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Abstract. In gas-saturated coal mass, closed cracks and pores, in addition to free methane, contain me-
thane, which is associated with adsorption centers on their internal surfaces. It is known that as a result of
ingress of moisture in the form of water vapor into these cavities, adsorbed methane tends to pass from the
adsorption layer into the gaseous phase. The purpose of this work is to find out how significant the increase in
the pressure of gaseous methane in the closed cavities of the coal matrix is due to its desorption from the in-
ner surface of the pores and/or cracks as a result of the penetration of moisture into them in the form of water
vapor. The problem is solved under the assumption that an increase in the partial pressure of water vapor in-
side cracks and pores occurs as a result of filtration phenomena, i.e. relatively slowly compared to the adsorp-
tion-desorption processes occurring on the inner surfaces of the voids of the coal substance.

When calculating the excess partial pressure of methane, which arose as a result of its displacement from
the adsorption layer by water molecules, the Langmuir approximation was used for the degrees of coverage of
the adsorption layer by methane and water molecules, i.e. single-layer adsorption approximation. It is shown
that in the case of macroscopic cavities of the order of 103 m and more, this phenomenon is insignificant.
However, for gas-filled closed cavities with a size of the order of micrometers or less and with an initial pres-
sure of gaseous methane of the order of 1 MPa, the relative excess pressure of gaseous methane as a result
of its desorption from the inner surface of closed cracks and pores can be tens of percent.

The scientific novelty of the work lies in the fact that, as far as the authors know, calculations related to
the appearance of excess pressure of methane in closed cracks and pores as a result of its displacement by
water vapor from the inner surface of closed voids of the coal matrix have not been carried out before. An in-
crease in the pressure of gaseous methane inside closed cavities can lead to an increase in their size, in par-
ticular, this applies to cracks that are located near macroscopic voids.

Keywords: gas-filled cracks and pores, excess gaseous methane, desorption, inner surface of cavities,
water vapor.

1. Introduction

A characteristic feature of most rocks including coal is their heterogeneous struc-
ture, due to the presence of various kinds of cavities in them, such as, pores, cracks
and filtration channels. These cavities, as a rule, are filled with mine gases (mainly
methane and water vapor), which are under some pressure. Due to the presence of a
certain number of active adsorption centers N,, gases in the cavities of coal can be

not only in a free state, but can be adsorbed on the inner surfaces of cracks and pores,
forming the so-called adsorption layer. In the absence of external influences, these
states of methane are in thermodynamic equilibrium. In this case, the coverage rate of
the adsorption layer by methane molecules and the pressure of the gas phase remain
unchanged. Thus, gas adsorption/desorption can be considered as one of the factors
for the generation of gas outbursts. Thus, in the theoretical work [1], gas desorption
caused by excessive stress is identified as a key factor, which is responsible for the
increase in pore pressure near the working surface, and is associated with an increase
in stress level, evolution of permeability and drainage conditions during the start of
outbursts. However, in our opinion, another important factor in the desorption of me-
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thane from the inner surface of cavities and its transition to a gaseous state is the pen-
etration of water vapor into gas-filled cracks and pores due to coal moistening.

The effect of coal moisture on the sorption properties was experimentally studied
in many works [2—7], in which were shown that coal moistening always leads to a
decrease in its sorption methane capacity. As for theoretical studies, the results of
these works are quite contradictory. For example, the traditional approach to model-
ing does not take into account the competitive adsorption between the adsorbed gas
and water in coal [3].

However, the ratio between the sorbed and gaseous components of methane in
closed small cavities of coal during its moistening can change upon water vapor
penetrating into gas-filled cracks and pores. The penetration of water vapor into
cracks and pores can occur by filtration processes through a network of small filtra-
tion channels. Such phenomena can occur, for example, when the groundwater level
rises upon flooding the mines. One of the technological solutions to reduce the influx
of methane into the production face is the purposeful wetting of the coal seam by in-
jecting water through wells drilled from the earth’s surface or from underground
workings. Water vapor penetration into closed cavities can also occur during shale
gas fracturing as a side effect. Thus, the study of the processes of methane desorption
from the inner surfaces of closed cracks and pores under the influence of water vapor
penetrating into them remains relevant.

The theoretical analysis of the effect of water vapor on methane desorption from
the surface of open cracks and pores was carried out previously by the authors of cur-
rent paper [8]. However, in practical issues, the study of the effect of water vapor on
the increase of pressure in gas phase inside the closed cracks and pores seems more
important. Therefore, in this study, the task is to find out how significant the increase
of the pressure in the gas phase in closed cavities of the coal matrix will be due to its
desorption from the inner surface of the pores and/or cracks upon the coal substance
moistening.

2. Methods

Let us consider a closed cavity inside a coal matrix containing methane and water
vapor. The further consideration we are doing as before [8] in the Langmuir approx-
imation. In this case it is assumed that the adsorption layer of methane inside the cav-
ities of the coal substance is monomolecular, and its temperature coincides with the
temperature of the coal substance and the temperature of the gas inside the cavity. For
definiteness, we assume that this temperature 7' is about 300 K. If the pressure of gas-

eous methane inside the cavity at the initial moment of time is pl( ) (MPa) and the

pressure of the water vapor is ng) , (MPa) then in the state of thermodynamic equi-
librium, the coverage rate of the adsorption layer by methane molecules is

(0)
(0) Py 1
91 =

, (dimensionless coefficient) (1)
0 0
1+P1( 1y +Pg 1
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where the expressions

fi = pirexp(uy/RT),(MPa™ );  fy = p3rexp(uy/[RT),(MPa™" ) (2)

depend on the temperature of the adsorption layer 7, (K) only. Here R,kJ/(K - mol),
is a universal gas constant; p; 7, (MPa) and p; r, (MPa) are saturated vapor pres-
sures of methane and water, respectively, at a temperature 7, (K); uy,(kJ) and
u,,(kJ ) are absolute values of the binding energies of methane and water molecules
with coal substance. As is known, the methane and water molecules are prone to ad-

sorption on the surface of a coal substance. Therefore, their binding energies (more

precisely, the difference between the energies of molecules in the adsorption layer

S

and in the gas phase u; =u; —uf ,(kJ ), i =1,2.) have a negative sign u; <0, u, <0.

Experimental magnitudes of binding energies of methane and water molecules with a
surface of the coal substance show the fulfillment of the ratio [7]

jua| > uy

. (k). 3)

The expression for the equilibrium coverage rate of the inner surface of the cavity
with water molecules has a similar form ,92( 0) (dimensionless coefficient)

(0)
9 — Py f

0) 70) . (dimensionless coefficient) (4)
L+ ph+ )

Let us consider what will happen in the process of moistening the coal seam and
penetration by filtering water vapor molecules into cracks and pores. In this case, wa-
ter molecules, penetrating into cracks and pores, change the water vapor pressure
above the adsorption layer. Thus, they violate the conditions of dynamic equilibrium
that were observed before water entered the coal seam. We emphasize that we do not
talk about moisture in a condensed state, but about that part of it that continues to re-
main in the coal in the form of water vapor.

3. Theoretical part
We assume that the partial pressure of water vapor inside the cavity has a value

pgo) , (MPa) at the initial moment of time. Let us analyze the situation when, at some
point in time, the water vapor penetrated from the outside into a closed cavity inside

the coal matrix, for example, due to filtration processes. Then, over time, the vapor
pressure inside the cavity increases, 1i.e. becomes a function of time

pa(t)=p5Y + Apy(1),(MPa).

Considering that between the binding energies of methane and vapor molecules
the relation (3) is satisfied, then the part of methane molecules from the adsorption
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layer starts to displace by water molecules into the volume of the cavity, so that the
coverage rate of the adsorption layer by methane molecules becomes less. If the cavi-
ty is closed, then due to the desorbed methane, the pressure of gaseous methane in-
side the cavity increases. Consequently, the pressure of gaseous methane inside the

cavity becomes a function of time p;(¢) = pl(O) + Apy(t), (MPa).

At low pressures, the gaseous methane in the cavity can be considered as an ideal
gas. Then a simple geometric consideration, taking into account the equation of state
of the gas Ap|V' =AGN,T, shows that the rate of change in pressure of gaseous me-

thane, due to its desorption from the inner surface of the cavity, turns out to be equal
to dp, /09 =—(T/ro,,), where am,(nmz) is the area per one adsorption center on the
surface, r is the ratio of the volume of the cavity to its surface area. In the case of a
crack, this is its gaping z, (m) and in the case of a pore, we have r=r, / 3, (m) where
rp, (m) is just its radius. Here we measure temperature 7' in energy units (kJ). It fol-

lows from physical considerations that the excess pressure of gaseous methane inside
the cavity, due to desorption, is proportional to the decrease in the coverage rate of
the adsorption layer by methane molecules

YApy (1) = 7(1?1 (t)- p” )= g9 =9 0). (5)

Here $(¢) (dimensionless coefficient) is the degree of filling the inner surface of
the cavity with adsorbed methane at the time ¢, and coefficient y in general case is

determined as yz(@p/ 8191)_1 =(ro,,/T), where O'm,(nmz) is the area per one
sorbed methane molecule. Considering a pore as a cavity, we obtain the expression
for the parameter y,= 8p/83|)_1 = (r,Om /3T). For a crack it s

Ver =(Op / 6191)_1 =(zo,,/T). We assume that the process of changing the pressure of
water vapor p,(t) in a closed cavity occurs due to the filtration of moisture from the

surrounding carbon matrix. Then it proceeds rather slowly (quasi-statically) compare
to the adsorption-desorption processes inside the cavity. In this approximation, the
change in the coverage rate of the adsorption layer by methane molecules (¢), can
be described by a function of the form (1), where it should be taken into account that
the pressures of methane p,(¢), (MPa) and water p,(t), (MPa) vapor are functions

depending on time

(1) = © (P +Ap () . (dimensionless coefficient) (6)

1+ (p” + Ap ) fi + (D57 + Apy () £

The substitution of the expressions (6) and (1) into the equality (5) gives an equa-
tion
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A (2\” + Ap (),
1+ pO %4+ 008 14 (P + ap () £+ (P + Apy (0) 15

YAp(¢) = (7)

Here, the initial partial pressures of methane and water inside the closed cavity,
must be set as pl(O), (MPa) and p§0) (MPa) respectively, and the desired pressure
here is the excess pressure of methane Ap;(¢), due to its desorption from the inner

surface of the cavity. The transformation of the equation (7) shows that we are deal-
ing with a quadratic equation of the form

a(Ap () +b(Apy(£) —c =0, )

where the coefficients of the equation are determined by the following relations:

a=y(1+ p O fi+ pO 1), (MPa?) 9)
b= fi(0+pP 1)+ 1+ pO £+ o8 1)1+ pO £+ D8V £+ fo8p (1)), (MPa) (10)

c=p O £ 5 + Ap, (1)), (11)

Solution of the quadratic equation (8) respectively to the unknown function Ap,(¢)
gives a dependence of the excess pressure of gaseous methane on time

Ap,(t) = (b/2a)- (wh +4(ac/b?) - 1), (MPa). (12)

The substitution of the found dependence Ap;(?), (MPa) into the expression (5)

allows to determine how the degree of coverage of the adsorption layer by methane
molecules & (), (dimensionless coefficient) changes depending on the inflow of wa-

ter vapor into a closed cavity Ap,(#). This dependence is of particular interest in the
case of small cavities.

4. Results and discussion
The explicit temporary dependence of the quantity Ap;(¢), (MPa) described by

the expression (12) should be found to study the evolution of excess pressure of me-
thane in the gaseous phase inside the cavity of the coal substance in the form of
cracks and pores, due to the penetration of the water vapor into them. This involves
finding the numerical values of the coefficients a, b, c¢. For this, the numerical values

of parameters y .7, pl(O), pgo), f1, />, and the time dependence of the water vapor
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pressure Ap,(t) (MPa) in the closed cavity should be known. It follows from physi-
cal considerations that the pressure of water vapor p,(t), (MPa) inside a closed cavi-
ty changes over some characteristic time 7 ¢, (s) from a certain minimum initial value

pgo), (MPa) to a maximum value p; 7, (MPa) equal to the pressure of saturated wa-

ter vapor corresponding to temperature 7, (K). For the simplicity, in a coal seam with
an extremely low moisture content, it can be assumed that at the initial moment of

time there is no partial pressure of water vapor inside the cavity, i.e. p§0) =0, or
Dpr(t)=Ap,(t),(MPa). We extrapolate this function by an expression of the follow-
ing form:

Apz(t) :pz,T thét, (MPCZ) (13)

Here we suppose that 6 = r}l =0.001s™! is an inverse characteristic time 7 ()

of the penetration of water vapor into closed cracks and pores containing the ad-
sorbed methane on their inner surface. Assuming the temperature 7' = 300 K inside
the cavity the pressure of saturated water vapor p> 1t = 3.57 kPa in this case, according
to [9]. A graph of the dependence (13) showing that the state of saturation of water
vapor inside the closed cavity is reached is shown in Fig. 1.
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Figure 1 — Time dependence of the partial pressure of water vapor in closed cracks and pores (in
MPa) according to the expression (13). The abscissa axis is the time in seconds

Let us consider the simple case of the absence of water vapor inside the cavity at
the initial moment of time pgo) =0. Then coefficients a, b, c. in the equation (12)
become easier an take the form

a=y fil+ pO f), (MPa?); (14)
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b=fi+y1+pO 00+ V% + fHrAp2 (1)), (MPa™); (15)

¢ =1 pl(O)Apz (7). (dimensionless coefficient) (16)

If the coal seam is gas-saturated, then the pressure of methane pl(o) inside cracks

and pores can be assumed to be equal to 1 MPa.

First of all, characteristic value of the saturated vapor pressure of methane pir
corresponding to the temperature 7 should be found. It follows from [10] that for the
temperature  7=300K  the  saturation  pressure for  methane is
pi.t = 30 MPa = 3-107 Pa. Besides, the binding energies of methane and water mole-
cules with a carbon matrix should be found. Experiments show that binding energy of
methane molecules with coal is u; =—13.5 kJ/mol [10, 11] and the binding energy of
water molecules with coal substance is u> =—19.0 kJ/mol [12]. Let the adsorption of
water vapor occurs at a temperature 7=300K. Then we have a value
RT=2.5 kJ/mol for this temperature, where R is a universal gas constant. According
to this we find u1/RT = 5.4 and u2/RT = 7.6. Now we can use expressions (2) to calcu-

late parameters f; and f, that become equal to f,=7.4- 10°°mPa!,
f>»=0.56MPa"".

At first we consider pores of various spatial scales as a cavity in a coal. To esti-
mate the numerical value of the parameter y,, (MPa_l) in the case of a pore, we use
the expression y,, :(8p/ 0N =(ro, /3kpT), where ks (kJ/K) is a Boltzman con-
stant, 7, (m) 1s a radius of a pore. The data obtained for the pores are presented below
in Table. 1.

Table 1

Ip,m 10° | 310 | 2.10° | 10°°
o MPa™ | 16.107% | 481075 | 32-107° | 1.6-107

For a cavity in the form of a crack, we have y .. =(Jp / 69)_1 =(zo,,/kgT),where
z, (m) 1s a gaping crack. The data obtained for cracks are presented below in Table. 2.

Table 2
Z m 1073 03-10° | 02.10° | 0.1-107°°

YersMPa™' | 481072 | 1.44-107 | 9.6-107° | 4.8-107°

At the same time, it should be accounted that the area per one sorption molecule
of methane is equal to o, =0.2 nm? [13]. Using the found values of the parameters,
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we will find the coefficients @,b, ¢. Substitution of these parameters in expressions

(14) — (16), gives the next values of the coefficients mentioned above through the pa-
rameter y:

d~62-107y, MPa2; (17)
b ~7.4-107° +70.56 - (1+238th(0.001¢ )y, MPa™"; (18)
¢ ~1.48-th(0.001r), (dimensionless coefficient). (19)

By substituting these values of coefficients into the equation (12), we find the de-
sired dependence of excess pressure inside macropores and macrocracks as a function
of time Ap,(¢),(MPa).

Apy(t)~0.57(1+238th(0.001¢ )) x

x (\/1 +7.4:10741h(0.001¢) y(1+ 2381h(0.0011))* ~ 1) -

Using dependence (20), it is possible to analyze the time evolution of the excess
pressure of methane Ap,(?),, (MPa) in the cavities of the coal substance as a result of

their saturation with water vapor. The time dependence of the excess pressure in a
macropore of radius 10~ m is shown in Fig. 2.
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Figure 2 —Evolution of the excess pressure of gaseous methane (in MPa) in macropores of radius
r=10"m due to its desorption from the inner surface of the pore after coal moistening. The initial

pressure of methane is 1 MPa. The abscissa axis is the time in seconds

As can be seen, due to the desorption of methane from the inner surface of a
closed pore, the pressure of gaseous methane in it reaches saturation in just 5 minutes
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and increases insignificantly from 1 MPa to only 1.000055 MPa. Moreover, accord-
ing to the Fig. 1, this happens long before the partial pressure of water vapor reaches
saturation, namely at the pressure of water vapor about p, ~1kPa. So, in the Lang-
muir approximation (i.e., a single-layer adsorption layer), the excess pressure of gas-
eous methane in macropores turns out to be negligible due to its desorption from the
inner surface. Taking into account the fact that in a real situation the covering of the
adsorption layer may become a multilayer, this excess pressure will be several times
higher.

Now we consider what is observed when the water vapor enters the micropore,
1.e. into micron-sized pores, when the pore radius is of the order of 10"%m. In this

case, by substituting expressions (17) — (19) into (12), we obtain

Apy(t)=(0.06/y +0.57 - (1+238th(0.001¢ ))) x

,MPa (21
Al 3.67y th(0.001¢) | a (21

-
[7.4 107 +70.56 (1 + 238th(0.001 ))]

The dependence of the excess pressure in micropores as a function of time is
shown in Fig. 3.
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Figure 3 — Evolution of the excess pressure of gaseous methane (in MPa) in micropores due to its
desorption from the inner surface of the pore. Curves 1-3 correspond to the pore radii

3.10%m; 2:10°m; 10°m respectively. The initial pressure of methane is 1 MPa

As can be seen from this figure, the relative change in the gaseous component in-
side such micropores is more significant. Expression (21) can describe the evolution
of the excess pressure in the case of microcracks, using the corresponding values y,.,.

from Table. 2.
Analysis of the observed phenomena in micropores shows that the relatively

change of the gaseous component of methane Ap; / pl( 0) (dimensionless coefficient)
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inside micropores of the radii 3- 107%m; 2-107%m; 10 °m becomes more perceptible
and is 5%; 10%;39% respectively (Fig. 3).

The time dependence of the excess pressure in cracks is calculated similarly.
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Figure 4 — Evolution of the excess pressure of gaseous methane (in MPa) in a macrocrack with a
gap of 10 m due to desorption from the inner surface of the crack after coal moistening. The initial
pressure of methane is 1 MPa

The time evolution of the excess pressure of methane Ap,(¢), (MPa) in a crack

with a gap 107> m after coal moistening upon the initial value of pressure in gaseous
methane in 1 MPa is presented in Fig. 4.
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Figure 5 — Evolution of the excess pressure of gaseous methane (in MPa) in microcracks with gaps
0.3:-10%m; 0.2:107%m; 0.1-10°m respectively, due to its desorption from the inner surface of
cracks. The initial pressure of methane is 1 MPa

As can be seen, due to the desorption of methane from the inner surface of a
closed crack, the pressure of gaseous methane in it increases insignificantly from
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1 MPa to only 1.0000182 MPa. Thus, in the Langmuir approximation (i.e. a single-
layer adsorption layer), the excess pressure of gaseous methane in macrocracks due to
its desorption from the inner surface turns out to be negligible. Taking into account
that in a real situation the coating of the adsorption layer may turn out to be multi-
layer, this excess pressure is many times greater.

Then, the increase in an excess pressure of methane in microcracks due to its de-
sorption from the inner surface of the crack was analyzed.

The time dependence of the excess pressure in microcracks is calculated similarly.
The numerical values of the parameter y, ,(MPa') for microcracks with gaps

0.3-10%m; 0.2:10™%m; 0.1-10 %m are presented in Table 2. The analysis of the ob-
served phenomena in microcracks shows that the relative change in the gaseous com-
ponent of methane Ap, / pl(o) (dimensionless coefficient) inside the microcracks with

gaps 0.3-107%m; 0.2:10™°m; 0.1:10 °m turns out to be already more noticeable and
amounts to 50%; 110% and 430% respectively, (Fig. 5). It will be significant mainly
for microcracks with gaps of the order of tenths of microns.

5. Conclusions

Our study shows that moistening of coal causes the methane desorption from the
inner surface of gas-filled cracks and pores, which leads to an increase in the pressure
of gaseous methane in them. Evolution curves show that the increase of pressure oc-
curs much faster for macropores and macrocracks than for microcracks and mi-
cropores. However, for pores and cracks of the macroscopic scale this phenomenon
does not lead to the significant change in pressure of the gaseous component inside
the cavity. A noticeable effect is manifested only in gas-saturated micron-sized pores
or in gas-saturated microcracks with gaps of the order of tenths of a micron. If this
phenomenon is not dangerous for pores, then it can be critical for cracks, causing mi-
crocracks to increase in size, especially when they are located near macroscopic cavi-
ties.
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BUTICHEHHA AQCOPEOBAHOIO METAHY BOASAHOIO MAPOIO B 3AMKHYTIN MOPOXHMUHI
BYrIbHO-NMOPOOHUX MNACTIB
CmegbaHosuu J1.1., ®enbomar E.T1., Masyp O.FO.

AHHOTaUifl. Y ra3oHacM4YeHOMY BYriflbHOMY MacuBi 3aKpuTi TPILLMHM Ta MOPM KPiM BifTbHOrO MeTaHy MICTSATb METaH,
KW NOB’SA3aHMIA 3 aACOPOLIHAMM LIeHTPaMU Ha iX BHYTPILLHIX NOBEPXHSX. Bigomo, Lo BHACILOK NOTPansHHS BOMOMM
y BUIMAAi BOASHOI Napy BCepeanHy LUMX NOPOXHWH aacopboBaHMin MeTaH Mae TEHAEHLil0 40 nepexody Moro 3 agcopb-
LiHoro Wwapy 4o rasonogibHoi dasn. MeTa uiei poboTn — 3'acyBaTh HACKINbKKM iICTOTHUM Oyae MigBULLEHHS TUCKY raso-
noaibHOro MeTaHy B 3aMKHEHWX MOPOXHUHAX BYifIbHOI MATPULi 3@ paxyHOK Moro aecopbuii 3 BHYTPILLHLOI NOBEPXHI nop
i/abo TpilmH B pesynbTaTi NOTPANSHHS B HUX BOMOMM Y BUIMSAI BOASHOI Napu. 3agaya BUpILLYETLCS B MPUNYLLEHHI, WO
NiABMLLEHHS NapLjianbHOro TUCKY BOASHOI Mapu BCepeawHi TpiwmH i nop BiaOyBaeTbcs B pesynbTaTi inbTpaLitHinx
sBuLL, TOBTO AOBONI MOBINBHO MOPIBHAHO 3 aAcop6bLiHO-gecopbUiHMK NpoLecamy, L0 BigbyBaKOTbCS Ha BHYTPILLHIX
MOBEPXHSAX MOPOXHWH BYFiIbHOT PEYOBUHM.

Mpu po3paxyHKy HaZMLWKOBOrO napuianbHOro TUCKY MEeTaHy, LLO BUHUK Y pesynbTaTi BUTICHEHHS 1MOro 3 agcopb-
LiiHOrO LUapy MOMNeKynamu BOAM, ANs CTYMeHiB NOKPUTTIB agcopOLUiiHOrO Lwapy MOneKynamMu MeTaHy i BOAY BUKOPUCTa-
HO HabnuxeHHs NleHrMmiopa, T06TO HabnxeHHs ogHoLapoBoi agcopbuii. MokadaHo, Wo y pasi NoOpoXHEY MakpOCKOMiy-
Horo poamipy nopsaky 10-3m i 6inbLue ue sBuLe € He3HayHUM. OfHaK 4Nns ra30HanoBHEHUX 3aKPUTUX MOPOXHUH PO3Mi-
POM NOPSIAKY MIKPOMETPIB | MEHLLE i 3 NOYATKOBUM TUCKOM rasonogibHoro metaHy nopsiaky 1 MPa BigHOCHUIA HaguLw-
KOBWI TUCK ra3onogibHoOro MetaHy B pesynbTarti oro gecopbuji 3 BHYTPILLHbOI NOBEPXHI 3aKPUTWX TPILLMH i Nip MOXe
CTaHOBUTU OECATKM BiOCOTKIB.

HaykoBa HOBW3Ha po6OTK nonsirae B TOMY, L0 pO3paxyHKM, NMOB'S3aHi 3 NOSBOK HAAMMLLKOBOrO TUCKY MeTaHy B
3aKPUTUX TPILLMHAX i Nopax B pe3ynbTarti Moro BUTICHEHHS BOASHUMM NapamMit 3 BHYTPILUHBOT MOBEPXHi 3aKPUTUX NMOPOX-
HWH BYTINbHOT MATPWL}i, HACKiNbKW BiZOMO aBTOpaM, paHilue He nposogunucs. MigBuLLEHHS TUCKY ra3onogibHoro MeTaHy
BCEPEaWHI 3aKpUTUX NOPOXHUH MOXEe MPWU3BECTW [0 3POCTaHHS iX PO3Mipy, 0COBNMBO Lie BiAHOCUTLCA 4O TPILLWH, AKi
pO3TaLLoBaHi NobnM3y NOPOXHEY MaKpPOCKOMIYHOMO PO3Mipy.

KnrtoyoBi cnoBa: rasoHanoBHeHi TPILWMHW i NOpYW, HAANMLLKOBUIA ra3onogdibHuit MeTaH, fecopbuis, BHYTPILHS no-
BEPXHS NOPOXHUH, BOASHA napa.
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