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FILTRATION OF DYNAMICALLY ADSORBED GAS IN A BIDISPERSE POROUS LAYER
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Abstract. Among the problems related to filtration and mass transfer in porous bodies, the problems of the
adsorption-desorption are currently of the greatest interest. This is due to a wide range of problems: the safety of mining
and coal developments, the extraction of combustible gases, the storage of greenhouse gases in formations. At the
same time, in theoretical terms, issues related to the multi-scale nature of fractured-porous media, in particular, mining
and coal seams, are gaining wide popularity.

This paper considers the problem of filtration flow during gas injection into a porous formation, taking into account
gas adsorption both on the surface of channels in macropores and during volumetric sedimentation in micropores. In the
paper, it is assumed that the entire pore space of a coal seam, according to the results of recent studies, can be divided
into two parts of mutually connected areas that differ from each other in their characteristic sizes of pore channels and,
accordingly, with a large difference in permeability. The main attention is paid to the filtration features of the process of
adsorbed gas flow in the reservoir. The developed model is based on the theory of inertialess gas motion, i.e. using the
Darcy equation written in each zone separately. It is assumed according to the literature that the adsorption process
obeys the Langmuir-type equation. The problem considers two stages of the process: gas injection into the reservoir and
the process of filtration pressure establishment during reservoir blockage. Pressure changes in two different channel
systems are shown depending on the intensity of gas flow from one pore branch of the system to another. With intensive
overflows, pressure differences between the areas are insignificant. With weak overflows, the differences are large,
which should lead to large internal stresses. The calculations performed qualitatively show the dynamics of the
adsorption process during gas movement in the reservoir. It follows from the calculations that it largely depends on the
structure of the pore space. With intensive overflows, the adsorption process practically follows the change in pressure in
the entire pore space. For weak flows, the resulting large pressure differences between the two regions affect the
adsorption process.

Keywords: porous medium, gas, diffusion, mass transfer, filtration, adsorption, microporous channels.

1. Introduction

Almost all rocks and coal seams are fractured-porous media with at least two
conventional characteristic sizes of porous channels [1, 2]. In this regard, at present,
when considering filtration problems with mass exchange processes in porous and
fractured-porous media, the representation of the pore space of the medium in the
form of bidisperse structures has become widely popular. The relevance of such
problems is associated with the problems of oil production, natural gas production,
carbon dioxide storage, and the retention of greenhouse gases in soils [3—6]. The
number of publications considering theoretical formulations of problems and
experimental results is growing. One of the interesting areas here is the consideration
of mass transfer taking into account adsorption [5, 7] or desorption. It is believed that
gas 1s adsorbed both on the internal surfaces of porous media in relatively wide
channels or cracks, and in micropores, which, according to the theory of volumetric
filling [8], are completely filled with it.

In this article, which is a continuation and clarification of the work [9], we will
assume that the pore structure consists of two types of channels that differ
significantly from each other in their characteristic diameters, as well as
permeabilities. For example, according to measurements [1], these can be radii Ry, =

20-10° m and Rp, = 107 m, and accordingly with [10], the gas permeability
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coefficients can be 10" m? and 10" m? Microporous structures that are

volumetrically filled with adsorbed gas are adjacent to these channels. As a result, we
will assume that gas is filtered through these channels, which is adsorbed both on the
surface of the channels and in the volumes of the micropores.

Unlike works [5, 7], which consider the diffusion movement of gas in micropores,
we will assume that adsorption, according to [8], is subject to both the theory of
surface deposition and the theory of volume filling, i.e. we will use the known
dependencies of the adsorption theory. This formulation is associated with the
dynamic stage of adsorption [11], when as a result of mass exchange processes in the
pore channels a quasi-equilibrium state is established. The time for establishing such
equilibrium is comparatively short. The subsequent process is associated with the
diffusion movement of the adsorbate in very narrow pores, but the time of this stage
of the process can significantly exceed the time of the dynamic stage.

Thus, the structure of the region associated with the dynamic stage of adsorption
that we have adopted consists of three zones. The first two zones belong to a two-
pore conjugated system with different, very different filtration characteristics, in
which the gas is filtered, and the third is a micropore zone adjacent to both the first
and the second. In the micropore zone, volume adsorption occurs with a known
pattern. Such a division allows us to differentiate the pore space in more detail and,
accordingly, better determine its characteristics and the influence of these areas on the
entire process as a whole.

2. Theoretical part

We will assume that the pore space of the formation through which the gas is
filtered consists of channels of two types with diameters that differ greatly from each
other. At the same time, due to the low velocities, Darcy's law is realized in both
zones, 1.€.

Uy =——>—" J=1,2, (1)

where u is the filtration velocity, m/s; p is the pressure, Pa; K is the gas permeability,
m?; u is the dynamic viscosity coefficient, Pa-s; index J refers to a particular zone.
The equations of mass conservation in these two zones will have the form

a(<9PJPJ) n 8(‘9PJ/OJ”J)
Ot ox

=847 T 8pJ, 2

where ¢ is time, s; x is the coordinate, m; €p, is the porosity associated with the
channels; p is the gas density, kg/m’; g, is the flow rate associated with gas
adsorption, kg/(s'm?); g» is the flow rate associated with gas flows from one porous
structure to another, kg/(s'm?).
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Let us further assume that the formation is at a constant temperature 7 (for
example, 293 K), and the injected pressure is relatively small, for example, p = 50 Pa,
then its follows from the gas equation of state that

_Ps

= . 3
PJ RT 3)

The flow rate for internal flows (in this case from the first to the second) is
defined as

1
gp1=—8p2 255(101 + Pz)(Pz —Pl), 4)

where S are the coefficients characterizing the flow rate per unit length, s m/kg. We
will represent the adsorption component g, for each of the regions as the sum of two

values g,;, = g4p; T 4y E4py 18 associated with adsorption on the surface of the
channels, and g, is associated with the volume adsorption in the micropores.

We will also assume that in addition to the porosity ¢p;, there is porosity
associated with the microporous structure, i.e. €, which characterizes the volume of

the micropores.
Thus, the values ¢p; participate in both the filtration flow and the adsorption

process, and &, - only in the adsorption process. According to [8], we will represent
the surface adsorption in the form of the Langmuir dependence

ves(Ps/Pa)
a =A , (5)
A ey ps(py pa))
and volumetric - with the same expression
vy (PJ / Pa)
a =A , (6)
A iy (g pa)]

where y,;, 7, are the values characterizing the adsorption rate, and 4., and A, are the
values indicating its maximum.

In [8], it is noted that, despite the more complex process of adsorption filling of
micropores (the Dubinin-Radushkevich theory), the formal mathematical law (6) can
be considered as a rough approximation, since the adsorption isotherm in micropores
is close to the first type (Langmuir) according to the Brunauer classification. An
important difference between the values of 4,,and 4, is that A,; depends on the size
of the surface onto which the gas is deposited, and 4,, depends on the volume of
micropores, so they can be roughly represented as: Ap,=p, paepRv/Rp)), Ayy =
pPupPey, where R. is a certain characteristic radius, p ,, 1s the conditional density of
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the adsorbed gas. Considering that gupy =-0a 4p; /ot,
gy = -Oayy; /0t, combining the expressions written out, we can write the main
equations as:

{1+ RT {Am Yp1 o+ dy, 44 2}}501 N
D AEPI (1+yp1p 401) (I+yy1pg00) |) O

N 52(012): paloy +62)TMS(

OHy — O
2 2 1)
¢ 2ep1 , ™
{1+ RT {Apz Yp2 oty Yv2 . }} 0oy
Paép2 (1+7p2p402) (I+yy2pa00) ) OF
2(_ 2
Ko (Ug ): _paloy +02)TMS(02 _o))
fioog 2er , ®)
2 : :
where o, =py/py; t=tTy, (=x/h, T), =2 o HT time scale, 4 — layer width, m.
1P 4

The boundary conditions for equations (7) and (8) are the relations:
when pumping a layer (0 <7 <7,)

at (=0 o,=0,=50,
9)

atl=1 o, =0,=1;

when the layer is blockage (7 > 7,)

(@j :[5&} :(%j :(@j o (10)
0¢ Jezo \ 08 Jpog \OS Jpoy \OC Jroy

3. Results and discussion
In the calculations, it was assumed that: 5, €/, = 0.01; €p, = €}, = 0.05; R« = Rp,,

y=10°h=1m, T=293 K, T,,= 3920, p,p = 3000 kg/m>. We will show the results

of two calculation options for § = 2-10® and S = 2-10”. Figures 1 and 2 demonstrate
changes in the calculation parameters for the first option, and Figures 3 and 4 — for
the second.

In Figure 1, curves 1-3 refer to the first stage of the process (layer pumping), and
the following curves 4—6 refer to the second (layer blockage). We interrupt the first
stage, which should end with the establishment of a flow in the channel with
crossflows (in our case, it is close to establishment), at = 0.1. The second stage ends
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with the establishment of an average pressure along the formation (curve 6
approximately corresponds to this).

6
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Figure 1 — Changes in relative pressure in the first region. S=2-10%, T,,=3920 s
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Figure 2 — Changes in relative pressure in the second region. S =2:10"%, T, = 3920 s

It follows from Figure 2 that the pressure, with some delay (this delay is clearly
visible on curves 1 and 2), follows the pressure in the first region. Curve 4 in Figure 2
practically coincides with curve 3 in Figure 1. The following curves 57 clearly show
the establishment of the average pressure in the formation. The adsorption values (not
shown here) qualitatively coincide with Figure 2.

Let us show the results of the second variant, when S = 2:10°. The curves in
Figure 3 in the first stage are similar to the curves of the same stage in Figure 1, but
they differ in the second stage of the process. At the same time, the average level here
i1s somewhat lower, due to the fact that the adsorbed mass of gas during the time ¢ =
T,,7* turned out to be lower here, which is natural. According to the curves in region
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2 in Figure 4, it is noticeable that the delay from the first region is stronger. This is
due, first of all, to the lower value of S in contrast to the first variant.
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Figure 3 — Changes in relative pressure in the first region. S=2 10?, T,,= 3920 s
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Figure 4 — Changes in relative pressure in the second region. S =2-107, T,,= 3920 s

In this case, the final curve 9 in Figure 4, corresponded in time to the final curve 7
in Figure 3, is close to it, but there is still a difference, i.e. it is somewhat lower and
more heterogeneous.

Figure 5 shows the obtained adsorption values for the second variant. It is evident
from the figure that adsorption follows the pressure changes in the second region with
a small delay. The volume adsorption in the second region is close in nature to the
curves of Figure 5 (it is not shown in the figure), but due to the selected coefficients,
it is significantly smaller in value, shown by ap,. The process of gradual filling of the

pore space with the adsorbed mass is also clearly visible, which serves as a
clarification of the process picture presented in [11]. Thus, the filtration dynamics of
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the adsorbed gas largely depends on the flow system, i.e. on the value of S. This is
physically justified, since this value determines the hydrodynamic interaction of two
zones of the pore system.
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Figure 5 — Surface adsorption in the second region of aap2. S =2-107, T,,= 3920 s

4. Conclusions

The calculations performed qualitatively show the dynamics of the adsorption
process. It follows from the calculations that it largely depends on the structure of the
pore space (in our case, to which zone the adsorption capacity belongs). The
characterizing adsorption coefficients themselves undoubtedly play an important role
in the dynamics and at certain process times can significantly affect the final result.
The further picture of the process is associated with the diffusion restructuring of the
adsorbed gas mass, but this process has a different time scale.
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®INbTPALIA AMHAMIYHO AQCOPEYIOYOIO rA3y Y bIAUCNEPCHOMY MOPUCTOMY LLAPI
Enicees B., JlyueHko B., bepkym B.

AHorauis. Cepeq 3aBaaHb, NOB'A3aHMX 3 (inbTpaLlieto Ta MacoobMIHOM Y MOPUCTVX Tinax HanWbinbLLOro iHTepecy
HWHI HabyBatloTb 3aBAaHHs aacopbuinHo-gecopbuinHoro Hanpsmy. Lle nos'asaHo 3 LWMpOKMM CMEKTpoM npobnem:
0e3neKor ripHUYMX Ta BYriNbHUX PO3POOOK, BMAOOYTKOM roprouMx rasie, 306epiraHHsIM NapHUKOBMX rasiB y nnacrax.
Pasom 3 TUM y TEOpPeTWYHOMY NnaHi HabyBatoTb LIMPOKOI MOMYMSAPHOCTI MUTAHHSA, MOB'A3aHi 3 piHOMacLITabHICTIO
TPILLMHYBATO-NOPUCTUX CEPELOBULL, 30KPEMA, MPCbKWX Ta BYTiNbHUX NNacTiB.

Y Uih poboTi po3rnaaaeTbCs 3aBAaHHA NPO (iNbTpaLiiHy Tevitd Npu 3aKauvyBaHHI rasy B MOPUCTUIA MnacT 3
ypaxyBaHHAM agcopbuii rasy, Sk Ha NOBEPXHi kaHaniB y Makponopax, TaK i npu 06'eMHOMY OCageHHi y Mikpornopax. Y
poboTi NPUAMAETLCS, LLO BECH MOPOBUIA NPOCTIP BYTNbHOMO NMAacTa, 3riAHO 3 peaynbTaTamit OCTaHHIX AOCTIIKEHb, MOXE
OyTn nogineHo Ha ABi YaCTUHM B3AEMHO MOB'A3aHMX 06nacTei, Lo Bipi3HSOTLCA O4HA Bid O4HOI CBOIMM XapaKTepHUMM
po3MipaMu MOPOBMX KaHanis i, BiANOBIOHO, 3 BENWKOK BiAMIHHICTIO MpoHWMKHOCTEH. OCHOBHA yBara NpuUAINseTbes
dinbTpayiHM  0cobnMBOCTSM Npouecy Teuii rasy, o agcopbyeTbcs B nnacti. Y OCHOBY po3pobneHoi mogeni
nokrnageHo Teopio GesiHepLiiHoro pyxy rasy, To6TO, 3 BUKOPUCTAHHAM PIBHAHHS [lapci, 3anncaHoro y KOXHii 30Hi
okpemo. lNepenbayaeTbes, Wo agcopbuiHuii NpoLeC NiBNOPSAKOBYETLCS, 3MiAHO 3 NITEPATYPHUMU AaHUMM, PIBHSIHHIO
NEHrMIopiBCbKOro TUMy. Y 3agadi po3rnsHyTO ABi CTafdil NpoLecy: 3akavyBaHHS rasdy B miacT i NpoLec BCTAHOBMIEHHS
(hinbTpaLiitHoro TUCKY Npu 3akynopui nnacta. NokasaHo 3MiHU TUCKY Y OBOX Pi3HWUX KaHambHWUX CUCTEMAX 3anexHO Bif
iHTEHCMBHOCTI NepeTikaHHA rasy 3 OfHiel NOPOBOI TifIKM CUCTEMM A0 iHWOI. [pK IHTEHCMBHUX NEpPETIKaHHSX nepenaau
TUCKY MixX obractamu HesHauHi. Mpu cnabkux nepeTikaHHsX, Nepenagy BEWKi, WO MOBUHHO MPWU3BOAWTW HO BEMMKMX
BHYTPILUHIX Hanpyr. MpoBefeHi po3paxyHkn SKICHO NokasyloTb AuHaMiky agcopbuiiHoro npouecy nig yYac pyxy rasy B
nnacTi. 3 po3paxyHKiB BWMMMBAE, L0 BOHA BENMKOK MIpOK 3anexuTb Big CTPYKTypW noposoro npoctopy. [pu
IHTEHCMBHMX NepeTikaHHAX npouec aacopbuii NpakTMYHO crigye 3MiHi TUCKY Y BCbOMY NOPOBOMY NpocTopi. [ns cnabkux
NepeToKiB BENWKI Nepenaan TUCKY, WO BUHUKAOTb Mix ABOMa 00nacTsiMu, No3HavatTbes Ha npoueci agcopouii.

KntoyoBi cnoBa: nopucte cepefoBuLLe, ra3, audyasis, MacoobMmiH, GinbTpauis, agcopbuis, MiKponopucTi kaHanu.
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