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This paper presents a solution to the flat-dimensional problem of gas hydrate formation
in a porous medium. Highly permeable reservoirs are considered, as a result of which it is
assumed that the process accompanied by the transition of gas into the hydrate composition
is nonequilibrium. Based on the numerical solution, the influence of injection pressure and
formation permeability on the peculiarities of phase transitions process has been studied.
It is shown that with an increase in the injection pressure, both the maximum possible
temperature of the system and the length of the hydrate-containing region increase. It
has been found that the maximum temperature realized in the system, depending on the
permeability of the reservoir, has a non-monotonic character. The influence of the initial
temperature of the porous reservoir on the dynamics of phase transitions has been studied.

Keywords: gas hydrate; phase transitions; nonequilibrium process; porous medium,;
kinetics.

Introduction

Natural deposits of hydrates are found at the bottom of seas and oceans, as well as
in permafrost. The main aspect of the study of hydrates is the fact that the gas reserves
contained in them are large enough and can provide the need for it for a very long period
of time. According to estimates, the content of natural gas in gas hydrates is estimated
at about 10 m3 [1,2]. Another feature of the study is the fact that gas hydrates can
accumulate a sufficiently large amount of industrial gases at sufficiently low economic
costs [3, 4].

Experimental studies in the field of hydrate formation are presented, in particular,
in [5,6]. In these papers studies of gas hydrate formation were carried out in samples
of small size and usually under thermal and barostatic conditions. Therefore, in these
studies, due to the small size of the samples, the process of gas hydrate formation is
limited only by the kinetics of the process. The works [7-9] consider mathematical models
of the formation and decomposition of methane gas hydrates in porous reservoirs under
thermal and depression effects. Studies on the replacement of methane in the hydrate
composition of carbon dioxide are presented in [10,11].

This paper presents a mathematical model of gas injection into a solid water-saturated
porous medium, accompanied by a process of phase transitions in a nonequilibrium regime.
This is based on the fact that the gas-solid gas hydrate transition process is considered
for highly permeable formations, where in addition to heat and mass transfer, the kinetics
of the process must be taken into account. Note that in contrast to [7-9], in the present
work, the mathematical model takes into account the real properties of gas (to describe
the dependence of the methane supercompressibility factor on pressure and temperature,
the Latonov—Gurevich equation is used). It is shown that gas injection in the reservoir can
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be divided into three characteristic regions. In addition, the effect of injection pressure
and formation permeability on the maximum temperature realized in the system and the
extent of the area saturated with gas hydrate has been studied. It is also shown that as the
initial formation temperature increases, the extent of the region containing gas hydrate
decreases.

1. Problem Statement

For small drops in pressure and temperature, values of the equilibrium pressure p, as
a function of the temperature 7" are approximated by [12]

Ps = Pso - ea:p((T - T50>/T*)7 (1>

where T, is the empirical parameter. The system of basic equations for the real gas is the
following [13]:

Here ¢ is the time; m is the porosity reservoir; S;, p;, J; (i =1, h,g) are the pore volume
saturation, density and intensity of the ¢-th phase consumption, respectively; vy, kg, 4 are
the speed, permeability and dynamic viscosity of methane, respectively; Lj, is the specific
heat of hydrate formation; z, is the methane supercompressibility coefficient; R, is the
reduced methane constant; p. and A are the specific volume heat capacity and thermal
conductivity of the reservoir. Since the main contribution to the values of p. and A is
made by the corresponding parameters of the porous medium skeleton, we consider them
as constant values. Hereinafter, the lower indices ¢ = [, h, g refer to water, hydrate, and
methane, respectively.

Let us represent the dependence of the gas supercompressibility coefficient z, on
pressure and temperature as follows [14]:

T p/pe

C

where p. and T, are the critical pressure and temperature of C'Hy, respectively. Thus, for
the coefficients of differential throttling and adiabatic cooling of gas, we can write:

1 T(azg) 1
Eg=————\| o~ y Mg = —— — &g,
g PgCq 2g \OT' ), T peCy g

L 0zg\ .
where the derivative (—g) is taken at constant pressure.

or
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Taking into account that a solid hydrate is a two-component system with a mass
concentration of gas (G, in order to relate the values of the rates of water flow J; and gas
J, for hydrate formation with the value of the intensity Jj, , we can write the following
relations:

J=01=G)J, J,=Gy (4)

From the second and third equations of system (2), taking into account (4), we can
obtain:

mp (S[ - SlO) = —Mpp (1 - G) Sh. (5)

In deriving (5), it is assumed that in the initial state, the formation is saturated with
CH, and H50, the volume fraction of which is equal to Sjg, and there is no hydrate. The
volume fraction of gas hydrate in this case is equal to zero. From expression (5), we can
get a limit on the maximum possible value of hydrate saturation Sy,.x realized at full
transition of water (S; = 0) in the hydrate state:

Shmax = PlSlo/ (Ph (1 - G)) :

Dependence of the phase permeability coefficient on the current gas saturation Sy and the
absolute permeability ky of the reservoir is as follows [15]:

kg = koS2.

Intensity of gas consumption per unit volume for hydrate formation, according to [16],
is as follows:

Jg=MgKAs (f — feq) - (6)

In (6), M, is the mass of 1 mol of hydrate-forming gas C'Hy; K is the reaction parameter
of decomposition or hydrate formation; A, is the surface area of the hydrate formation;
feq and f is the C'H, fugacity, determined for both equilibrium and for current system

pressure. In the case of hydrate formation, according to [16], we assume that K = 5,875-
107 2mol/(m? - Pa - s), A, = m3(52"7/,:“%)3(Sng’lSh)W?’. In the case of nonequilibrium

decomposition of a solid hydrate K = Kgexp (—££), where K, = 3,6 10%mol/(m? -

Pa-s), AE/R — 9752, T3K; A, — \/@Sﬁ
We find the fugacity f of the real gas, corresponding to the pressure p, on the basis of

the expression
P

In f = Inpe; + / 2 qp, (7)
p
Pst

where py; = 10° Pa.
Initial value conditions and conditions on the left boundary of the reservoir are
represented in the form
t=20: P = Do, T:To, Sh:O, SZZSZO;
r=0: p=py, T=1T,. ®)

As conditions on the right boundary of the reservoir, we use conditions of the form

L o _, (9)
t=1L:p=py, - =0.

" Ox
70 Bulletin of the South Ural State University. Ser. Mathematical Modelling, Programming

& Computer Software (Bulletin SUSU MMCS), 2023, vol. 16, no. 2, pp. 68—77



MATEMATNYECKOE MOJAEJIMPOBAHINE

When solving the resulting system of equations, the following parameters are given: the
skeleton porosity m, the water densities p; and the gas hydrate pp, the absolute reservoir
permeability ko, the dynamic gas viscosity p4, the specific heat of hydrate formation Ly,
the reduced gas constant Ry, the gas heat capacity c,, the relative mass content gas in gas
hydrate G, the specific volumetric heat capacity p. and the thermal conductivity coefficient
A of the system. In this case, the following unknown functions are found: the pressure p,
the temperature T', the hydrate saturation S}, and the water saturation .S;. These unknowns
are functions of the coordinate x and the time ¢. An implicit finite-difference method was
used to solve the system of differential equations [17]. For this, a uniform space-time grid

was introduced.

2. Analysis of Results

Fig. 1 shows the distribution of the main
parameters saturation of the porous medium for the
case of gas injection under pressure p,, = 8 M Pa and
the temperature T,, = 278 K in a porous formation
with the absolute permeability kg = 10713m? for the
time moment ¢t = 0,38 h. For the other parameters
characterizing the system, the following values were
taken: pg = 5 MPa, Ty = 280 K, S;g = 0,15 m =
0,2, A\ =2W/(m-K), pc =2,5-10° J/(K - m?),
pr = 1000 kg/m3, pn = 900 kg/m?, G = 0,13,
Ly =5-10° J/kg, Tso = 280 K, T, = 10 K, pyy =
5,5 MPa, py, =107 Pa-s, M =16 -107* kg/mol,
R, = 520 J/(kg - K), ¢, = 1560 J/(kg - K),
[ = 50 m. From Fig. 1 shows that the hydrate
saturation of near area takes the maximum possible
value corresponding to the full transition of water to
the hydrate state. The pores of the far region contain
gas and water. The intermediate region separating
the above-mentioned areas is saturated with gas and
water. In this area, hydrate saturation varies from
maximum to zero. In the far region, only gas and
water are present in the pores.

Fig. 2 shows the dependence of the maximum
temperature realized in the porous medium
(fragment a) and the coordinate of the area occupied
by gas hydrate (fragment b) on the injection pressure
P for the time moment ¢ = 10 min. The initial
reservoir pressure was assumed to be pg = 4 M Pa.
As follows from the fragment a, the maximum
temperature of the porous medium increases with
increasing injection pressure. This is explained due
to increasing pressure of injection and, consequently,
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Fig. 1. Distribution of pressure,
temperature and hydrate saturation
of the porous medium

an increase in release of latent heat of phase transition.
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Fragment b of Fig. 2 also shows that with an increase in the gas pressure, the extent of
the region, the extent of the area containing gas hydrate increases. This can be explained
by the fact that with increasing values of p,, the conditions corresponding to hydrate
formation are satisfied in most of the reservoir.

a) b)
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5 6 7 8 9 Pw, MPa 5 6 7 8 gPws MEa

Fig. 2. Dependence of the maximum temperature (a) and the coordinate of the area
occupied by the hydrate (b) on the injection pressure

Fig. 3 shows the dependence of the maximum possible temperature realized in the
porous medium(fragment a) and the coordinate of the area occupied by hydrate (fragment
b) on the formation permeability coefficient for the time moment ¢ = 10 min. The initial
pressure and injection pressure were assumed to be pg = 4 M Pa and p, = 6 MPa,
respectively. As follows from fragment a, the maximum possible temperature of a porous
medium, depending on of the system depending on formation permeability has a non-
monotonic character. At the same time, in the region of low kj, with an increase in
permeability, the maximum possible temperature of the porous medium increases. This is
explained by the fact that with increasing permeability increases the intensity of hydrate
formation and, consequently, the growth of system temperature. In this case, the adiabatic
effect, associated with the real gas properties, appear rather weak. In the region of high
values of permeability with growth of kg value the maximum temperature of the system
is observed to decrease. In this case, the diabetic effect plays a more significant role, even
in the case of an increase in the intensity of phase transitions. This leads to a decrease in
the maximum possible system temperature with an increase in reservoir permeability.

From fragment b of Fig. 3. it follows that an increase in the permeability coefficient
of a solid formation leads to a corresponding increase in the extent of the area occupied
by the gas hydrate. This can be explained by the fact that with an increase in the value
of kg, the area of propagation of the pressure disturbance also increases, which leads to a
significant increase in the area occupied by the gas hydrate.

Fig. 4 shows the time dependence of the coordinate of the area occupied by gas hydrate.
Lines 1 and 2 correspond to the initial temperature 7y = 280 K and Ty = 280,5 K. The
other parameters of the porous medium correspond to those in Fig. 1. From Fig. 4 it follows
that in the initial moments of time after gas injection the length of the area occupied by
gas hydrate increases to its maximum value, and then it practically does not change. With
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increasing initial temperature of the system, the maximum extent of the area occupied by
gas hydrate decreases. This is due to the fact that the conditions of gas hydrate existence
are realized in smaller areas from the left boundary of the porous medium.
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Fig. 3. Dependence of the maximum temperature (a) and the coordinate of the area
occupied by hydrate (b) on formation permeability
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Fig. 4. Time dependence of the coordinate of the conditional boundary between the far
field and intermediate regions

Conclusion

The paper presents a mathematical model of gas injection into a porous medium,
accompanied by the process of phase transitions in a nonequilibrium regime. The
distributions of the main parameters of the porous medium are constructed. It is shown
that as a result of gas injection in the reservoir, three characteristic regions in which gas,
hydrate and water are in different states can be distinguished. In addition, the effect
of injection pressure and formation permeability on the system temperature and the
intensity of phase transitions has been studied. It was shown that as the initial formation
temperature increases, the length of the area saturated with gas hydrate decreases.
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MOAEJINPOBAHUE ITPOIHECCA HEPABHOBECHOI'O
Ir'mIPATOOBPASBOBAHUA B ITOPCTOM IIJIACTE

M.K. Xacanos', C.P. Kuavoubaesa', M.B. Cmoanoscruii’
LCrepnuramakckuit dpumman YOUMCKOro yHuBepeuTeTa HayKH U TEXHOJIOTHIA,
r. Crepimmramak, Poccniickass @emepariust

2V dumMcknit rocynapeTBenblii nedpTAHOM TeXHUYecKuii ynusepcuret, I. Yda,
Poccniickas @enepariust

B pabore 1pe/icTaBiieHo pernieHne I0CKOOTHOMEPHO 3a1a41u 00 06pa30BaHUN Fra30T U -
para B IIOPUCTOM ILIACTE, N3HAYAJIBHO HACHIIEHHOM MeTaHOM U Bomoil. PaccmarpuBarorcs
BBICOKOITPOHUIAEMbIE TIACTBI, BCJIEJICTBUE Yer0 MOJAraeTCs, 9TO MPOTIECC MHIpaToodpa3oBa-
HUSI sIBJIsIeTCsl HepaBHOBeCHBIM. CHcTeMa OCHOBHBIX yPaBHEHUI TIPEJICTABIIAET COOO0 3aKOHBI
COXpaHeHUsi Macc, Temia u Jlapcu, KoTopasi JOIMOJIHSIETCs 3aaHiueM KWHETUKHU THIPaTO-
o0pa30oBaHus, 8 TaKKe HaYaJbHO-IPAHUYHBIMU yCJIOBUsIMUA. KKpoMe TOro, mpejcraBiieHHAS
MaTeMATUIeCKasl MOJIEJIb YIUTHIBACT TapAMETPbI, KOTOPbIE MPUOJINKEHBI K PEAJHLHBIM Xa-
PaKTEepPUCTUKAM CUCTEMBI: peasibHbIe CBOCTBa rasa, 3¢ dexTor xkoynsa-Tomcona u agunada-
THYECKOTO CKATHs U T.JI. Ha 0CHOBE YMCIIEHHOTO PeIeHnsT UCCIIEI0OBAHO BIIUSHUE JABJICHUS
MHKEKITUH U ITPOHHUIIAEMOCTH IJIACTA HA OCOOEHHOCTH IPOTEKAHUS IIPOIECCa THIpaToo0pa-
3oBaHus. [loKa3aHO, 9TO C POCTOM JaBJIEHUsI MHYKEKIMM BO3DPACTAET KaK MaKCHMAaJIbHAasl
TeMIlepaTypa CUCTEMbI, TaK U IIPOTSKEHHOCTb 00JIACTH, HACBIIEHHAS Ia30IHIPATOM. YCTa-
HOBJIEHO, YTO MaKCHMAaJIbHas TEMIIEPATypa, peajim3yeMasi B CHCTEMe, B 3aBUCHMOCTH OT
[IPOHUIAEMOCTH TIJIACTA MMeeT HEMOHOTOHHBIN XapakTep. VcciieqoBaHo BIUSHIE UCXOMHOM
TeMIlepaTypbl IIOPUCTOrO ILJIACTA Ha JIUHAMUKY oOpasoBaHus rasoruaparta. IlokazaHo, 910
C yBeJIMYEHHEeM HCXOJHON TeMIIepaTyphl IJIACTa IPOUCXOIUT YMEHbIIIEHNE TPOTIXKEHHOCTI
obJacTu, cojiepKaleil B CBOEM COCTaBe Ta30TH/IPAT, YMEHbIIACTCS.

Karouesvie caosa: 2a308u1l 2udpam; HepagHoBeCHbIT NPOYECC; KUHEMUKG.
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