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In this article we construct a mathematical model and examine the characteristics of
the injection of carbon dioxide into the natural layer, rich of the methane and its hydrate in
its initial state. We consider the case in which due to the injection of carbon dioxide in the
layer two areas are formed: in the �rst (proximal) region the pores of the layer are saturated
with carbon dioxide and its hydrate but in the second (distant) region the pores of the layer
are saturated with methane and its hydrate. In the numerical experiments it was established
when the pressure increasing on the right border of the layer and decreasing the permeability
of the layer or of the pressure of the of carbon dioxide injected, the temperature of the layer
can rise at the front of the replacement above the equilibrium temperature of gas hydrate
decomposition of methane that corresponds to the appearance of the dissociation border of
gas hydrate to methane and water.
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Introduction

The gas hydrates due to their possible use as energy resources and wide dissemination
attract attention of oil companies and scientists. The �rst mention of the extraction of
gas hydrate refers to the beginning of 70 of the 20th century in the Messoyakh �eld. In
the early 21st century the works on the extraction of gas hydrate were carried out in the
areas permafrost in Canada. Modern methods of extraction of the hydrate are based on
the injection of warm water and lower pressure but both methods are energy-intensive
and are accompanied by the release of by-products (water and sand) [1]. Experts have
estimated that about 99% of hydrate deposits are located on the bottom of the world's
ocean [2]. Hydrate extraction from these deposits is hazardous due to the allocation of
large amounts of water and the destruction of the bottom. To avoid breaking strength
of rocks a method was proposed for replacement of methane gas hydrate with carbon
dioxide [3,4]. In this case, water is not allocated, since methane hydrate is replaced by the
hydrate of carbon dioxide. The �rst experiments on the replacement of methane hydrate
with carbon dioxide were carried out in 2011 on the North Slope of Alaska [5]. To date a
series of laboratory experiments was conducted which have studied the kinetics of hydrate
formation, dependence of the hydrate formation on the permeability, mineralization of
water and method of injection of carbon dioxide.

Mathematical models of injection of carbon dioxide into the layer containing methane
and its hydrate are presented in the works [6, 7]. However, the solution of the problem
in these studies is constructed in self-similar approximation for semi-in�nite layer. In the
present work, in contrast to [6, 7] the �nite length of the layer is considered and the
e�ect of pressure on the outside border to the peculiarities of the replacement process are
investigated.
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1. Problem Statement

Let's consider a porous layer that is �lled with methane and methane hydrate with
the saturation ν in the initial moment of time. The upper and the bottom of the layer
are impermeable, the pressure p0 and the temperature T0 of the layer correspond to the
conditions of stable existence of a mixture of methane and its hydrate:

t = 0, x > 0 : T = T0, p = p0, Sh = ν.

Carbon dioxide in the gaseous state starts to inject through the left border of the layer
(x=0). The pressure pe and temperature Te of carbon dioxide is kept constant and
correspond to the existence conditions of heterogeneous mixture of carbon dioxide and
its hydrate:

t > 0, x = 0 : T = Te, p = pe.

Values of pressure and temperature on the phase diagram in the case of the description of
the curve "gas-water-hydrate" are described by the equation [8]:

p = ps0 exp

(
T − T0

T∗

)
, (1)

where ps0 is the equilibrium pressure corresponding to the temperature T0, T∗ is an
empirical parameter, that depends on the type of gas hydrate.

We consider the �ow in porous layers as laminar, and the injection process is faster
than the di�usion process. In addition, the viscosity of carbon dioxide is approximately one
and a half times higher than the viscosity of methane. In this regard, we can neglect mixing
of gases and consider a stable front displacement of methane with carbon dioxide. Due to
these factors, we can assume that two regions are formed during the injection of carbon
dioxide. The pores of the layer are saturated with carbon dioxide and its hydrate in the
proximal range and the pores of the layer are saturated with methane and its hydrate in
the distant range. With all the assumptions the replacement of methane by carbon dioxide
in the gas hydrate occurs on the front movable surface completely, separating these two
areas.

2. Basic Equations

With the above assumptions the system of equations describing the �ltration and
heat transfer process within a porous medium and including the laws of conservation of
mass and energy, Darcy's law and state equation in the rectilinear-parallel case has the
form [9�12]: 

∂
∂t
(ρiϕSi) +

∂
∂x

(ρiϕSiυi) = 0,
∂
∂t
(ρCT ) + ρiciϕSiυi

∂T
∂x

= ∂
∂x

(
λ∂T

∂x

)
,

ϕSiυi = − ki
µi

∂p
∂x
,

ρi = p/RgiT .

(2)

Here and further the subscripts i = c, m correspond to the parameters of carbon dioxide
and methane: p is pressure; T is temperature; ϕ is porosity; ρi is real density; υi is velocity,
ki is permeability, ci is speci�c mass heat, Rgi is gas constant, µi is dynamic viscosity of
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i -phase, Si is pore saturation of i -phase; λ is the conductivity factor of the system, ρC is
speci�c volume heat. We use the formula of Kozeny to describe the dependence of the phase
permeability factor ki for i -gas phase on Si gas saturation and k0 absolute permeability:

ki = k0S
3
i , (i = c,m). (3)

Subject to replacement, the conditions of mass balance of carbon dioxide and methane at
the border between the regions will take the form of:{

ϕScρc
(
υc − ẋ(n)

)
= ϕShcρhcGc ẋ(n),

ϕ Smρm
(
υm − ẋ(n)

)
= ϕShmρhmGmẋ(n),

(4)

where ρhi is hydrate density and Shi is hydrate saturation of i -phase, ẋ(n) is border velocity
of the phase transitions, Gc è Gm are the relative mass concentration of carbon dioxide
and methane in the gas hydrate. Here and further the lower subscript n refers to the
parameters at the border between regions.

The conditions of mass balance and heat at the border between regions with (4) and
Darcy's law can be written in the following form:

−kc
µc

∂p(1)
∂x

= ϕ

(
ρhc
ρc

ShcGc + Sc

)
ẋ(n), (5)

−km
µm

∂p(2)
∂x

= ϕ

(
ρhm
ρm

ShmGm + Sm

)
ẋ(n), (6){

ϕShcρhc(1−Gc) ẋ(n) = ϕShmρhm(1−Gm) ẋ(n),

λ
∂T(1)

∂x
− λ

∂T(2)

∂x
= ϕ (ShcρhcLhc − ShmρhmLhm) ẋ(n).

(7)

Here Lhi is heat formation of hydrate of i -phase (i =c, m); ρ(j) and T(j) is pressure and
temperature in the j -region, lower subscripts j = 1, 2 are de�ned for the parameters of
the 1-st and 2-nd regions.

The temperature and the pressure at the border between the regions should be
continuous:

pn(1) = pn(2) = p(n), Tn(1) = Tn(2) = T(n).

The saturation of the layer by methane hydrate in the second region is presented as
Shm = ν. So, the value of hydrate saturation in the �rst zone can be found from the third
equation of the system (5), which is a condition for the mass balance of water bound in
the hydrate:

Shc = ρhm (1−Gm) ν/ρhc (1−Gc).

The problem in the question describing the changes in temperature ∆T = Te − T0

are insigni�cant in the �ltration region ( ∆T ≪ T0 ). Therefore, the summand of
the piezoconductivity equation, which is responsible for the temperature variability, is
inessential. With this in mind, on the basis of system (2), the equations of piezoconductivity
and thermal di�usivity can be written as:

∂p2(j)
∂t

= χ
(p)
(j)

∂

∂x

(
∂p2(j)
∂x

)
, (j = 1, 2), (8)
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∂T(j)

∂t
= χ(T ) ∂

∂x

(
∂T(j)

∂x

)
+ χ(T )Pe(j)

∂p2(j)
∂x

∂T(j)

∂x
, (j = 1, 2), (9)

where χ
(p)
(1) =

kcp(1)
µcϕ(1−Shc)

, χ
(p)
(2) =

kmp(2)
µmϕ(1−ν)

, Pe(1) =
ρ0c Cc kc
2λµcp(1)

, Pe(2) =
ρ0m Cm km
2λµmp(2)

, χ(T ) = λ
ρC
.

3. The Results of the Calculations

The solution of the problem (8), (9) with conditions (5) � (7) at the border of the
phase transition was carried out by the method of catching the front into the node of the
spatial mesh with a step h = L/n, where n is the number of breaking points [13]. It was
believed that the unknown time step τ , which is in the course of solving the problem,
the phase transition front moves through a coordinate grid for the value h. The equation
system in the partial derivatives (5) � (9) was given in the implicit �nite-di�erence form.
At each time step, making precise the distributions of pressure and temperature as well as
time step were carried out by the method of iterations to the given accuracy. So, if at some
time step, pressure and temperature distributions are known their precise is as follows. The
pressure distribution in the �rst region (saturated with carbon dioxide) is determined from
the piezoconductivity equation (8) with border conditions (x = 0, p = pe) and (5), and
due to the pressure value already found at the border and the condition (x = L, p = p0)
the distribution of pressure in the second zone (saturated with methane) will be found
too. The temperature distribution is found from the equation of thermal conductivity (9)
subject to the conditions (7). The next approximation time step carries out according to
the formula τ =

√
τ1 · τ2, where the "intermediate" time steps are τ1 and τ2, which were

determined from the conditions (6) and (7).
System parameters: ϕ= 0,1, L = 100 m, m = 0, 2, ν = 0, 4,

p0 = 3 MPa, pe = 3,3 MPa, T0 = 274 Ê, Te = 276 Ê, Gc = 0,28,
Gm = 0,13, k0 = 2 · 10−15 m2, T∗ = 10 Ê, ps0 = 2,87 MPa, λ = 2
W/(m·Ê), ρC = 2,5·106 W/(m · Ê), ρhc = 1100 kg/m3, ρhm = 900 kg/m3,
Cc = 800 J/(kg · K), Cm = 1560 J/(kg · K), Rgc = 189 J/(kg · Ê), Rgm =520 J/(kg · Ê),
Lhm = 4,5·105 J/kg, Lhc = 4,1·105 J/kg, µc = 1,4 ·10−5 Pà·c, µm = 10−5 Pà·c,
Tc∗ = 7,6 K, Tm∗ = 10 K, ps0c = 1,29 MPa, ps0m = 2,87 MPa.

Fig. 1 shows the dependence of temperature and pressure on the coordinate at
time t = 200 days. According to Fig. 1 the layer temperature (continuous line) in the
region saturated by gas hydrate of methane is below the equilibrium temperature of
decomposition of gas hydrate of methane corresponding calculated pressure distribution
(dashed line). Therefore, in this case, the solution with one border of phase transitions
isn't contradictory.

Fig. 2 shows the temperature dependence at the front of the replacement (continuous
line), the equilibrium temperature of decomposition of methane gas hydrate corresponding
to the pressure at the border of the phase transition (dashed line) and the coordinates
of the given border on the pressure of the injected gas (à), pressure on the layer right
border (b) as well as absolute permeability (c) at time t = 120 days. According to Fig. 2,
when the injection and permeability pressure decreasing and also the pressure increasing
on the right border of the layer the temperature increasing is observed at the front of
the replacement. This is because in this case the front replacement coordinate reduces
and accordingly, the in�uence of the left hotter border (Te > T0) increases for this front
temperature. In this regard, at low values of injection pressure and permeability as well
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Fig. 1. Temperature and pressure distribution of the layer during the time t = 200 days
at = 3,3 ÌPà

as at the high pressure on the right border of the layer the temperature of the layer at the
front of replacement rises above the equilibrium temperature of decomposition of methane
gas hydrate that corresponds to the appearance of the intermediate region saturated with
methane and water i.e. to the mode with the second border of phase transitions where the
decomposition of the CH4 hydrate into methane and water takes place.
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Fig. 2. Temperature dependence at the front of the substitution (continuous line), the
equilibrium temperature of decomposition of gas hydrate of methane corresponding to the
pressure at the border of the phase transition (dashed line) and the coordinates of the
given border from the pressure of the injected gas (à), pressure at the layer right border
(b) as well as absolute permeability (c) at time t = 120 days
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ÌÀÒÅÌÀÒÈ×ÅÑÊÀß ÌÎÄÅËÜ ÏÐÎÖÅÑÑÀ ÇÀÌÅÙÅÍÈß
ÌÅÒÀÍÀ Â ÃÀÇÎÃÈÄÐÀÒÅ ÍÀ ÄÈÎÊÑÈÄ ÓÃËÅÐÎÄÀ
Â ÏÎÐÈÑÒÎÌ ÏËÀÑÒÅ

Ì.Ê. Õàñàíîâ, Ì.Â. Ñòîëïîâñêèé, Ñ.Ð. Êèëüäèáàåâà

Ñòåðëèòàìàêñêèé ôèëèàë Áàøêèðñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà,
ã. Ñòåðëèòàìàê, Ðîññèéñêàÿ Ôåäåðàöèÿ

Â ðàáîòå ïîñòðîåíà ìàòåìàòè÷åñêàÿ ìîäåëü è èññëåäóþòñÿ îñîáåííîñòè èíæåêöèè

äèîêñèäà óãëåðîäà â ïðèðîäíûé ïëàñò, íàñûùåííûé â èñõîäíîì ñîñòîÿíèè ìåòàíîì è
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åãî ãèäðàòîì. Ðàññìàòðèâàåòñÿ ñëó÷àé, ïðè êîòîðîì âñëåäñòâèå çàêà÷êè äèîêñèäà óã-
ëåðîäà â ïëàñòå ôîðìèðóþòñÿ äâå îáëàñòè: â ïåðâîé (áëèæíåé) îáëàñòè ïîðû ïëàñòà
íàñûùåíû äèîêñèäîì óãëåðîäà è åãî ãèäðàòîì, à âî âòîðîé (äàëüíåé) îáëàñòè ïîðû
ïëàñòà íàñûùåíû ìåòàíîì è åãî ãèäðàòîì. Â õîäå ïðîâåäåííîãî ÷èñëåííîãî ýêñïå-
ðèìåíòà áûëî óñòàíîâëåíî, ÷òî ïðè ïîâûøåíèè äàâëåíèÿ íà ïðàâîé ãðàíèöå ïëàñòà,
ïîíèæåíèè ïðîíèöàåìîñòè ïëàñòà èëè äàâëåíèÿ íàãíåòàåìîãî äèîêñèäà óãëåðîäà, òåì-
ïåðàòóðà ïëàñòà íà ôðîíòå çàìåùåíèÿ ìîæåò ïîäíèìàòüñÿ âûøå ðàâíîâåñíîé òåìïå-
ðàòóðû ðàçëîæåíèÿ ãàçîãèäðàòà ìåòàíà, ÷òî ñîîòâåòñòâóåò âîçíèêíîâåíèþ ãðàíèöû
äèññîöèàöèè ãàçîãèäðàòà íà ìåòàí è âîäó.

Êëþ÷åâûå ñëîâà: ãàçîâûé ãèäðàò; ïîðèñòûé ïëàñò; ìåòàí; äèîêñèä óãëåðîäà; çà-

ìåùåíèå.
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