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Abstract: The article describes a mathematical model of pumping of heated liquid carbon dioxide
into a reservoir of finite extent, the pores of which in the initial state contain methane and methane gas
hydrate. This model takes into account the existence in the reservoir of three characteristic regions.
We call the first region “near”, the second “intermediate”, and the third “far”. According to the
problem statement, the first region contains liquid CO, and hydrate, the second region is saturated
with methane and water, the third contains methane and hydrate. The main features of mathematical
models that provide a consistent description of the considered processes are investigated. It was
found that at sufficiently high injection pressures and low pressures at the right reservoir boundary,
the boundary of carbon dioxide hydrate formation can come up with the boundary of methane gas
hydrate decomposition. It is also shown that at sufficiently low values of pressure of injection of
carbon dioxide and pressure at the right boundary of the reservoir, the pressure at the boundary of
hydrate formation of carbon dioxide drops below the boiling pressure of carbon dioxide. In this case,
for a consistent description of the considered processes, it is necessary to correct the mathematical
model in order to take into account the boiling of carbon dioxide. Maps of possible solutions have
been built, which show in what ranges of parameters one or another mathematical model is consistent.

Keywords: mathematical model; multiphase flows; flow in porous media; gas hydrate; filtration

1. Introduction

The researchers’ attention is focused on the study of the properties and characteristics of hydrate
production in connection with virtually untouched deposits [1-3]. Currently, the main methods of gas
production from gas hydrate deposits are the following: pressure reduction at the production well
bottom, reservoir heating or injection of inhibitors [3-5]. Often the use of these methods of extraction
is not economically feasible and may also have an adverse environmental impact [3-6]. In this regard,
a new method of natural gas production was proposed, consisting in the injection of carbon dioxide
into natural deposits of gas hydrates [7-13]. Also, the problem of CO, utilization can be solved by
using this method.
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According to experimental data, the transition of CH, hydrate to CO, hydrate during carbon
dioxide injection can occur in two different modes [14-17]. A characteristic feature of the first mode
is the absence of free water release. In the second mode, there is an intermediate zone of methane
hydrate dissociation to water and gas, and the subsequent formation of CO, hydrate from water and
carbon dioxide. In this case, the released heat can accelerate the decomposition of methane gas hydrate.
Experiments were carried out to study the formation of CO, hydrates in [18-22]. It should be noted
that experimental works, which study these processes, were carried out in examples of small size.
Due to the small size of the samples, the processes of formation and decomposition of gas hydrate are
limited by kinetic mechanisms. The possibility of replacement of CH4 by CO; in gas hydrate upon
the injection of carbon dioxide is due to the negative value of the Gibbs free energy of this reaction
(i.e., the negative value of the change in the Gibbs free energy) [23]. The thermodynamic conditions of
the CH4—CO; replacement reaction are maintained even without the additional influence of external
factors. For cases when natural reservoirs of real length are considered, the limitation of formation
of gas hydrate CO, and decomposition of CH4 gas hydrate are determined not by the kinetics of the
phase transition processes, but by heat and mass transfer in the reservoir, as well as the release and
absorption of heat during phase transitions. These do not allow comparing the results of mathematical
modeling of the formation and decomposition of gas hydrates in extended natural reservoirs with the
experimental data available to date. Therefore, in our opinion, it is necessary to examine mathematical
models describing the studied processes.

There are works devoted to mathematical modeling of the development of gas hydrate deposits
by injection of CO;. In [24-27], approximate analytical solutions are given for replacing CH4 hydrate
with CO, when CO; is injected into a reservoir. In these works, self-similar solutions for a semi-infinite
reservoir are constructed. These self-similar solutions can adequately describe only the initial process.
The solution is consistent only until the pressure perturbation reaches the reservoir right boundary.
In the future, over time, the effect on the course of the process will completely depend on the conditions
on the right boundary. In [28], the case of mathematical modeling of CO, injection in a gaseous state
into a natural reservoir containing methane and its gas hydrate was considered. A similar problem
was considered in [29], but instead of CO; in the gaseous state, carbon dioxide in the liquid state was
supplied. However, in [29], only the case when the recovery of methane from the hydrate occurs in the
replacement mode and is not accompanied by dissociation of methane gas hydrate is studied in detail.
In the present work, unlike in [29], the injection mode of liquid CO; reservoir into a gas hydrate of
finite length, accompanied by dissociation of CHy gas hydrate and the subsequent formation of CO,
hydrate, is studied in detail.

In [29], only the case when a direct transition of methane hydrate to carbon dioxide hydrate occurs
in a reservoir is studied in detail. In contrast to [29], the presented work considers another physical
process. Namely, the case is considered when methane gas hydrate decomposes first to gas and water
(at the far boundary of phase transitions), and then carbon dioxide gas hydrate is formed from the
released water and injected carbon dioxide. Since in [29] and in the presented work two different
physical processes are considered, the mathematical description of these processes is also different. For
example, in [29], one moving boundary of phase transitions is considered, dividing the reservoir into
two zones. Two different systems of differential equations correspond to the mathematical description
of the processes of heat and mass transfer in these two zones. At the boundary separating these two
zones, a system of differential equations is written, which follows from the conditions for the balances
of mass and heat. In contrast to [29], the presented work considers two moving boundaries of phase
transitions, dividing the reservoir into three zones. Three different systems of differential equations
correspond to the mathematical description of the processes of heat and mass transfer in these three
zones. On the two boundaries of the phase transitions separating these three zones, two different
systems of differential equations are written, arising from the conditions for the balances of mass
and heat.
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The main purpose of the presented work is to study the main features of mathematical models
that provide a consistent description of the considered processes. This is due to the lack of a clear
understanding of even the qualitative features of the behavior of the system when injecting carbon
dioxide into an extended gas hydrate reservoir. Due to the formation and decomposition of gas
hydrates, boiling of carbon dioxide, as well as thermal and hydrodynamic effects on the reservoir,
the pressure and temperature of the system can change significantly. Therefore, it is unknown in
advance what phase transformations will occur, nor their nature. In such cases, a detailed numerical
study of the considered processes is possible only after the consistent mathematical models will be
constructed for describing the processes and identifying the limits of applicability of these models.
Due to these reasons, for the construction of such mathematical models, it is required to involve certain
assumptions, and the constructed mathematical models have certain and previously unknown limits
of applicability. When going beyond the limits of applicability of a mathematical model, the numerical
solution may contradict the original problem formulation.

Thus, due to the above reasons, a detailed numerical study of the considered processes is possible
only after solving two main problems. The first problem is to identify the main features of mathematical
models that provide a consistent description. The second problem is the construction of maps of
possible solutions, which show in what ranges of parameters different mathematical models are
consistent. The presented work is devoted to the solution of these two problems.

The results obtained can be used to create software for geological and hydrodynamic modeling
of the development of gas hydrate deposits by the injection of carbon dioxide, when planning and
carrying out a complex of geological and technological measures at gas hydrate deposits, to select the
most effective strategy for gas recovery.

2. Mathematical Model

The mathematical formulation of most problems on non-isothermal multiphase flows in a porous
medium accompanied by phase transitions is currently presented in the form of an initial-boundary
value problem for a system of nonlinear partial differential equations. However, the problems
formulated at the moment are rather complicated, the existence and uniqueness theorems have
not been proved for them, and the use of numerical methods is currently constrained by the lack
of a clear understanding of the qualitative features of the thermodynamic behavior of systems.
In this regard, first of all, researches are needed to determine the possible structures of the problems
mathematical solution.

Consider the following problem statement. Consider a natural reservoir with a porous
structure and length L. The pores of the reservoir are saturated with methane and methane hydrate.
The temperature and pressure of the formation correspond to the conditions for the stable existence
of a hydrate. In accordance with the problem statement, the injection of liquid CO, through the left
border (x = 0) of the reservoir is considered. The temperature T, and injection pressure pe are selected
in the phase diagram Figure 1 in such a way that they correspond to the conditions for the existence of
CO; in the liquid state and the conditions for the existence of CO, hydrate [30].

The statement of the problem, which is solved in this work, corresponds to the case of continuous
injection of carbon dioxide into the formation. This is due to the fact that on the left boundary of the
reservoir (through which liquid carbon dioxide is pumped), at time values of ¢ > 0, a constant pressure
is maintained that exceeds the pressure on the right boundary:

Pe > po (for t > 0).
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Figure 1. Phase diagrams of “CO,-H,O” (a) and “CH4-H,O” (b) systems [29]. The blue curve is a
two-phase liquid-vapor equilibrium line for CO,. The black and red curves are the lines of three-phase
equilibrium “CH4-H;0-hydrate CH,” and “CO,-HyO-hydrate CO,”, respectively.

Injection of CO; starts the decomposition of methane hydrate. The next stage is associated with
the formation of CO, hydrate, and its formation requires released water and carbon dioxide. In [31],
it was shown that in natural porous layers, filtration (convective) transfer significantly dominates over
diffusion transfer. In addition, currents in natural reservoirs are laminar, and the viscosity of carbon
dioxide exceeds the viscosity of methane. In this regard, in this paper we will assume the stability of
the front of displacement of methane by carbon dioxide.

The specific features of the processes of formation and decomposition of gas hydrates are indeed
in many cases strongly dependent on these processes’ kinetics. However, one of the main goals of this
work is to study the possibility of boiling liquid carbon dioxide during its injection into a reservoir,
accompanied by the formation and decomposition of gas hydrate. The possibility of boiling carbon
dioxide during its filtration in a gas hydrate reservoir depends primarily on the hydrodynamic and
temperature fields in the reservoir. Atlow values of permeability considered in the work and high
values of the drops of pressure and temperature, the hydrodynamic and temperature fields depend on
filtration mass transfer in the reservoir, as well as convective and conductive heat transfer. Therefore,
in this case, to study the possibility of boiling liquid carbon dioxide, the kinetics of the processes
of formation and decomposition of gas hydrates in comparison with heat and mass transfer in the
reservoir can be neglected.

In addition, in this work, we will consider the case when the reservoir has a sufficiently large
extent (L > 100 m), as well as low permeability (k < 10713 m?). In this case the process of filling the
reservoir with injected carbon dioxide will proceed rather slowly, and since there was no carbon
dioxide in the initial state, the process of conversion of CH,4 hydrate to CO, hydrate will also occur
very slowly (i.e., limited by the rate of filtration). Therefore, for the considered process (when the
reservoir length L > 100 m), times of the order of several tens of days are of practical interest. At such
long times, which significantly exceed the characteristic time of the process kinetics (which, according
to experimental data, is on the order of several hours), the kinetic mechanisms no longer limit the
process of the transition of CHy hydrate to CO, hydrate. Therefore, considering sufficiently large
time values (on the order of several days or ten days), the kinetics of the processes of formation and
decomposition of gas hydrates can be neglected. In this regard, the constructed model is valid only for
large time scales, relatively long reservoir length (L > 100 m) and low permeability (k < 107'% m?).

Thus, it can be assumed that, under the above conditions, three characteristic regions are formed
in the reservoir. According to the problem statement, the near (first) region of the pore is saturated with
liquid CO; and its hydrate. In the intermediate (second) region, only methane and water are present
in the reservoir. In the far (third) region, in addition to methane, its hydrate is present in the pores
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Figure 2. Methane hydrate decomposition is present only between the 2 and 3 boundaries, respectively,
on the moving frontal surface. In this case, the formation of CO, hydrate occurs only at the border
between 1 and 2 regions.

+ CO, hydrate |~ CH, hydrate
- and liquid CO, +* and CH,

Figure 2. Layout of zones in the reservoir.

To describe the processes that occur when carbon dioxide is injected into a porous layer, we make
the following assumption. Also, assume that the initial hydrate saturation value is small (no more
than 0.2). Then the filtration of water released during the decomposition of the gas hydrate can be
neglected. The system of basic equations in the straight-parallel case has the form [32-36]:

2(pjpS) + Z(pjeSiv)) = 0, (j = ¢, m)
2 2 d (12
pCLL + p,CipSvidk - 2(A%E) = o, )

ki 9
gy, — 9P
pSjvj = W ox’

pe = pocexp(B(p=po)), pm = p/RuT, kj = koS;

Here ¢ is the porosity; T is the temperature; p is pressure; p;, S;, vj, kj, C; and y; are density,
saturation, speed, phase permeability, specific heat capacity and dynamic viscosity of carbon dioxide
(j = c) and methane (j = m) respectively; R;, is the gas constant of methane;  is the compressibility
factor of COy; kg is the absolute permeability; pC and A are the specific volumetric heat capacity and
system thermal conductivity coefficient.

The last relation in the system (1) means that to describe the dependence of the relative (phase)
permeability of carbon dioxide k. on its saturation S, the following relation is used [25,37]:

ke = koS3
where S, is the carbon dioxide saturation. The saturation of carbon dioxide in the first region is equal to:
SC - ]. - S]’lC

where Sy, is the saturation for carbon dioxide gas hydrate.
Thus, to describe the dependence of the relative (phase) permeability of carbon dioxide k. on the
hydrate saturation of Sy, the following relation is used:

ke = ko(1=Spc)?

Analogically, to describe the dependence of the relative (phase) permeability of methane k,, on its
saturation S, the following relation is used:

km = koS3,

where S,;, is the methane saturation.
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The saturation value of methane S;,(3) in the third region is equal to:

where v is the saturation for methane gas hydrate in the third region.
Therefore, to describe the dependence of the relative (phase) permeability of methane k;;, in the
third region on the saturation of methane gas hydrate v, the following relation is used:

km(S) = ko(l—v)3

The equations of mass balance of CO, and CHy4 on the border between the first and second
areas are:

(PSCPC(Uc_x(n)) = (Pshcpthch(n)/ (Psmpm(vm_x(n)) =0

where G, ppe, Spe are the mass concentrations in hydrate of carbon dioxide, density and saturation of
carbon dioxide gas hydrate; x(,,) is the speed of movement of the near boundary of phase transitions.
Hereinafter, to describe the thermophysical characteristics at the boundary between 1 and 2 regions,
the index # is used.

The ratio of mass and heat balance at the boundary between 1 and 2 areas has the form:

Cap " . ko) 9p .
— g = 0 (5ESneGe + Scfity, it TG = PSw) X
PSncpne(1 = Ge)x () = PSipix(n) 2)

ASE -8 = ©SnePreLneX(n)

Here, Ly, is the heat of the carbon dioxide gas hydrate formation, T(;y and py;) are the temperature
and the pressure; index i = 1 and 7 = 2 belong to the first and second area; S; and p; are the pore
saturation and density of water. The pressure and temperature at the boundary between 1 and 2 areas
are assumed to be continuous.

The ratio of mass and heat balance at the boundary between 2 and 3 areas has the form:

kuw@) @) kw) e Ohm .
S o~ i o = P VCm t Sm3) = Sm) P
PSipix @y = @VPun (1= Gm)x(q) ®3)
aT aT .
A = A2 = VoL (a)

Here S,,;, T(;y and p(; are pore saturation, temperature and pressure of methane, index i = 3
belong to the third area; G, pym, v, Ly are the mass concentrations in hydrate of methane, density,
saturation and heat of the methane gas hydrate formation; x;) is the speed of movement of the far
border of phase transitions. The pressure and temperature on this surface are related by the phase
equilibrium condition for methane and its hydrate [30]:

Inp = A-B/T, (4)

where A =29.112, B = 7694.30.
The initial conditions, as well as the conditions at the reservoir boundaries, are presented as:

t=0:p=py, T=To(0<x<L),

x=0:p=p, T =T, (t>0), (5)
7. — aT _

x=L:p=po g = 0(t>0).
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The equations of piezoconductivity and thermal conductivity, obtained from the system of
Equation (1), have the form:

= - eXP(ﬁ(P(l) —Po)) ) (6)
ot @ScpicP eXP(ﬁ(P(l) —Po)) ox ox
196, 9(Pw o)\ .
T o~ Xoas\ty o ) U T 2 @)
aT; aT; I OT
Yo 9 @), )y POTG
o Bx(X ox + XX ox ox (i =1,223) (8)
here v — _fn@ ) _ ke Cokpa ( (py) - )) o oy Py
where X(Cz)k T Wi’ A(3) pum—v)” (1) = Tape &P PPy —po)) X2) = FRuun T’
X = Mg ra D = Ze ke = koSt k) = koS3, (i =2,3). In addition, from (2) and (3) it
follows that S; = —ph'"(l_Gm)V, She = o E)llflcc),sc = 1-Sj.. Hereinafter, the subscripts in brackets

i =1, 2, 3 relate respectively to the indicated area.

Problems (6)—-(8) with boundary, initial and on the moving boundaries of phase transitions
conditions (2)—(5) are closed. To solve it, the method of catching the front into a grid node is used [38,39].
When using the method of catching the front at the grid point, it is assumed that the boundary of
the CO, hydrate formation moves along the coordinate grid by exactly one step in one step by time.
This time step is calculated by iterations. The distributions of pressure and temperature in the far and
intermediate regions, as well as the position of the phase transition boundary x = x(), are determined
based on the end-to-end counting method.

To test the mathematical model, we used approximate analytical solutions presented in work [24].
These approximate analytical solutions were obtained for the problem of decomposition of methane
gas hydrate during the injection of liquid carbon dioxide into a gas hydrate layer based on the
method of converting to a self-similar variable. To obtain analytical solutions, a number of simplifying
assumptions were used. For example, the self-similar approximation and linearization of equations
were used. It was also assumed that the reservoir has a semi-infinite extent. Therefore, the analytical
solutions presented in work [24] are valid only for the initial stage of time.

In [24], these values of the parameters were used: ¢ = 0.2, v =02, T, =282 K, Ty = 274 K,
po =3.5MPa, p. =4 MPa, kg = 10716 m?, pC=2x 106 J/(K-m3), A = 2 W/(m-K). For these parameters,
the following values of the self-similar coordinates of the phase transition boundaries were obtained in
the work of [24] (p. 744, Figure 5):

E) = 0.65, &gy = 0.95 ©)

_ X _ 3 X
where & = N = 10 Vi

Thus, with the parameters listed above, the results obtained in [24] correspond to the following
dependences of the coordinates of the phase transition boundaries on time:

Xy = 65X1074VE x(q) = 9.5x107* vVt (10)

We compared our numerical solutions with those of an analytical solution. Figure 3 shows the
dependence of the coordinates of the phase transitions boundaries on time. The solid curve corresponds
to the numerical solutions obtained from our model. The dashed curve corresponds to the analytical
solutions obtained in [24]. Comparison of these solutions shows a fairly good match for small values
of time. Note that for large values of time, self-similar analytical solutions do not allow adequately
describing the process, as they are obtained for the case of a semi-infinite reservoir. However, any layer
has a finite extent. For large time values, the pressure perturbation will reach the right boundary of



Mathematics 2020, 8, 1482 8 of 15

the reservoir. In this case, the conditions on the right border will have a significant impact on the
peculiarities of the process.

a) b)

X M / Xy M

1.6 I

1.2

- .
. .
. .
- .
- -
0 8 % 2!
. L pa
. o
"
4

0.4
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0 20 40 60 80 1, day 0 20 40 60 80 ¢, day

Figure 3. Comparison of numerical solutions (solid curve) and approximate analytical solutions
(dashed curve). (a)—the coordinate of the near boundary of phase transitions; (b)—the coordinate of
the far boundary of phase transitions.

3. Calculations, Results and Discussion

The original parameters used in the model are shown in Table 1 [1,30].

Table 1. Basic parameters for the model.

Variables Symbol Value Unit
Porosity Q@ 0.2 -
Initial hydrate saturation v 0.2 -
Permeability ko 2x 10716 m?
Reservoir length L 100 m
Initial temperature To 274 K
Injection temperature T, 280 K
Specific volumetric heat capacity pC 2.0 x 10° J/(K-m3)
System thermal conductivity coefficient A 2 W/(m-K)
Mass concentrations of carbon dioxide in hydrate Ge 0.28 -
Mass concentrations of methane in hydrate Gm 0.13 -
Gas constant of methane Rm 520 J/(kgK)
Density of carbon dioxide hydrate Ohe 1100 kg/m?
Density of methane hydrate Phm 900 kg/m3
Density of water P 1000 kg/m3
Density of carbon dioxide Pco 890 kg/m3
Compressibility factor of carbon dioxide B 10-8 Pa~!
Dynamic viscosity of carbon dioxide e 1074 Pas
Dynamic viscosity of methane Um 107° Pa-s
Heat of the formation of carbon dioxide hydrate Ly 3.51 x 10° J/kg
Heat of the formation of methane hydrate Ly 4.48 x 10° J/kg
Specific heat capacity of carbon dioxide Ce 2600 J/(kg-K)
Specific heat capacity of methane Ci 1560 J/(kg-K)

In Figure 4, for the time t = 20 days, the dependences of pressure at the near boundary of phase
transitions, as well as temperatures and coordinates of the near (curve 1) and distant (curve 2) of phase
transitions boundaries depending on the injection pressure, are shown. The dashed line corresponds
to the equilibrium boiling pressure of liquid CO;. For the value of the initial pressure of the system,
the values py = 3.1 MPa (a) and 2.9 MPa (b) are assumed.
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Figure 4. Dependencies of pressures, temperatures and coordinates of phase transitions on carbon
dioxide injection pressure. py = 3.1 MPa (a) and 2.9 MPa (b).

Figure 4 shows a decrease in temperature at the boundary of the CO; hydrate formation with
increasing injection pressure. It also follows from Figure 4 that with an increase in the injection pressure,
the coordinate of the hydrate reservoir boundary also increases, and the coordinate of the dissociation
boundary of methane hydrate increases slightly. This is due to the increase in the filtration rate of
carbon dioxide with increasing injection pressure. The rate of displacement of methane by carbon
dioxide has a major effect on the rate of hydrate formation. An increase in the velocity of this boundary
leads to a decrease in the influence on it of a hotter left boundary and, accordingly, to a decrease in its
temperature. According to Figure 4, at high pressures, the near boundary of phase transitions can catch
up with the far boundary. In this case, methane in the gas hydrate is replaced by carbon dioxide at the
only phase transition boundary. In addition, at sufficiently low injection pressures, the pressure at the
near boundary may fall below the equilibrium boiling pressure. Therefore, in this case, it is necessary,
in addition to the area containing liquid CO, and its gas hydrate, to introduce into consideration a
region saturated with gaseous CO; and its gas hydrate. Thus, at low values of the injection pressure
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of pe in the reservoir, an additional region saturated with gaseous carbon dioxide and its hydrate
will additionally appear. At high injection pressures, a CO, gas hydrate formation will occur in the
replacement mode in the absence of a region containing methane and water. For average injection
pressures, two different cases are possible, depending on the pressure at the right boundary of the
reservoir, pg. At relatively high values of py, the regime is implemented according to the scheme shown
in Figure 2. At relatively low values of py, the formation of CO, hydrate will occur in the replacement
mode, but is accompanied by boiling of liquid carbon dioxide.

In Figure 5, for the moment of time f = 20 days, the dependences of pressure at the near boundary
of phase transitions, as well as temperatures and coordinates of the near (curve 1) and distant (curve
2) of phase transitions boundaries, depending on the pressure at the right boundary of the reservoir,
are shown. The values of injection pressure are p. = 3.7 MPa for case (a) and 3.64 MPa for case (b).
Figure 5 shows the increase in temperature at the boundary of the formation of CO, gas hydrate
with increasing pressure at the right boundary pg. Also, according to Figure 5, as the pressure on the
right border py decreases, the coordinates of both the near and far boundaries of the phase transition
increase. This is due to the fact that the rate of CO; hydrate formation boundary is determined by the
rate of methane displacement by carbon dioxide. Thus, the filtration rate of carbon dioxide increases
with increasing pressure drop in the reservoir. An increase in the velocity of this boundary leads
to a decrease in the influence on it of a hotter left boundary and, respectively, to a decrease in its
temperature. As a consequence, according to Figure 5, at low values of py, it is possible to merge
the boundaries of phase transitions and therefore it is also possible to merge the formation of CO,
hydrate in the replacement mode. Also, in the case of low values of py, the pressure at the near phase
transition boundary can fall below the equilibrium boiling pressure. Thus, as follows from Figure 5,
at low pressures at the right boundary of the reservoir, the formation of CO, gas hydrate occurs in the
replacement mode with the formation of a region saturated with gaseous CO, and its gas hydrate.
At high values of py, the formation of CO; gas hydrate occurs according to the scheme shown in
Figure 2.

In Figure 6, for the time of t = 20 days the dependences of pressure at the near boundary of phase
transitions, as well as temperatures and coordinates of the near (curve 1) and distant (curve 2) phase
transition boundaries from the absolute permeability of the reservoir, are shown. The dashed line
corresponds to the equilibrium boiling pressure of liquid CO,. For the pressure of injection, the values
are pe = 3.75 MPa (a) and 3.65 MPa (b). From here and on, the pressure at the right boundary of the
reservoir was assumed to be py = 3 MPa. As follows from Figure 6, with an increase in the permeability
of the reservoir, the phase transitions may merge and produce CO, gas hydrate in the replacement
mode. Also, according to Figure 6, at relatively high injection pressures, the process of forming CO,
gas hydrate will occur without forming a region saturated with gaseous CO, and its gas hydrate.
At low injection pressures, the process will be accompanied by boiling of liquid carbon dioxide.

In Figure 7 for time of t = 20 days, the dependences of the limiting values of injection pressure px,
separating modes with boiling and without boiling of carbon dioxide (dashed line) and modes with
and without dissociation of methane gas hydrate (solid line) on the permeability of the porous medium
(a), the pressure value at the right boundary of the reservoir (b), from the initial temperature of the
reservoir (c) and from the injection temperature (d). The dashed line corresponds to the equilibrium
boiling pressure of liquid CO,. Figure 7 shows four regions. In region I, there is no dissociation of CHy
hydrate and the CO; boiling mode is present. This mode is implemented at high values of injection
pressure. In region II, solutions are located without dissociation of CHy hydrate and with CO, boiling.
This mode is typical for highly permeable reservoirs, for reservoirs with low pressure at the right
boundary, also when there is a low temperature of injected liquid and low initial reservoir temperature.
Region III corresponds to the mode of the process with the dissociation of CHy hydrate and without
boiling of CO,. This mode is typical for low-permeable reservoirs and high values of pressure at the
right reservoir boundary. This mode is also implemented at high values of the injection temperature
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and of the initial temperature of the reservoir. In region IV, solutions are located with the dissociation
of CHy hydrate and with boiling of CO,. This mode is implemented at low values of injection pressure.

a) h)

P MPa P K
3.64 / 3.60 /
3.60 3.56

3.56 / 3.52

T.K / T.K /

o R
276.8} !
| 22768

276.4 # 5
276.4 d—
276.0 / — e
275.6 275.6
29 30 31 32p.MPa 29 30 31 32p.MPa
X, m 5 i 11
1.8 16—

i

1.6 \ 1.4 \ )
TN N

0.8 ‘
2.9 3.0 3.1 32 p.MPa 29 3.0 3.1 32 peMPa

Figure 5. Dependencies of pressure values, temperatures and coordinates of phase transition boundaries
on pressure at the right reservoir boundary. pe = 3.7 MPa (a) and 3.64 MPa (b).
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Figure 6. Dependencies of pressure values, temperatures and coordinates of phase transition boundaries
from reservoir permeability. p. = 3.75 MPa (a) and 3.65 MPa (b).



Mathematics 2020, 8, 1482 13 of 15

a b
p.. MPa s ha
3.76 -
3.8
372
1
I
______ L 3.68¢

3.7 y -
v I R
\ 3.64 v

3.6 ~ 360 —
1.0 1.5 2.0 2.5 k107, m’ 2.9 3.0 3.1 p,MPa
¢ d)
p. MPa / P, MPa /
3.76 3.72

/ I 1
3,79 “ 368 L
1 1/ v
3.68 = 3.64

--------- D v
II/ Y /
3.64 3.60 L~
3.60 3.56
273.5 274.0 2745 I, K 279.0 2795 2800 2805 T.K

Figure 7. Dependences of the values p+ on the porous medium permeability kj (a), on the pressure
value at the right reservoir boundary py (b), on the initial reservoir temperature T (c) and on the
injection temperature T, (d).

4. Conclusions

The main features of mathematical models are formulated, which provide a consistent description
of the process of injection of liquid carbon dioxide into a gas hydrate reservoir. Maps of possible
solutions have been built. These maps show in what ranges of parameters certain mathematical
models are consistent. Numerical solutions are obtained for the problem of injection of warm liquid
CO; into a reservoir of finite length, accompanied by the decomposition of CH, gas hydrate and the
formation of CO; gas hydrate. The dependences of the phase transition boundaries coordinates that
determine the rate of dissociation of CHy gas hydrate and the formation of CO, gas hydrate, as well
as the pressure and temperature values at these boundaries on the pressure of carbon dioxide injected,
as well as the permeability and initial pressure of the reservoir, were obtained. It was established
that with increasing injection pressure and decreasing pressure at the right boundary of the reservoir,
the temperature decreases at the boundary of carbon dioxide gas hydrate formation and the coordinate
of the carbon dioxide gas hydrate formation increases. It is shown that at sufficiently low pressures at
the right reservoir boundary and high injection pressures, the formation boundary of carbon dioxide
gas hydrate can catch up with the decomposition boundary of methane gas hydrate. This corresponds
to the mode of the process with the replacement of CH4 with CO; in hydrate without releasing free
water. It was also found that at sufficiently low values of injection pressure and pressure at the right
reservoir boundary, the pressure at the boundary of carbon dioxide gas hydrate formation drops below
the boiling pressure of carbon dioxide. These values of pressure at the right boundary and injection
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pressure can correspond both to the existence of a region saturated with the products of decomposition
of methane gas hydrate, and its absence. Hydrate decomposition can be accompanied by boiling
and occur without it. It has been established that the mode with the dissociation of CH4 hydrate to
water and gas is realized in low-permeable reservoirs, as well as at relatively high values of the initial
reservoir temperature and injection temperature. It was established that the mode with boiling of
liquid carbon dioxide is characteristic for relatively low values of pressure at the right boundary of the
reservoir and CO; injection pressure.

Author Contributions: Conceptualization M.K.K. Methodology M.K K., M.V.S. Software M.V.S. Validation M.K K.,
N.G.M. Formal analysis M.K.K., M.V.S., N.G.M. Investigation M.K.K., N.G.M., S.R.K. Writing—original draft
preparation M.K.K., N.G.M., M.VS,, S.RK. All authors contributed to the writing of the article. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 17-79-20001.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Makogon, Y.F. Hydrates of Hydrocarbons; PennWell Publishing Company: Tulsa, OK, USA, 1997; p. 503.

2. Makogon, Y.F. Natural gas hydrates—A promising source of energy. J. Nat. Gas Sci. Eng. 2010, 2, 49-59.
[CrossRef]

3. Makogon, Y.F; Holditch, S.A.; Makogon, T.Y. Natural gas-hydrates—A potential energy source for the 21st
Century. J. Pet. Sci. Eng. 2007, 56, 14-31. [CrossRef]

4. Wan, Q.-C.; Si, H,; Li, B.; Li, G. Heat transfer analysis of methane hydrate dissociation by depressurization
and thermal stimulation. Int. |. Heat Mass Transf. 2018, 127, 206-217. [CrossRef]

5. Wang, Y,; Feng, ]J.-C.; Li, X.-S. Pilot-scale experimental test on gas production from methane hydrate
decomposition using depressurization assisted with heat stimulation below quadruple point. Int. |. Heat
Mass Transf. 2019, 131, 965-972. [CrossRef]

6. Chen, C; Pan, D,; Yang, L.; Zhang, H.; Li, B,; Jin, C; Li, X,; Cheng, Y.; Zhong, X. Investigation into the Water
Jet Erosion Efficiency of Hydrate-Bearing Sediments Based on the Arbitrary Lagrangian-Eulerian Method.
Appl. Sci. 2019, 9, 182. [CrossRef]

7. Ota, M.; Morohashi, K.; Abe, Y.; Watanabe, M.; Smith, R.L.; Inomata, H. Replacement of CHy in the hydrate
by use of liquid CO,. Energy Conserv. Manag. 2005, 46, 1680-1691. [CrossRef]

8. Hirohama, S.; Shimoyama, Y.; Wakabayashi, A.; Tatsuta, S.; Nishida, N. Conversion of CHy-hydrate to
CO;,-hydrate in liquid CO;. J. Chem. Eng. Jpn. 1996, 29, 1014-1020. [CrossRef]

9.  Ohgaki, K.; Takano, K.; Sangawa, H.; Sangawa, H.; Matsubara, T.; Nakano, S. Methane Exploitation by
Carbon Dioxide from Gas Hydrates—Phase Equilibria for CO,-CH4 Mixed Hydrate System. J. Chem. Eng. Jpn.
1996, 29, 478-483. [CrossRef]

10. Nago, A.; Nieto, A. Natural Gas Production from Methane Hydrate Deposits Using CO, Clathrate
Sequestration: State-of-Art Review and New Technical Approaches. J. Geol. Res. 2011, 2011. [CrossRef]

11. Lee, B.R;; Koh, C.F; Sum, A.K. Quantitative measurement and mechanisms for CH,; production from
hydrates with the injection of liquid CO,. Phys. Chem. Chem. Phys. 2014, 16, 14922-14927. [CrossRef]

12.  Ota, M.; Abe, Y.; Watanabe, M.; Smith, R.L.; Hiroshi, I. Methane recovery from methane hydrate using
pressurized CO,. Fluid Phase Equilib. 2005, 229, 553-559. [CrossRef]

13.  Misyura, S.Y.; Donskoy, I.G. Ways to improve the efficiency of carbon dioxide utilization and gas hydrate
storage at low temperatures. . CO, Util. 2019, 34, 313-324. [CrossRef]

14. Espinoza, D.N.; Santamarina, ]J.C. P-wave Monitoring of Hydrate-Bearing Sand during CH4-CO,
Replacement. Int. . Greenh. Gas Control 2011, 5, 1032-1038. [CrossRef]

15. Jung, J.W.; Santamarina, ]J.C. CH4-CO; replacement in hydrate-bearing sediments: A pore-scale study.
Geochem. Geophys. Geosyst. 2010, 11. [CrossRef]

16. Yuan, Q.; Sun, C,; Liu, B.; Wang, X.; Ma, Z.; Ma, Q.; Yang, L.; Chen, G.; Li, Q.; Li, S. Methane recovery from
natural gas hydrate in porous sediment using pressurized liquid CO,. Energy Convers. Manag. 2013, 67,
257-264. [CrossRef]


http://dx.doi.org/10.1016/j.jngse.2009.12.004
http://dx.doi.org/10.1016/j.petrol.2005.10.009
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.07.016
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.11.120
http://dx.doi.org/10.3390/app9010182
http://dx.doi.org/10.1016/j.enconman.2004.10.002
http://dx.doi.org/10.1252/jcej.29.1014
http://dx.doi.org/10.1252/jcej.29.478
http://dx.doi.org/10.1155/2011/239397
http://dx.doi.org/10.1039/C4CP01780C
http://dx.doi.org/10.1016/j.fluid.2004.10.002
http://dx.doi.org/10.1016/j.jcou.2019.07.010
http://dx.doi.org/10.1016/j.ijggc.2011.02.006
http://dx.doi.org/10.1029/2010GC003339
http://dx.doi.org/10.1016/j.enconman.2012.11.018

Mathematics 2020, 8, 1482 15 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Jung, ] W.; Espinoza, D.N.; Santamarina, J.C. Properties and phenomena relevant to CH;s—CO; replacement
in hydrate-bearing sediments. . Geophys. Res. Atmos. 2010, 115. [CrossRef]

Prah, B.; Yun, R. Heat transfer and pressure drop of CO, hydrate mixture in pipeline. Int. |. Heat Mass Transf.
2016, 102, 341-347. [CrossRef]

Ou, W,; Lu, W; Qu, K.; Geng, L.; Chou, I.-M. In situ Raman spectroscopic investigation of flux-controlled
crystal growth under high pressure: A case study of carbon dioxide hydrate growth in aqueous solution.
Int. ]. Heat Mass Transf. 2016, 101, 834-843. [CrossRef]

Dontsov, V.E.; Chernov, A.A.; Dontsov, E.V. Shock waves and formation of carbon dioxide hydrate at an
increased pressure in the gas-liquid medium. Thermophys. Aeromech. 2007, 14, 21-35. [CrossRef]

Chernov, A.A.; Dontsov, V.E. The processes of dissolution and hydrate forming behind the shock wave in the
gas-liquid medium with gas mixture bubbles. Int. . Heat Mass Transf. 2011, 54, 4307-4316. [CrossRef]
Dontsov, V.E.; Chernov, A.A. Dilution and hydrate forming process in shock waves. Int. ]. Heat Mass Transf.
2009, 52, 4919-4928. [CrossRef]

Liu, B.; Pan, H.; Wang, X,; Li, F; Sun, C.; Chen, G. Evaluation of Different CH4-CO, Replacement Processes
in Hydrate-Bearing Sediments by Measuring P-Wave Velocity. Energies 2013, 6, 6242-6254. [CrossRef]
Shagapov, V.S.; Khasanov, M.K. Regimes of methane recovery from gas hydrate on injection of “warm’
carbon dioxide into a porous medium. High Temp. 2017, 55, 737-745. [CrossRef]

Shagapov, V.S.; Khasanov, M.K.; Musakaev, N.G.; Duong, N.H. Theoretical research of the gas hydrate
deposits development using the injection of carbon dioxide. Int. ]. Heat Mass Transf. 2017, 107, 347-357.
[CrossRef]

Shagapov, V.S.; Musakaev, N.G.; Khasanov, M.K. Injection of liquid carbon dioxide into a reservoir partially
saturated with methane hydrate. J. Appl. Mech. Tech. Phys. 2016, 57, 1083-1092. [CrossRef]

Khasanov, M.K.; Shagapov, V.S. Methane Gas Hydrate Decomposition in a Porous Medium Upon Injection
of a Warm Carbon Dioxide Gas. J. Eng. Phys. Thermophys. 2016, 89, 1123-1133. [CrossRef]

Khasanov, M.K.; Stolpovsky, M.V.; Gimaltdinov, . K. Mathematical model for carbon dioxide injection into
porous medium saturated with methane and gas hydrate. Int. |. Heat Mass Transf. 2018, 127, 21-28. [CrossRef]
Khasanov, M.K; Stolpovsky, M.V.; Gimaltdinov, I. K. Mathematical model of injection of liquid carbon dioxide
in a reservoir saturated with methane and its hydrate. Int. J. Heat Mass Transf. 2019, 132, 529-538. [CrossRef]
Istomin, V.A.; Yakushev, V.S. Gas Hydrates under Natural Conditions; Nedra Publishers: Moscow, Russia, 1992.
(In Russian)

Collins, R.E. Flow of Fluids through Porous Materials; Reinhold Publishing Corp: New York, NY, USA, 1961.
Musakaev, N.G.; Khasanov, M.K.; Borodin, S.L. The mathematical model of the gas hydrate deposit
development in permafrost. Int. J. Heat Mass Transf. 2018, 118, 55-461. [CrossRef]

Bondarev, E.A.; Rozhin, LL; Popov, V.V.; Argunova, K.K. Underground Storage of Natural Gas in Hydrate
State: Primary Injection Stage. J. Eng. Thermophys. 2018, 27, 221-231. [CrossRef]

Bondarev, E.A.; Rozhin, L1L; Popov, V.V,; Argunova, K.K. Assessment of possibility of natural gas hydrates

7

underground storage in permafrost regions. Earth’s Cryosphere 2015, 19, 64-74.

Bondarev, E.A.; Rozhin, LI; Popov, V.V.; Argunova, K.K. Mathematical modeling of natural gas underground
storage in hydrate state. SOCAR Proc. 2015, 2, 54—67. [CrossRef]

Musakaev, N.G.; Khasanov, M.K. Solution of the Problem of Natural Gas Storages Creating in Gas Hydrate
State in Porous. Mathematics 2020, 8, 36. [CrossRef]

Barenblatt, G.I.; Entov, V.M.; Ryzshik, V.M. Theory of Fluid Flows through Natural Rocks; Kluwer Academic
Publishers: Dordrecht, The Netherlands; Boston, MA, USA, 1990.

Samarskii, A.A.; Vabishchevich, PN. Computational Heat Transfer; Editorial URSS: Moscow, Russia, 2003.
(In Russian)

Gimaltdinov, L.K.; Stolpovskii, M.V.; Khasanov, M.K. Recovery of Methane From Gas Hydrates in a Porous
Medium by Injection of Carbon Dioxide. J. Appl. Mech. Tech. Phys. 2018, 59, 1-8. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1029/2009JB000812
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.06.013
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.05.082
http://dx.doi.org/10.1134/S0869864307010040
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.05.014
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.04.030
http://dx.doi.org/10.3390/en6126242
http://dx.doi.org/10.1134/S0018151X17050170
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.11.034
http://dx.doi.org/10.1134/S002189441606016X
http://dx.doi.org/10.1007/s10891-016-1475-8
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.06.028
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.12.033
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.10.127
http://dx.doi.org/10.1134/S181023281802008X
http://dx.doi.org/10.5510/OGP20150200243
http://dx.doi.org/10.3390/math8010036
http://dx.doi.org/10.1134/S0021894418010017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mathematical Model 
	Calculations, Results and Discussion 
	Conclusions 
	References

