of
methane in the zone of maximum bearing pressure for different pore diameters. The
range of changes in the diameters of the Volmer pores in the elastic zone of the bear-
ing pressure at different distances from its maximum can be established by formula

(D.

3. Results and discussion
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The results of the calculation of the change in the Volmer diffusion coefficient of
methane in the coal pore with initial diameter of 12 m in the elastic area of the bear-
ing pressure are presented in Fig. 2

c-107 Pa
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Figure 2 — The regularity of changes in the Volmer diffusion coefficient of methane D, in the coal
pore with diameter of 12 m in the elastic zone of the bearing pressure (/)

As data in Fig. 2 show, the Volmer diffusion coefficient of methane changes
slightly with increase of distance from the maximum bearing pressure — b. However,
in this case, there 1s a large length of the stabilization section. Therefore, expression

(4) was approximated by an exponential function similar to formulas (2) and (3) in
the form of:

DV:DOf +ADexp(—b/l‘D). (5)

The dependence of the Volmer diffusion coefficient of methane on the distance of
the maximum of the bearing pressure deep into the massif, i.e., the length of the de-
scending branch of the bearing pressure, for different diameters of the Volmer pores
is shown in Fig. 3.

The results of approximating the graphs in Fig. 3 by function (5) are presented in
Table 2.

Table 2 — Results of approximation of the dependence of the Volmer diffusion coefficient on the
distance parameter of the maximum bearing pressure deep into the massif — b.

Diameter of a pore, m i - Approxin;ation parameters
Do, m/s - Ap, m“/s tp, m
12 3.77-10°® -8.65-10°!1 15.99238
10 2.31-108 -1.09-1071° 15.9937
8 6.11-10° -1.51-1071° 16.021
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Figure 3 — Dependence of the Volmer diffusion coefficient on the length of the descending
branch of the bearing pressure for different pore diameters: 1 — 12 m; 2 — 10 m; 3 — 8 m.

According to the algorithm described above, the data in Table 2 were approximat-
ed in order to obtain the dependence of the Volmer diffusion coefficient on the diam-
eter of the Volmer micropores. This was done by using an exponential function in the
form (5), where the approximation parameters were replaced for convenience by
functions that had the form:

Doy =Dy +Ayexp(=d s /11); (6)
Ay =Dy + Ay exp(—=dy /1, ); (7)
fd:D3 +A3€Xp(—df/t3). (8)

The results of approximating the data in Table 2 by functions (6) — (8) are pre-
sented in Table 3.

Table 3 — Results of approximation of the dependence of the Volmer diffusion of methane in coal
on the diameter of micropores

Approximation parameter - Values
D 1.2679-10”
D> -6.08444-10!"
Ds 15.99231
A -2.2182-107
A> -1.12714-10”
A3 5.2485702
t 13.14218
5 3.17427
B 0.66023




66  ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 164

After that, the dependence of the Volmer diffusion coefficient of methane in coal
on the length of the descending branch of the bearing pressure was studied according
to the calculation algorithm. The results of calculations of the Volmer diffusion coef-
ficient of methane in coal at different lengths of the descending branch of the bearing
pressure for pores with diameter of 12 m are presented in Fig. 4.

Dy, n/s
3.778E-08 -
3.777E-08 -
3.776E-08 -
3.775E-08 -
3.774E-08 -
3.773E-08
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3.769E-08

0

20 40 60 80 100 120 140 160 180 b.m
1-56=100m; 2 —-5=150m; 3 — b=200 m

Figure 4 — Changes in the Volmer diffusion coefficient of methane in coal at different lengths of the
descending branch of the bearing pressure — b

In order to describe the obtained regularities by dependence on the length of the
descending branch of the bearing pressure diagram, the approximation of the ob-
tained data, which changed with the length of the descending branch of the bearing
pressure, was performed similar to expressions (6) — (8). As the results of the approx-
imation show, such parameters as D1, 41 and # in (6) — (8) do not depend on the
length of the descending branch of the bearing pressure diagram, which determine the
limit value that the Volmer diffusion coefficient of methane tends to at a distance
tending to infinity.

In order to obtain the final dependence of the Volmer diffusion coefficient of me-
thane in coal on micropore diameters and the distance from the maximum bearing
pressure deep into the massif, the approximating functions were set as follows:

D; =Dy; + 4j; exp(=b/ty; ); )
A; =Dy + Ay exp(=b/ ty; ); (10)
tj =Dy + A3 exp(=b/t3; ). (11)

The results of approximation of functions (9)—(11) are presented in Table 4.
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Table 4 — Generalized approximation parameters for determining the Volmer diffusion coefficient

of methane
Approximation parameter Index i
2 3
Dui -6.1124-10™" -24.72178
Doi -1.15121-107 83.26867
Dsi 3.15165 -0.90912
Aii 9.6757-107 27.32296
Aoi 1.21563-10!! 12.23113
Asi 0.00909 0.82605
ti -94.17467 -250.72274
bi -146.3866 108.32334
Bi -109.76187 -155.82118

By substituting the data of Table 4 into formulas (9)—(11), the values of the ap-

proximating parameters in expressions (6)—(8) were specified:

D2:-

D, =127-10"",;

6.11-10" +9.68-107 exp(-b/-94.17 );

Dy =-24.72+ 27.32 exp(=b /- 250.72);

Ay =-2.22-107;

Ay =-1.15-107 +1.22-10" exp(b/ 146.39);

Ay =83.27+12.23exp(-b/108.32);

= 13.14218

ty =3.15+0.009exp(b/109.76 );

ty=-0.91+0.83exp(b/155.82).

(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)

(20)

By substituting formulas (12)—(20) into (6)—(8), the following expressions were
established for the parameters of formula (4) in the form of approximation depend-

ence (5):

Doy =1.27-10"-2.22-10" exp(-d ; / 13.14218)

1)
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Ay =-6.11-10"149.68- 1071 exp(—b/-94.17 ) +

+(-1.15-10° +1.22-10" exp(b/146.39)) x (22)
x exp(—d ; /(3.15+0.009exp(b/109.76 )));

t; =-24.72+27.32exp(—b/-250.72) +
+(83.27+12.23exp(~b/ 108.32))x (23)
xexp(~d ; /(-0.91+0.83exp(b/155.82))).

In turn, by substituting approximate dependencies (21)—(23) in (5), the regularity
of changes in the Volmer diffusion coefficient of methane in the elastic zone of the
coal seam bearing pressure is established with taking into account the diameter of the
Volmer micropores — d, and the length of the descending branch of the bearing pres-
sure diagram — b.

Formerly, it was believed that in the elastic zone of the bearing pressure of the
coal seam, the diffusion of methane adsorbed from the coal microstructure was
blocked by the compressive forces of the rock pressure. However, calculations of the
Volmer diffusion coefficient of methane have shown that in this zone, where pore
compression occurs, Volmer diffusion, like solid-state diffusion [1, 2, 10], continues
to develop. That is, in the elastic area of the bearing pressure, the diffusion process of
methane adsorbed in the microstructure of coal is not blocked, but develops fully -
from the activation of solid-state diffusion to the development of Volmer diffusion,
which leads to the free diffusion of methane in coal. Thus, mass transfer of methane
from the undisturbed rock massif to the area of maximum bearing pressure takes
place in the elastic zone. Moreover, since it is known that adsorbed methane is con-
nected with the microstructure of coal by the forces of interphase interaction, it will
be released in a pulsed way at reaching the desorption activation energy. This can
lead to the development of gas-dynamic and fire-hazardous phenomena. Therefore, it
is necessary to estimate the outburst hazard of the coal-bearing massif not only by
bearing pressure zone in the face area [5], but also by assessment of diffusion pro-
cesses in the elastic zone. In this regard, the development of methods for forecasting
the gas-dynamic hazard of the entire bearing pressure zone of the coal seam is the
question of the day. When developing these methods, it is necessary to take into ac-
count the results of this work, which are given below in conclusions.

4. Conclusions

1. The regularity of changes in the Volmer diffusion coefficient of methane ad-
sorbed in the microstructure of the elastic zone of the coal seam bearing pressure is
determined for different diameters of the Volmer micropores and lengths of the de-
scending branch of the bearing pressure diagram, which is described by relations (5),
(21)—(23), which take into account the energy of sorption connection of methane with
coal and energy of Volmer diffusion activation.
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2. It is established that as the distance from the maximum bearing pressure in-
creases, the Volmer diffusion coefficient of methane in the coal seam increases,
which is caused by a decrease in rock pressure in the descending branch of the bear-
ing pressure diagram. This growth is not great due to the weak compressibility of
pores. For example, at a depth of 1,000 m, the Volmer diffusion coefficient is
3.775-10® m%/s in the case when the length of the descending branch of the bearing
pressure diagram is 200 m, and is 3.772-10® m?/s when the length of the descending
branch is 100 m.

3. The performed calculations show that for the same depth of coal deposit devel-
opment and pores of the same diameter, the Volmer diffusion coefficient in the elas-
tic zone of the coal seam bearing pressure can be considered a constant. Its value is
determined from the regularity established in the work.
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AHoTauis. BukoHaHi po3paxyHku koedilieHTa dhonbmepiBcbKoi andysii agcopboBaHoro y Mikponopax Byrinns me-
TaHy B NPYXHiil 30Hi ONOPHOTO TWUCKY BYFiSIbHOTO NnacTa, KOTpa 3HaXoAMUTbCs B YMOBAX 3HAYHUX KOMMPECIAHWUX Hanpy-
XeHb. [pn LbOMy BpaxoByBanacs eHepris CopbLiHOro 38'a3Ky MeTaHy 3 BYTiNnsaM, eHepris akTveaLii ¢onbMepiBcbKol
Andysii y nopucToMy NpocTopi BYrinns, a Takox HanpyXeHWA CTaH NpYXHOT 30HW Ta MOro BNAWB Ha 3MiHY PONbMEpIBChL-
koi nopucTocTi. Mpn pospaxyHkax BapitoBanucs Taki napameTpu, Sk giaMeTp PoNbMEPIBCLKMX MIKPOMOpP i MPOTSKHICTb
CnagHoI BITKM €Mnopy OMOPHOro TUCKY. B pesynbTaTi anpokcumaLii X po3paxyHkiB BCTAHOBIEHI, SIK MAPHI 3aneXHOCTI
koediljieHTa dhonbMepiBCbKO AMdY3ii Big nepeniyeHnx napameTpis, Tak i ioro baratod)akTopHWA 3B’S30K 3 HUMMK. 3pob-
NIEHO BMUCHOBOK, WO ANY3ilHMIA MPOLeC METaHy B MPYXHIN 30Hi OMOPHOTO TUCKY He 3abNOKOBAHWI TPCHKMM TUCKOM, SIK
paxyBaroch paHille, a akTMBHO po3BuUBaETLCA. pu LboMy Audiysia BinbHOro MeTtaHy 6yge 06ymoBneHa BCTAHOBIEHO
3aKOHOMIPHICTIO 3MiHEHHS KoedbiLlieHTa POoNbMepIBCLKOT ANMY3il Y NPYXKHIA 30HI ONOPHOMO TUCKY BYriNBHOrO nnacra.
Po3paxyHku nokasanu, Lo B Mipy BigganeHHs Big MakCMMyMy OMOPHOMO TUCKY KOedilieHT (honbMepiBCLKOT Andyaii
MeTaHy Y BYriflbHOMY MacTi 3pocTag, Lo 00YMOBIEHO 3HMKEHHAM TUCKY FiPCbKUX NOPIA Y CNAaHIA BiTLi eNtopy ONopHO-
ro Tucky. OfHak, Lie 3pOCTaHHsl He € CWUITbHUM BHACMigoK cnabkoi cTucnmeocTi mop. ToMy Ans nop OAHOro giametpa
koeqiLieHT ¢honbMepiBCbKOT AMMY3ii B NPYXXHiA 30HI ONOPHOrO TUCKY BYiNBbHOTO NnacTa AN AaHWX FOpPHOreomnoriYHmux
YMOB MOXHa BBaXaTW 3@ KOHCTaHTY. [ins rmubuH, Hanpuknag, 1000 m i giameTpis nop 10 M 3HaueHHs KoedilieHTa ¢o-
NbMepIBCLKOI Andhysii Oyae gopisHioBaTH, npnbmmaHo, 3.77-108 m2/c. Lle nigTBepaxye Te, WO rasosigaady MetaHy oby-
MOBKOE HE TiNbkW (inbTpaLis BifbHOMO rasy, ane i gonbMepiscbka andysisa agcopboBaHoro MeTaHy. B cBoto yepry,
3anacyt 0CTaHHbOro, K BiJOMO, € OCHOBHUMM 3anacami MeTaHy Y BYrinni. ToMy BCTaHOBSIEHA 3aKOHOMIPHICTb 403BONSIE
TOYHiWe obuncnioBatn 06’emn MeTaHy, Wo Oyae BAGINSTACS 3 BYFiNbHOrO MacuBy Mpu ripHU4o400yBHUX poboTax ans
OLLiHKM 6e3neyHMX yMOB BianpaLtoBaHHs BYriNbHUX POAOBWLL Ta NpK po3pobLi TeXHOMOriN BUAODYTKY WATHOrO MeTaHy.

KnrovoBi cnoBa: agcopboBaHuii MeTaH, MIKPOCTPYKTYpa BYriNbHOrO nnacta, dornbMepiBChbKi nopu, 06nacts onop-
HOrO TUCKY, NPYXHa 30Ha, KoeqilieHT honbMepiBCbKOT Andyail.
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