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Abstract. The development of modern technologies in the field of mining operations related to oil and natural gas
production, greenhouse gas storage, and mining safety leads to the need to solve a wide range of problems related to
filtration and gas exchange in rock formations that are porous media. In many of these problems, it is essential to con-
sider the dynamics of individual components of gas mixtures. This paper considers a number of model problems on the
filtration flow of a mixture of two gases. For simplicity, it was assumed that the gases are practically no different, except
for their adsorption-desorption properties, expressed in the adsorption rate and the adsorbent capacity with respect to
these gases. All other physical and chemical parameters of the gases are the same. Such physical simplification is im-
portant for emphasizing and highlighting the manifestation of adsorption effects in gas mixtures. The research presented
herein is founded on the equations that describe the conservation of a designated component, factoring in diffusion
movement, the Darcy relationship, and the extended Langmuir adsorption equation, which considers the competitive
interactions of gas components during adsorption.The stage of dynamic adsorption is considered, i.e. such a character-
istic part of the process, when the filtration flow and adsorption phenomena are mutually dependent and, accordingly,
have a significant effect on each other. Some examples of filtration flows that may be of interest in the practical aspect,
and where each component of the mixture is important, are considered. Through a one-dimensional approach, equations
for molar concentrations are derived, and the boundary conditions for the three model scenarios are discussed. The
solution is computed numerically via an explicit scheme. The study includes graphs depicting the changes in molar con-
centrations of the components along the reservoir's length for different moments of time. The results demonstrate that
both the adsorption rate and the adsorbent's capacity for specific gas mixture components have a substantial impact on
the dynamic characteristics of the process. An assessment of the calculation's accuracy is included. The findings reveal
not only the kinetic behavior of the gas mixture but also that of each component individually, which is important for un-
derstanding gas exchange processes.
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1. Introduction

The principles governing the flow of gases and liquids during filtration have been
extensively advanced through hydrogeological research and innovations in oil and
gas extraction technologies [1]. The laws of motion are based on the equations of
conservation of mass and an expression that takes into account the resistance of the
medium to the moving mass. Typically, due to the low filtration velocities, the Darcy
equation is used. In numerous cases, a gas mixture can be considered as a homogene-
ous mass with averaged physical parameters. However, in conditions where phase
transitions or chemical transformations occur, as well as the impact of microorgan-
isms on gas exchange, there is a need for a more detailed examination of the flow and
consideration of the characteristics of each component constituting the gas mixture.

One of such areas that has received great impetus at present is the study of filtra-
tion flows taking into account adsorption-desorption phenomena. The relevance of
such problems arises during gas exchange processes in soils, but the greatest interest
is presented by problems related to the extraction of natural gases from coal seams
and the storage of greenhouse gases. Significant focus in the academic literature is
directed towards gases such as CO,, CHa, N3, and H,O, which play roles in various
technological processes or are found in natural seams. A characteristic of these gases
is their ability to be adsorbed within coal seams, with H,O also undergoing condensa-
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tion. Due to the interaction of these gases with each other and with the surfaces of the
adsorbent, a complex flow pattern arises, which must take into account the dynamics
of adsorption or desorption of each component.

The theory governing the adsorption-desorption processes in a multicomponent
gas environment relies on the extended Langmuir equation, which is based on the dy-
namic local equilibrium of the adsorption process [6]:
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where o, is adsorption, kg/m?; p, is the partial pressure of the J-th component, Pa;
P, 1s the atmospheric pressure, Pa; y, are the coefficients characterizing the rate of
the process; 4, is the value characterizing the capacity of the adsorbent for a given
component, kg/m?>.

Equation (1) describes adsorption on the surface, but, as noted in [7], can effec-
tively describe both surface adsorption and the filling of micropores despite their dis-
tinct physical characteristics, given that the coefficients are selected correctly.

A similar adsorption law for the specified gases is corroborated by various re-
search works, including [8, 9], and the experimental results from [10, 11] enable the
application of the determined coefficients as approximations. It is clear from equation
(1) that the process of adsorption is primarily influenced by the partial pressures of
the gases present in a specific location. Consequently, changes in the gas mixture's
composition and its delivery to the porous medium can significantly impact the out-
come of the process. As a result, a range of challenges emerges related to the substi-
tution or exchange of one gas for another, which is presently a focus of considerable
research.

The purpose of this article is to develop a mathematical model that describes the
filtration dynamics of a bicomponent gas mixture, considering the adsorption and de-
sorption characteristics of each component, and to analyze how key parameters affect
the behavior of these components.

2. Methods

We will assume that the temperature and pressure in the formation are such that
the gas components of the mixture have only adsorption properties (the presence of
water vapor, due to additional physical effects associated with phase transitions, re-
quires separate consideration). Then the mass conservation equation for the J-th gas
component will have the form

Aepcy)  Olepucy) dlepve;) _ o o), 0 oy
w T o T o o PDgr . +8y PDEgr +g,(2)



88 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2024. Ne 171

where ¢ is time, s; x, y are coordinate axes, m; u, v are filtration velocity, m/s; € is po-
rosity; p is gas density, kg/m?; ¢ is mass concentration of the J-th component; Dy is
effective diffusion coefficient of the J-th component, m*/s; g is mass influx or out-
flow of the component under consideration associated with the adsorption process,
kg/(m3s).

The filtration velocity of the mixture will be determined from the Darcy equation

[1]

u= —Egradp , (3)
u

N
where K is the permeability, m?; p is the pressure, Pa; 1 = Zc Ty, Pars; u, — coef-
1
ficient of dynamic viscosity of the /-th component, Pa-s. For a homogeneous gas or
mixture with a constant composition and at a constant temperature 7, equations (2),
when added together over J, become the well-known equation for pressure

= 4
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where R is the universal gas constant, J/(mol K); T is the temperature, K.
In our case, for simplicity, we will consider a binary mixture, then from equations
(2) we can move on to a system for molar concentrations, taking into account that

py =nyRT, (5)

where n, is the molar concentration of the J-th component, mol/m?.

As a first approximation, we consider the one-dimensional case. After transfor-
mations for a binary gas mixture, we can write
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Scb = Scb, - Scby — Zn_z(RT/pA )4 (7/17/2 )2 A Aynyn, , m — molar mass, kg/mol.

From equations (6), (7) it is evident that the formal replacement of one index by
another does not change the equations. The effective diffusion coefficient D, in

equations (6), (7), according to [12] is defined as Dgr=eD/f, where f is the tortuosity
coefficient. The tortuosity coefficient is an adjustable coefficient associated with the
internal structure of the pore space. In [12] a number of formulas are given, which
can differ significantly from each other. In [13] this coefficient is given in the form

B=c+151-¢). (8)

As for the diffusion coefficient D, formulas for its calculation in binary gas sys-
tems are given in [14]. In our case, we will represent this value in the form

(/1,2

D=D ,
" (p/r4)

)

where D, is taken to be equal to 10° m?/s; T}, is the initial temperature, K. It is im-

portant to emphasize the dependence of this coefficient on temperature and pressure.
In order to more clearly show the influence of adsorption or desorption, we will as-
sume that the two components of the mixture are no different from each other except
for the adsorption-desorption characteristics, i.e. we will consider gases with different
values of 4, and y,, and all other physical and chemical parameters are the same. The

presence of two gas components leads to an interesting variety of physical problems.
In this paper, we will consider three problems that have important practical appli-
cations. The first problem is related to the injection of a binary mixture into a seam.
Due to different adsorption-desorption parameters, the constituent components will
move differently in a porous body. The second practically important problem arises
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when one gas is displaced by another. For example, CO, gas is currently used for its
burial and for displacing CH,4 from oil-bearing strata [9, 15]. Here, adsorption param-
eters can also play a significant role in the process. The third problem is of interest
when the blown-through layer is almost instantly sealed on both sides, then some
mass of gas remains in it, the components of which are somehow distributed over the
volume of the pore space. Let us now show the results of calculations of the indicated
problems for a one-dimensional case. We will carry out a numerical solution of the
problem using dimensionless parameters 7 = #/T,, (T,, = u-L*(K'p,) is the time scale,

s) and (= x/L (L 1is the length of the formation, which we will take as 1 m).

Gas injection into the seam. We will assume that when gas is injected into the
seam, we know the values of pressure at the gas inlet and outlet. In addition, we know
the composition of the injected gas, so the values of n,= N, at the inlet are known. At

the outlet, these values are unknown, only their sum is known, since the outlet pres-
sure 1s known. Thus, when (=0 RT(N: + N>) =p, (p,— inlet pressure).

At the outlet from the seam we will take the pressure to be atmospheric, and for
the components n, and n, we will use “soft” conditions, which are often used in the

literature when there are no specific values. In the book [16] this problem of compu-
tational fluid mechanics 1s well covered. We will assume that if the concentration, for

om,|

example n, 1s ten times greater than n,, then at the outlet at =1 =0, and n; 18

=l
taken to maintain atmospheric pressure, i.e.(n,),_, = p%T—(nz )., (p,=p,— atmos-

pheric pressure). In the case where n; and 12 are quantities of the same order, we will

=0 and (n,),,, JD%T—(nz)g=1 , and on

¢l
=0, and (). ="/ =(n)...

¢=l

Thus, due to such a combination, we maintain the outlet pressure in the solution.

Fig. 1 shows the curves n; and n, along the reservoir for the case when 4, = 100,
A4,=0,y,=9,=0.02, N, = N,. Here, a mixture of gases with such adsorption charac-
teristics is pumped at a pressure of 5.0 MPa into a layer with the same mixture of
gases located at one atmosphere. As depicted in Fig. 1, the molar concentrations of
the primary component effectively establish a front at the initial moment, which sub-
sequently expands and disperses during its movement. The second component does
not undergo adsorption; rather, it travels in the form of a soliton, whose apex initially
rises and then gradually declines. Since N, is equal to N, at the beginning, the values
of n, and n, within the formation's depth tend to converge over time. This phenome-
non is clearly illustrated by curves 5 and 6. In the first half of the formation, curves 5
begin to overlap, although they still exhibit significant differences in the second half
at the exit. In contrast, curves 6 have nearly merged entirely.

. 0.
assume that at some time step 7,, we have 2

. On
the next t1,,, we swap the components, 1.e.—}
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Solid line - n; dotted line - n,.

Figure 1 — Distribution curves of molar concentrations along the length of the formation ( at differ-
ent dimensionless times during injection of a gas mixture

We see approximately the same picture in Fig. 2, where the curves of components
n, and n, are shown with 4, = 4, =100, y, = 0.01 and y, = 0.1. The tenfold difference
in y, produces a clear distinction in the adsorption of these components. Thus, the
first curves closely resemble those in the first figure, whereas the second curves are
more compressed towards the horizontal axis. This is clearly illustrated by the first
curve. The resulting soliton is much narrower than the one presented in Fig. 1. At this
stage, the fifth curves nearly coincide, diverging only at the exit, while the sixth
curves are entirely identical.
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Curves: 1 —7=10.004; 2—0.04; 3 - 0.088; 4 —0.156; 5—-0.232; 6 — 0.46
Solid line - n,, dotted line - n,,.

Figure 2 — Distribution curves of molar concentrations along the length of the formation at different
dimensionless times during injection of a gas mixture.

Displacement of one gas by another. In this series we will show the following
variants associated with different values of 4, and 4,. The displacing gas is supplied



92 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2024. Ne 171

at 5.0 MPa, and the displaced gas is at atmospheric pressure. The boundary condition
at { = 0 for the displaced component is determined by the equality of the input flow

Omy
o |-

tion flow in the initial section of the formation), then for the displacing component

@ )§=0 =N, = p%T—(rzz )§:0' Here the mput pressure is p, = 5.0 MPa, and the

rate to zero, i.e. 45 =U -(n2 )g“zo ~Dgp =0, (U, - the velocity of the filtra-

output pressure is atmospheric p,. At the right end, the conditions are the same as in
the first case.

In Fig. 3 A) the curves n; are shown for the displaced component with 4, = 100
and y, = 0.02, and in Fig. 3 B) - for the displacing component n, with 4, = 0. From
Fig. 3 A) it is clearly seen how the resulting soliton of the displaced gas shifts to-
wards the outlet, gradually decreasing. The displacing gas is not adsorbed here, there-
fore it fills the pore space rather quickly and already at 7 = 0.06 curve 4 practically
characterizes the steady flow in the formation. The following curves 5 and 6 slightly
clarify this state. The outgoing gas (curve 6 in Fig. 3 A)) at this time makes up a
small proportion of the mixture at the outlet.
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Figure 3 — Distribution curves of molar concentrations along the length of the reservoir at
different dimensionless times during the displacement process.

The next pair in Fig. 4 shows the curves of displacement of gas with 4, = 0 by gas
with 4, =100 and y, = 0.02. Here the displaced gas is not adsorbed, therefore solitons
are more clearly expressed. The curves for the displacing gas are similar to the curves
of the same gas in Fig. 1, since frontal displacement occurs.

Fig. 5 shows the displacement curves of the same gas, i.e. this is a problem of gas
injection into a geological formation. If we add », and n, and multiply by RT, we ob-

tain the change in pressure in the formation when injecting adsorbing gas with
A =100 and y =0.02.
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Figure 4 — Distribution curves of molar concentrations along the length of the reservoir at
different dimensionless times during the displacement process.
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Figure 5 — Distribution curves of molar concentrations along the length of the reservoir at different
dimensionless times during the displacement process.

Setting pressure within the geological formation. We will now present the results
of the calculations regarding the distribution of components during the formation
blockage process. The initial segment of this issue mirrors the first problem discussed
earlier. A gas mixture is introduced into the formation, and after a duration of z., the

supply ceases, resulting in the blockage of the formation. In this initial segment, the
boundary conditions remain consistent with those previously outlined. In the subse-
quent segment of the problem, impermeability conditions are established on both the

left and right sides om = oy = 8n1| = 8n2|

0lsg ey 0l e
cates that the mass flows through the wall are zero. In this case, the pressure gradient
inside the pore system of the formation forms internal gas flows, which should lead to
the establishment of a certain pressure value. Fig. 6 shows the distribution curves of
n, and n, for the case when p, = 5.0 MPa, p, = p., 4, = 200, 4, = 50, y, =y, = 0.02.

=0, which in this case indi-
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Figure 6 — Distribution curves of molar concentrations along the length of the formation at different
dimensionless times during the process of establishing equilibrium

Here in Fig. 6 A) and 6 B), curves 1 correspond to the beginning of the gas injection
process. Curves 2 correspond to the time of formation plugging at r = 7. = 0.2. Fur-

ther, curves 3—7 demonstrate the distributions of the components when a constant
pressure is established. If we add the values of n, and n, corresponding to curves 7,

then, in accordance with formula 5, we obtain a pressure value p that exhibits a minor
deviation, remaining nearly constant. This indicates that during blockage the equilib-
rium pressure is established relatively quickly, while the components, as can be seen
from this figure, are far from being in an equilibrium state. At this point in time, one
can say that the dynamic stage of adsorption of the two-component gas has concluded
[17]. The diffusion process will continue but the temporal scale of its occurrence will
be distinct and more extended. Here the main role will be played by the effective dif-
fusion coefficient. We will not consider this problem in this article. In order to deter-
mine the influence of the y, values on the process, the variant with 4, = 4, = 100 and
7, =0.04 and y, = 0.01 was calculated. This variant is not shown here, since the dis-
tribution curves of n, and n, are very close to those shown in Fig. 6. This is due to the
fact that the ratio y,4,/y,4,, both in the previous variant and in this one, are the same,

so the influence of adsorption is approximately the same. It follows that two different
components with different 4, and y, during gas injection and plugging can have the
most diverse distributions at the end of the dynamic stage of the process depending
on both the adsorption-desorption parameters and the value of the supplied pressure.
As a result, it is of interest for control to consider the case with identical adsorption-
desorption parameters of the components. This is shown in Fig. 7. Here it was as-
sumed that y, =y, =0.02 and 4, = 4, = 100. The difference is only in the fractions of
the components, i.e. N; = 410, N, = 1640. From the figure, it is apparent that the cor-
responding curves are nearly indistinguishable from one another. There are no oscil-
lations observed, the components are established at the same rate as the pressure. This
is to be anticipated, given that the gas is virtually the same.
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Figure 7 — Distribution curves of molar concentrations along the length of the formation at different
dimensionless times during the process of establishing equilibrium

In the context of establishment issues, evaluating the accuracy of the calculations
is straightforward. In the final scenario, curves 2 allow for the immediate determina-
tion of the mole count in the sample post-layer plugging; this figure, accounting for
the adsorbed mass, is 144 mol/m?. Once pressure equilibrium in the formation is
reached (which is 31.8'p,), curves 7 indicate that this value adjusts to 140 mol/m?.

The accuracy of the calculation can also be checked by the results in the first prob-
lem, since when the flow is established, adsorption-desorption processes are also es-
tablished. This indicates that the ratio n,/n,, both at the input and at the output in the

steady state, should be the same. From Figures 1 and 2 it is clear that curves 6 practi-
cally correspond to the established flow. From the calculations it follows that in the
initial section n,/n, = 1 (this is a specified value), while at the penultimate point this

ratio for the first problem at 7= 0.32 is equal to 0.979, for the second at 7 =0.46 it is
equal to 0.995. Thus, the accuracy of the calculation is quite satisfactory.

3. Conclusions

A mathematical model of filtration of a two-component gas mixture has been de-
veloped taking into account the dynamic stage of adsorption and desorption. The
model allows one to trace the complete filtration flow and at the same time determine
the behavior of each component in a porous formation in the presence of adsorption-
desorption processes. Three problems of practical interest are considered, in which
both dynamic and mass-exchange processes associated with the interaction of gases
with the surface of a porous body play an important role. The analysis indicates that
the adsorption-desorption properties can lead to significant variations in the behavior
of different gas components during the filtration process. Furthermore, the results
suggest that the adsorption characteristics of the formation, represented by 4, and y,,
play a crucial role in influencing the flow dynamics of each component. The qualita-
tive insights gained from these flow characteristics enhance our understanding of the
underlying physical processes and may prove beneficial in the practical development
of relevant technologies.
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AHoTauifi. Y cyyacHin nitepatypi, NPUCBSYEHIN ripCbkuM po3pobkam i TEXHOMOrisAM, BENVKa yBara NpuainseTbes
apcopbuinHo-aecopbuiiim npovuecam. Lie Bennkoro Mipoto noB'a3aHo 3 BUA0BYTKOM NpUPOAHOro rasy, 3i 36epiraHHsM
MapHWKOBYKX rasis, a Takox 3 6e3nekot ripcbkux pobiT. Taka cnpsMOBaHICTL JOCigKeHb NPEACTaBNsE LWUMPOKMIA Knac
LikaBKX 3aBLaHb, NOB'A3aHNA 3 (inNbTpaLj€eto i ra3006MiHOM, B SKOMY BUHUKAE HEODXiAHICTb po3rnsagaTv AUHaAMIKy OK-
PEMUX KOMMOHEHTIB ra3oBux CyMillen. Y Ui poboTi po3rnsaaeTbCs psg MOAENbHUX 3aBAaHb NPo (inbTpawifiHy Tevito
CyMiLi ABOX ragiB. [ns npoctotn 6yno NPUAHATO, WO rasv NPaKTUYHO HiYMM He BifpPIi3HSAIOTLCS, OKpiM aacopbLiiiHo-
AecopbLiliHNX BNacTUBOCTEN, L0 BUPaXatoTbCs B WBMAKOCTI agcopbui i MICTKOCTIi aacopbeHTy no BigHOLLEHHIO A0 LnX
rasie. Take ianyHe CNPOLLEHHS BaXNNBE A1 aKLEHTYBaHHS i NiKPECNeHHs NposiBy aacopbuinHuX eekTiB B CymiLlax
rasie. Y OCHOBY 3aBLaHHs NOKNaZAeHi PIBHAHHS 36epexeHHst Toro abo iHWWOro KOMMOHEHTA 3 YpaxyBaHHAM AuMY3inHOro
PyXy, cniBBigHOLWEHHS [lapci i poswwmpeHe piBHSHHA agcopbuii JIaHrMiopa, Lo BPaxoBYE KOHKYPEHTHI BMACTUBOCTI KOM-
MOHEHTIB rady npu agcopbuii. PosrnagaeTbes ctagis auHamiyHoi agcopbuii, TO6TO Takil XapaKTepHili YacTuHi npouecy,
konu inbTpauinHa Teuis | aacopOuiiHi SBMLLA B3AEMHO 3anexHi i, BianosigHo, pobnsTb iCTOTHWIA BANMB OAWH Ha OfHO-
ro. Po3rnsaHyTi aeski Npuknagu ginbTpawitHuX Tedin, Ski MOXYTb NPeacTaBsATW iHTEPEC B NPaKTUYHOMY acnekTi, i Ae
Ba)XNMBUIA KOXEH KOMMOHEHT CyMilli. BunucaHi piBHSHHA ANns MONMSIPHWX KOHLEHTPaLii, 0BroBOpEHi rpaHuyHi YyMOBM.
PilweHHs npoBefeHe YnCenbHO 3 BUKOPUCTAHHAM SBHOI cxeMu. [okasaHi KpuBi 3MiHW MONSIPHIUX KOHLIEHTpaLin y3OoBX
nonepeyYHoro 3pisy nracTa 3anexHo Big Yacy. 3 pesynbTaTiB BUAHO, WO WBKAKICTb aacopbuii i MiCTKiCTb agcopbeHTy
Ans Toro abo iHLWOro KOMMNOHEHTA CYMillli ragy 3HaYHO BMAMBAIOTb HA AMHAMIYHI XapakTepucTuku npouecy. [laHa ouiHka
TOYHOCTI po3paxyHkiB. NpeAcTaBneHi pe3ynbTaT posKPMBaOTL HE NULLE KIHETUYHY MOBEiHKY CyMilli rasiB, ane i Kox-
HOrO KOMMOHEHTA OKPEMO, LLIO MOXe OYTI BaXIMBO B PO3YMiHHI NPOLECIB, NOB'A3aHMX 3 ra3006MiHOM.
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