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Abstract

Gas hydrates, which contain the largest amount of methane on our planet, are a promising
source of natural gas after the depletion of traditional gas fields, the reserves of which are
estimated to last about 50 years. Therefore, it is necessary to study the methods for extracting
gas from gas hydrates in order to select the best of them and make reasoned technological
and engineering decisions in the future.
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One of these methods is the replacement of methane in its hydrate with carbon dioxide. This
work studies the construction of a mathematical model to observe this method. The following
process is considered in this article: on one side of a porous reservoir, initially saturated with
methane and its hydrate, carbon dioxide is injected; on the opposite side of this reservoir,
methane and/or carbon dioxide are extracted. In this case, both the decomposition of methane
hydrate and the formation of carbon dioxide hydrate can occur.

This problem is stated in a one-dimensional linear formulation for the case of negative
temperatures and gaseous carbon dioxide, which means that methane, carbon dioxide, ice,
methane, and carbon dioxide hydrates may be present in the reservoir. A mathematical model
is built based on the following: the laws of conservation of masses of methane, carbon dioxide,
and ice; Darcy’s law for the gas phase motion; equation of state of real gas; energy equation
taking into account thermal conductivity, convection, adiabatic cooling, the Joule — Thomson
effect, and the release or absorption of latent heat of hydrate formation. The modelling assumes
that phase transitions occur in an equilibrium mode and that methane can be completely
replaced by carbon dioxide. The results of numerical experiments are presented.
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Introduction

According to the British Petroleum Statistical Review of World Energy 2019, the total
proved reserves of natural gas (196.9 trln m?) will last for about 50 years at the current
production level (3.9 trln m®) [3]. However, a significant amount of gas (mainly
methane) on our planet is part of gas hydrates, the reserves of which (1,000-
20,000 trln m®) can last hundreds of years after the depletion of traditional gas fields
[6]. Currently, the model calculations of the price of gas production from hydrates
show $420 per 1,000 m? [7], while the cost of traditional gas production for Gazprom
was about $15 per 1,000 m?® in 2017 [10], i. e., the industrial development of gas
hydrate deposits is significantly more expensive than the industrial development of
traditional gas fields. The ongoing research aims at determining the most effective
technological and engineering solutions for the cost-effective development of gas
hydrate deposits in the future [2].

This work studies one of the promising methods of gas production from gas
hydrates — the replacement of methane in hydrate with carbon dioxide [2, 5, 13].
During the replacement, the carbon dioxide is injected into a porous medium, and its
molecules replace the methane molecules in a gas hydrate and remain in the reservoir.
The methane is released in a free form, which allows its extraction (Fig. 1). Thus, the
replacement method allows not only the production of methane, but also the disposal
of carbon dioxide.
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Mathematical modeling of the equilibrium complete ... 65

The following sections of the article include the statement of the problem of filter-
ing methane and carbon dioxide (taking into account the formation or decomposition
of their hydrates, for the case of negative temperatures), a mathematical model, as well
as the results of the numerical experiments.
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Fig. 1. Production of methane from a gas Puc. 1. JloObiya MeTaHa u3
hydrate field using the replacement ra3o0rHpaTHOTO MECTOPOXKICHHS TTyTeM
method by carbon dioxide 3aMelIeHHs YITIEKUCIIBIM Ta30M

Problem statement

In a one-dimensional linear formulation, we consider a porous reservoir, initially
saturated with methane and its hydrate (Fig. 2, Initial state). There, O corresponds to the
left reservoir boundary, L is the reservoir length and the coordinate of'its right boundary,
x is the linear coordinate. The initial pressure p, and the temperature 7, correspond to
the thermodynamic conditions for the existence of methane hydrate in a stable state.
The process is considered at negative temperatures, 1. €. 7, <0 °C. At the left boundary,
the carbon dioxide injection begins with the pressure Pu; > Py and the temperature
T,,<0°C, which correspond to the thermodynamic conditions for the existence of both
CO, in the gaseous state and stable CO, hydrate. Under these conditions, decomposition
of methane hydrate, formation of carbon dioxide hydrate and displacement of gaseous
methane to the reservoir right boundary will occur. Simultaneously with the injection,
the methane extraction begins at the right boundary with pressure p, < p,. The extraction
pressure p, must be such as to provide thermodynamic conditions for the decomposition
of CH, hydrate and the stable existence of CO, hydrate. Under these conditions, the
methane hydrate will decompose in to free methane and ice. The free methane will be
extracted at the right boundary, and the ice will form the carbon dioxide hydrate when
it comes from the left boundary, on which it is injected. Thus, a region with carbon
dioxide and its hydrate will form from the left boundary and methane and ice from at
the right boundary (Fig. 2, Intermediate state). What will happen between these two
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areas, and how these areas will evolve, will be shown later in the calculations. Ultimately,
all the methane will be displaced, and only the carbon dioxide and its hydrate will remain
in the porous medium (Fig. 2, Final state).

Initial state:

CH,
+
CH, hydrate
k%
., Intermediate state:
o =
O — BE:
B 50, 299 G 8
i) 4 777 . .
2 undefined matters area . 3]
31 CO, hydrate ice @
O —>» —>
B )
g >
0 L x
Final state:
CO,
+
CO, hydrate
L X
Fig. 2. Schematic representation of Puc. 2. CxemaTu4HO€ MpECTaBICHNE
matters saturating a porous medium HaCBIAIOIIUX ITOPUCTYIO CPEY BEIICCTB

Mathematical model

When modeling, we will accept the following assumptions: at each separate point in space,
the temperature of the porous medium skeleton, gas phase, ice, and hydrates coincide;
mass concentrations of gases in their hydrates are constant (G, = const, G, = const);
the porous medium skeleton, ice, and hydrates are incompressible and immobile; reservoir
porosity is constant (m = const); the formation and decomposition of gas hydrates occur
in an equilibrium mode; carbon dioxide can completely replace methane in its hydrate.

The following scheme has been adopted for the replacement process:

“CH,-CO, replacement can only occur under such operating pressures that the CH,, partial
pressure is lower than the pure CH, hydrate formation equilibrium pressure and the CO,
partial pressure is higher than the pure CO, hydrate formation equilibrium pressure” [4].

Thus, we will assume that methane hydrate decomposes when the partial pressure
of methane in a gas mixture is lower than the equilibrium pressure of methane hydrate
for reservoir temperature; and carbon dioxide hydrate is formed when the partial
pressure of carbon dioxide in the gas mixture is higher than the equilibrium pressure
of carbon dioxide hydrate for the reservoir temperature and ice is present.
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The conservation equations for the masses of methane, carbon dioxide and ice
are as follows:

o 0 as
" 5 (kCH4pg Sg )+ m a (kCH4pg ngg ): 103011, Gny (’;;‘:H4 , (1)
0 0 as
" ot (kcong S, ) +m o (kcong SV, )= —MP400,G o 5;02 ’ (2)
0 oS oS
m 7( heeSice ) =—MPcnq (1 - GCH4) hoHs mMpP, 0, (1 — Gcoz) hco2 (3)
ot a
Sg +8.+Sicns T Scon :1, @)
kcx—m + kcoz =1 (5)

b

where 7 is time; x is the linear coordinate; m is the reservoir porosity; k., and

k.., are the mass concentrations of methane and carbon dioxide in the gas phase;
Py Picer Prcias and p, ., are the densities of the gas phase, ice, methane, and
carbon dioxide hydrates; Sg, S.»S,cue and S, . are the saturations of the porous
medium with gas, ice, methane, and carbon dioxide hydrates; v, is the gas ve-
locity; G, and G, are the mass content of methane and carbon dioxide in
their hydrates.

The following equation of state for real gas is accepted, in which the super-
compressibility coefficient is calculated according to the Latonov — Gurevich

equation [8]:

p=zpRT (6)
z, =(0.4-1g(T/T,)+0.73)"" +0.1p/ p, 7
-1
k k
Rg :R/(A/[Coz +A4CH4 ] (8)
C02 CH4 R

k k k
Do = A/[CH4 [ A/[COZ " A/[CH4
CH4 co2 CH4 Peor =1 Pepy ,

b

Tc = ¢CH4TCCH4 + (Dcozchoz , Pe = PcraPecus T Peoz Pecor ,

where p is the pressure; z, is the supercompressibility coefficient of real gas; P,
is the gas phase density; R and R, are the universal and specific gas constants; T
is the temperature; 7 and p, T, and p ..., as well as T, and p ., are the
critical temperatures and pressures of the gas phase, pure methane, and pure car-
bon dioxide; M, and M, are the molar masses of the methane and carbon di-
oxide; ¢, and ¢, are the mole fractions of the methane and carbon dioxide in

the gas phase.
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For the gas phase filtration, we have enacted Darcy’s law:

k. op

H, Ox )
k, =k,S ; , Hy = PenaMons + PeosMcos ,

where & and kg are the absolute reservoir permeability and permeability for gas; Mo
Koy and p o, are the dynamic viscosities of the gas phase, pure methane and pure
carbon dioxide.

The heat transfer equation in a porous medium [1], taking into account the
formation and decomposition of hydrates, takes the following form:

mngg =—

or or  op op o(,or
pca + mpgchng (5)6 +té axj - mPgCgSgﬂa - Gx(;tﬁxj =
S oS
= MPcus Ly Nk MP,con Lo ah;oz s
pc:(l_m)pskcsk_'_m ZSjpjcj ﬂ’:(l_m)ﬂ’rk—i_m ZSjﬂ’j (10)
Jj=g,ice, hCH4, hCO2 R Jj=g,ice, hCH4, hCO2 s

Cy = kCH4cCH4 + kcozccoz /1g = §0CH4/1CH4 + wcozlcoz
b b

1 T [%] 1
E=— — n= —-&
PCy Z,\ OT , P.C, ‘

b

Here, pc and 4 are the volumetric heat capacity and thermal conductivity of the
saturated porous medium; PsC, and /1j (j=sk, g, ice, hCH4, hCO2) are the densities,
heat capacities and thermal conductivities of the porous medium skeleton, gas, ice,
methane, and carbon dioxide hydrates; ¢ and /1j (j = CH4, CO2) are the heat capac-
ities and thermal conductivities of the pure methane and carbon dioxide; ¢ and 7
are the Joule — Thomson and adiabatic cooling coefficients; L ., and L, are the
specific heats of formation/decomposition of methane and carbon dioxide hydrates
to gas and ice.

The phase transitions occur in the equilibrium mode, the pressure and temper-
ature on the equilibrium curve of phase transitions for methane hydrate (11) and
carbon dioxide hydrate (12) are related at negative temperatures by the following

equations [9]:

27768 69900 2,768 69,900
In =In(2.6)+= - = -= +—= (11)
(P.yens)= 2.6 273 273 T T
13,854 1,351,500 13,854 1,351,500
ln(pethOZ ) = ln(l 2) + - - + (12)

273 273’ T ™.
Next, we transform the basic equations to obtain the system of equations for
calculations.
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From the equations (1), (5), (6), and (9), we obtain an equation for calculating the
mass concentration of carbon dioxide in the gas phase:

akcoz + al kcoz _ai kcoz _ aRg kcoz _al kcoz +

ot ot p oz, oo R, o T (13)

+ aSg ko + 0801 PicorGcon _ 1 0 { kgapJ:O'

a S, o pS, mpS, x| 7, ox

g

From the equations (1), (2), (5), (6), and (9), we obtain an equation for calculating
the pressure:

o oz, o R, aT oS,

oS z,RT ¢ k, o (14
ot phCH4GCH4+ ah:OZ Picoz coz]_ ;Sgg ax( gﬂggaiJZO‘

We transform the heat transfer equation (10) taking into account Darcy’s law (9),
which results in an equation for calculating the temperature:

k k :
LY LB L g LA
ot u, Ox Ox Uy, ot oOx\  Ox (15)

S jcia 0S8 cor )
ot ot

Solving the differential equation (3), taking into account the initial conditions
(18), we obtain an equation for calculating the ice content:

=MP,cps Loy +MP,corLees

P P
Sice = I (l - GCH4 )(ShCH40 - ShCH4 ) — ez (1 - Gcoz )Shcoz (16)
The gas saturation is expressed from equation (4):

Sg :1_Sice _ShCH4_Shcoz_ (17

Next, we write down the initial and boundary conditions.
Initially, the reservoir contains only methane and its hydrate (Fig. 2, Initial state):

t=0, xe[0;L]: ke, =0, p=p,, T=T,, S, =S, S,. =0, (s)
ShCH4 = ShCH40 =1- Sg()’ Shcoz =0.
Carbon dioxide is injected at the left boundary:
t>0, x=0: ke, =l p=p,,>p,, T=T, (19)
At the right boundary, gas is extracted:
t>0, x=1L: akCOZ:O,p:pm<p0,2}7;:0 (20)
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The system of equations (7), (8), and (13)-(17), taking into account the initial and
boundary conditions (18)-(20), is solved numerically by the method of simple itera-
tions. The partial differential equations (13)-(15) are solved using the implicit scheme
and the tridiagonal matrix algorithm. A feature of the proposed model is the lack of
explicit equations for finding hydrates saturations — a special iterative procedure has
been developed for their calculation. All together, they form a closed system, which
allows numerical experiments to research the replacement method.

The limits of applicability of this model in stated formulation are shown on Fig. 3.

p, MPa - COs
Hquid-gaseo_—
3 _
2 |
I CO
gas-hydrate i
O T T T T T 1
15 -12 -9 -6 -3 0 T°C

Fig. 3. The limits of applicability of
purposed model in stated formulation

Notes: the shapes indicate the parameters
for calculations: the green triangle is the
CO, injection, the blue square — the
initial state in the porous medium, the red
circle — the extraction pressure at the
right boundary.

Puc. 3. I'panuIbl TIPUMEHUMOCTH MOJIETH
B YKa3aHHOI MOCTaHOBKE

[Tpumeuanus: Gpurypamm oTMEYEHBI
TTapaMeTPBI ISl TECTOBBIX PACUETOB!
3eTEHBIH TpeyronbHuK — 3akauka CO,,
CHHMI KBaJ[paT — HAYaJIbHOE COCTOSIHHE
B IIOPHUCTOM cpelie, KpacHast

OKPYXXHOCTb — JIaBJICHNE OTKAUKH C

[IPaBOM rpaHMLIBL.

The initial thermodynamic conditions in the reservoir should ensure the stable
existence of methane hydrate, i. e. they lie above the “gas-hydrate CH,” curve on
Fig. 3. Gaseous CO, is injected into the reservoir, i. €. its pressure and temperature
should be below the “liquid-gaseous CO,” curve. The injection pressure should exceed
the initial reservoir pressure. Therefore, in the aggregate, the initial conditions and
conditions for the injection of carbon dioxide should lie in the blue zone. To ensure
the decomposition of methane hydrate and the stable existence of carbon dioxide
hydrate, the parameters at the right boundary (extraction parameters) should lie in the
green zone. It should also be ensured that throughout the calculation, the pressure and
temperature in whole reservoir do not exceed the “liquid-gaseous CO,” boundary,
since only the gaseous CO, is considered. The shapes on the graph indicate the pa-
rameters for numerical experiments.
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Numerical experiments

For the numerical experiments, the following parameters have been adopted: ¢ =
=365 days; Ar=600s; L =100 m; Ax = 0.01 m; p,=2.25 MPa; T, = —6 °C; m = 0.2;
ky=5-10" m? Sg =08, 8,.,,=02; Py = 2.5 MPa; ij =-6°C; p,, =2 MPa;
P, = 2,000 kg/m’; ¢, = 1,000 J/(kg - K); 2, = 1.5 W/(m - K); p, = 900 kg/m’
c..,=2,000J/(kg-K); 1, =22 W/(m-K);p, .., =900kg/m’ c, . =2,000J/(kg " K);
Jera = 0.5 W/(m - K); G, = 0.12; L, = 120 kI/kg; p, ., = 1,100 kg/m’; Chcon =
=2,000J/(kg - K); 4,.,,=0.5W/(m - K); G, =0.28; L .., = 70kJ/kg; R=8.3145 J/(mol - K);
M, = 16.042 g/mol; p .., = 4.641 MPa; T ., = 190.55 K; M_, = 44.011 g/mol;
Doy = 1:382 MPa; T = 304.19 K; the values of dynamic viscosity, thermal
conductivity, as well as heat capacity of pure methane and carbon dioxide have been
determined by interpolating tabular data [11, 12].

Fig. 4 shows a schematic representation of the matters saturating the porous

medium after 5 days.

N
=
8 —> > O
o Q2
S g
£ ™l 4 5 6 7 %
£ -8
8L x
2 3
Fig. 4. Schematic representation of Puc. 4. CxematnyHoOe mpeiCcTaBICHUE
matters saturating the porous medium HaCBIIAIOIMX MOPUCTYIO Cpely BEIIECTB
after 5 days 4yepe3 5 cyTok

After 5 days in the porous medium, 8 extended areas with various sets of saturating
matters were observed, namely:

1. CO, + hydrate CO, (8.4 m). Only carbon dioxide and its hydrate are observed.

2. CH, +CO, +ice + hydrate CO, (0.07 m). Both gases are observed, all methane
hydrate decomposes, and carbon dioxide hydrate forms in the extended area.

3. CH, + CO, + ice (0.02 m). Both gases are observed, all methane hydrate is
decomposed, carbon dioxide hydrate is not formed.

4. CH, +CO, +ice + hydrate CH, (21.6 m). Both gases are observed, decomposition
of methane hydrate occurs in extended area, carbon dioxide hydrate is not formed.

5. CH, + CO, + hydrate CH, (8.26 m). Both gases are observed, methane hydrate
does not decompose, carbon dioxide hydrate is not formed.

6. CH, + hydrate CH, (32.24 m). In the porous medium, only methane and its
hydrate are present, which corresponds to the initial state.

7. CH, +ice + hydrate CH, (29.16 m). The decomposition of methane hydrate in
extended area occurs due to a decrease in pressure at the right boundary.

8. CH, +ice (0.25 m). Near the extraction boundary, all methane hydrate decomposed.
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Consider the distributions of pressure, temperature and hydrate saturation after
5 days (Fig. 5).

P, MPa “‘"*'il """"""" T CTTT e — T

Do~ 5 |
21 e A o . —
e e e e—
1 . . . . .
05 +
0

_0 1 T T T T 1
0 20 40 60 80 X, m

Fig. 5. The distributions of partial Puc. 5. Pactipenenenus napIiraabHBIX
pressure of methane (p,,), partial MaBIEHUA METaHA (P ,,), YIIEKHCIIOTO
pressure of carbon dioxide (p.,), raza (p.,), remneparyps (1),
temperature (7), saturations of methane TUIPATOHACKIIIEHHOCTEN MeTana (S, .,)
hydrate (S,,,,), and carbon dioxide ' u yrneKPicnoro raza (S, ..,) 0 JIhHeE
hydrate (S,.,,) along the porous medium MTOPHUCTOH CPEebl 4epe3 S5 CyToK

length after 5 days
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Fig. 5 shows that carbon dioxide mixes with methane (the areas in which both
partial pressures are nonzero) and displaces it to the right boundary. At the same
time, there is a decrease in pressure near the right boundary due to gas extraction.
With a decrease in the partial pressure of methane below equilibrium (p.,, < Pogic s
its hydrate decomposes and the temperature in the reservoir decreases due to
absorption of latent heat of phase transition. An increase in the partial pressure of
carbon dioxide above equilibrium (p.., > Pegicor) leads to the formation of carbon
dioxide hydrate with increasing temperature in the reservoir due to the release of
latent heat of phase transition. With the complete decomposition of methane hydrate,
the temperature drops to = —8.2 °C. With the further formation of carbon dioxide
hydrate at this point, the temperature rises to = —6.7 °C. The initial temperature is
—6 °C. Thus, the replacement process is endothermic. This is due to the higher latent
heat of formation/decomposition of methane hydrate (L, = 120 kJ/kg) compared
to carbon dioxide hydrate (L., = 70 kJ/kg). It can be noted that with complete
replacement, the hydrate saturation of CO, is equal to the initial hydrate saturation
of CH,. We verify this by nullifying the left side of equation (3) and substituting
the parameter values used in the calculations:

a'S’hCH4 aS’hCOZ

Prcra (1 - GCH4 ) =~ Picoz (1 - Gcoz )7 >

900-(1-0.12)-(~0.2)=~1,100-(1-0.28)-0.2,

—-158.4=-1584

Thus, the volume of methane hydrate and the volume of carbon dioxide hydrate
formed after the replacement are the same, which ensures the mechanical stability of
a porous medium after replacement.

Let us consider further how the matters saturating the porous medium change
with time (Fig. 6). As observed, initially (after 5 days), 8 regions with various
combinations of saturating matters are formed in the porous medium (these regions
are described in detail above). After 25 days, the carbon dioxide already reaches the
right reservoir boundary, and only 5 areas remain, in each of which the carbon dioxide
is present in free form. In this case, from the injection boundary, the carbon dioxide
hydrate is formed, and then the methane hydrate decomposes. From the side of the
extraction boundary, methane hydrate decomposes. This happens until all methane
hydrate in the porous medium decomposes.

After 50 days, only 3 areas remain in the reservoir: in the first one, carbon dioxide hydrate
is already fully formed; in the second, carbon dioxide hydrate is being formed; and the third
area contains free methane, carbon dioxide and ice. The last two areas are gradually pushed
to the boundary of extraction, and ultimately only carbon dioxide and its hydrate remain in
the reservoir. Full replacement for this set of parameters occurred at about 60 days.

Fig. 6 also shows that for the replacement scheme adopted in this work and for the
parameters values considered, the formation of carbon dioxide hydrate at some point
in the porous medium occurs only after the complete decomposition of methane hydrate.
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Fig. 6. Schematic representation of Puc. 6. CxemaTH4HOE MPEICTABICHUE
matters saturating the porous medium at HACBIIIAIOIIHUX TOPUCTYIO CPEy BEIIECTB
different time points B Pa3JINuHbIC MOMEHTHI BPEMEHHU
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Fig. 7 shows the change in time of accumulated methane production mass (Q, ) and
the residual mass of methane in the reservoir (Q . ), if only gas extraction occurs at the
right boundary (only the depression method). Hereinafter, the masses are presented per
unit cross-sectional area of a porous medium.

Fig. 8 shows the change in time of accumulated methane production mass (Q, ) and
the residual mass of methane in the reservoir (Q ) if the gas is extracted at the right
boundary and the carbon dioxide is injected at the left boundary. The same parameters are
presented on Fig. 9 for the carbon dioxide.

Fig. 7 shows that about 2,000 kg of methane have been produced from 1 m? of the
reservoir cross section by the depression method in 100 days, while about 1,500 kg still
remain in the porous medium. Thanks to the additional use of the carbon dioxide injection,
in 60 days, it is possible to produce all methane weighing about 3,500 kg (Fig. 8). This
method also ensures the disposal of about 9,900 kg of carbon dioxide (Fig. 9). Thus, the
use of the replacement method in addition to the depression method allows accelerating
the production of methane from a gas hydrate deposit, producing a large mass of methane
and burying a significant amount of carbon dioxide.

Conclusion

In a one-dimensional linear formulation, we have considered the problem of combining
the depression and replacement methods for gas production from a porous medium,
initially saturated with methane and its hydrate, at negative temperatures. The replacement
scheme is presented, in which the phase transitions occur in an equilibrium mode, and
the methane can be completely replaced in hydrate by the carbon dioxide. A mathematical
model has been developed based on the equations of conservation of masses of methane,
carbon dioxide, ice and hydrates, the equation of state of real gas, Darcy’s law, and the
heat transfer equation. Thermal conductivity, convection, non-isothermal effects during
gas filtration, as well as absorption or release of latent heat of hydrate formation/
decomposition have been taken into account. The system of equations of the mathematical
model has been solved numerically using the simple iteration method, the implicit
scheme, and the tridiagonal matrix algorithm, as well as the original authors’ algorithm
for calculating hydrates saturations. This required creating a calculation program to
perform the numerical experiments. The calculations show that with a combination of
the depression and replacement methods, the formation of 8 extended areas with various
sets of saturating matters is possible in a porous medium.

The calculations have also shown that the replacement process is endothermic,
and that the average temperature in a reservoir decreases. The results have revealed
that the volume of methane hydrate and the volume of carbon dioxide hydrate, formed
after the replacement, coincide, which ensures the mechanical stability of the porous
medium after the replacement. The comparison has been made only for the depression
method for methane extraction from gas hydrates and the combination of the depression
and replacement methods. This comparison has shown that the additional use of the
replacement method allows the extraction of a greater amount of methane in a shorter
time. In addition, a significant amount of carbon dioxide can be buried.
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Fig. 7. Change in time of the extracted
(Q,,,) and residual (Q ) specific masses
of methane when using only the
depression method
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Fig. 8. Change in time of the extracted
(Q,,,) and residual (Q, ) specific masses

of methane with a combination of the
depression and replacement methods

Puc. 8. I3menenue co BpeMeHEM
noowITol (Q, ) v octarounoi (Q, )
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Fig. 9. Change in time of the extracted
(Q,,,) and residual (Q ) specific masses
of carbon dioxide with a combination of
the depression and replacement methods
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AHHOTALUSA

I'a30BBIE THAPATHI, B KOTOPBIX COMEPKUTCS HANOOIBIIIEE KOIMIECTBO METaHa Ha HAIIIeH Tia-
HeTe, ABNAIOTCS MEePCIEeKTHBHBIM HCTOYHIKOM MPHUPOHOTO r'a3a, 0COOEHHO MOCIIE HCTOIIEHHS
TPaUIIMOHHBIX Ta30BBIX MECTOPOXKIECHHUH, 3aITachl B KOTOPHIX OIIEHUBAIOTCS TPUMEPHO Ha
50 net. IToaTomy yrxe ceroaHs He0OX0MMO MPOBOANTH HCCIETOBAHIS METOIOB TOOBIYH ra3a
13 Ta30BBIX THAPATOB /TS BHIOOpA HAMITYYIIHX U3 HUX ¥ IPUHATHA B Oy/IyIieM 000CHOBaHHBIX
TEXHOJIOTHIECKNX U WHKEHEPHBIX PEIICHHIL.

O}IHI/IM U3 TaKuX MCETOHOB ABIACTCA 3aMCUICHUC MCETaHa B T'MAPATC YIJTICKUCIIBIM T'a30M.
Jannast paboTa nocpsIieHa mocTpOSHNIO MaTeMaTHIeCKOIH MOIEITH [Tt UCCIIEI0BAHMS 3TOTO
Metona. B paboTe paccMaTpuBaeTCs CISAYIOMINI TPOIIECC: ¢ OMHOW CTOPOHBI MOPUCTOTO

HcenenoBanue BEIOIHEHO TIpH (rHAHCOBO noanepxkke POMOU B pamkax HayqHOTO
npoexta Ne 18-31-00069.

HurtupoBanue: bopoaun C. JI. Maremarnueckoe MOAEIMPOBAHME PAaBHOBECHOTO IMOJIHOTO
3aMelIeHHs METaHa YIIIEKUCIbIM ra30M B Ta30IMAPATHOM ILIACTE MPU OTPHUIIATENbHBIX TEMITE-
parypax / C. JI. boponun, 1. C. Benbckux // BectHuk TEOMEHCKOTO TOCYIapCTBEHHOTO YHH-
Bepcurera. Ousnko-maremarnueckoe moaeuposanue. Hedts, ras, snepreruka. 2020. Tom 6.
Ne 2 (22). C. 63-80.

DOI: 10.21684/2411-7978-2020-6-2-63-80
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Tu1acTa, U3HAYaJIbHO HACBIIICHHOT'O METAHOM U €I'0 THAPATOM, 3aKaYMBACTCA er'IeKI/ICJ'ILIf;I ras,
C HpOTHBOHOJ’IO)KHOfI CTOPOHBI 3TOTO IJTIACTA IPOUCXOAUT OTKAYKa MCTaHA W/Win YIJICKHUCIIOTO
rasa. HpH 9TOM MOKCT NPOUCXOAUTH KAK PA3JI0KCHUC TH/IpaTa MCTaHa, TaK U 06paSOBaHI/IC
ruapara yrjieKucJoro rasa.

JaHHas 3a1a4a paccMOTpeHa B OJHOMEPHOU JIMHEHHOM TOCTAHOBKE A1 CITy4asi OTPULIATENIbHBIX
TEMIIEpaTyp 1 ra3000pa3HOTO AMOKCHIA YIIIEPO/a, T. €. B IIACTE MOTYT IIPHCYTCTBOBATh METaH,
YIIEKUCIBIN Ta3, JIe/l, THAPaThl MeTaHa M YIIIEKHCIIoro rasa. [locTpoena MaremMaTnyeckas Mo-
JIeIb, B OCHOBE KOTOPOA JIEKAT: 3aKOHBI COXPAHEHHS MacC METaHa, YIIEKHCIIOTO Ta3a 1 JIbJa;
3aKoH Jlapcu [u1s IBMKeHHs Ta30BOH (ha3bl; ypaBHEHHE COCTOSHUS PEaTbHOTO ra3a; ypaBHEHHE
SHEPTUH C YYETOM TETUIONPOBOAHOCTH, KOHBEKIINH, aTHa0aTHIECKOTO OXJIKICHHUS, dPderTa
Jlxoynst — TomcoHa 1 BBIIEIEHHS WITH TTIOTIIONIEHNS CKPBITOM TETIOTH THIPaTo00pa30BaHMsL.
[1pn MonenupoBaHwY PUHSTO, YTO (ha30BbIE TIEPEXOBI IPOUCXOIAT B PABHOBECHOM PEXKHIME 1
BO3MOJKHO TIOJTHOE 3aMEIIeHNE METaHa YIIIEKHCIBIM Ta30M. B cTaThe mpuBeeHb! pe3ynbTaThl
YUCIEHHBIX YKCTIEPIMEHTOB.
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MaremaTtnueckoe MOAEIMPOBAHKE, Ta30BblE TUPATHl, METaH, YIJIEKUCIBIA Ta3, MopUcTas
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