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MATHEMATICAL MODEL OF GAS HYDRATE FORMATION OF SULFUR DIOXIDE
BY INJECTING LIQUID SULFUR DIOXIDE INTO A LAYER SATURATED WITH
METHANE AND WATER

This paper presents the results of a theoretical study for the gas hydrate formation of sulfur dioxide by
injecting liquid sulfur dioxide into a layer saturated with water and methane. Self-similar solutions of a
straight-line parallel problem are constructed. The dependences of the temperature and the coordinates of
the formation front of sulfur dioxide gas hydrate on the layer permeability are explored. It is established
that, as the layer permeability increases, the temperature of the phase transition increases on the surface.
As a result, at sufficiently large values of layer permeability, the temperature at the hydrate formation
border may exceed the equilibrium decomposition temperature of sulfur dioxide gas hydrate, which will
correspond to the appearance of an intermediate region saturated with a mixture of water, sulfur dioxide
and its gas hydrate in a state of thermodynamic equilibrium. It is established that at sufficiently high
values of injection pressure and permeability, the gas hydrate formation of sulfur dioxide will occur in the
extended region.
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Introduction

One of the ways to reduce the emission of sulfur dioxide into the atmosphere is the utilization
of sulfur dioxide produced by industrial facilities in gas fields depleted [1-3]. However, there is
a risk of leakage of sulfur dioxide in fluid form to the surface during its long-term underground
storage. This risk can be minimized by converting sulfur dioxide into a gas hydrate state, which,
in comparison with its free state, allows storing the same amount of gas at much lower pressures
[4-7]. The mathematical models of hydrate formation in a porous medium are formulated, in
particular, in [8-10]. The mathematical model of sulfur dioxide gas hydrate formation by injection
of liquid sulfur dioxide into a porous medium saturated with water and methane is explored. It
explores the conditions under which an extended area of the hydrate formation of sulfur dioxide
occurs.

§ 1. Problem statement

The thermobaric existence conditions of the formation of sulfur dioxide hydrate are repre-
sented in the phase diagram (Fig. 1) [4]. In this diagram, the curve 1 corresponds to the three-
phase equilibrium between gaseous sulfur dioxide, its gas hydrate and water, the curve 2 shows
the two-phase equilibrium between gaseous and liquid sulfur dioxide, and the curve 3 represents
the equilibrium between liquid sulfur dioxide, its gas hydrate and water. SO, gas hydrate exists
above the curve 1 and to the left of the curve 3, i.e., at sufficiently high pressures and low tem-
peratures. At the upper quadrupole point ()2 (1T = 285,1K and py = 0,233 MPa) gaseous and
liquid sulfur dioxide, as well as its gas hydrate and water are in equilibrium. Let’s assume that the
semi-infinite horizontal layer in its initial state is saturated with water with the initial saturation
Swo and water. We assume that the layer initial temperature 7} is lower than the temperature 7¢,
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corresponding to the quadrupole point, and the initial pressure py corresponds to the thermody-
namic conditions of the sulfur dioxide existence in its liquid state and its gas hydrate (i. e., above
the curve 2 in Fig. 1). Therefore, in the case under consideration the initial state of the system
corresponds to the thermobaric conditions of SO, gas hydrate existence. Let’s assume that liquid
sulfur dioxide is injected through the border (z = 0), the pressure p. and the temperature 7, of
which correspond to the conditions of sulfur dioxide gas hydrate existence.
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Fig. 1. Phase diagram of the system «SOs—H0»

The initial and border conditions have the form:

t=0:8,=8w, T=Ty, p=po (z>0), (L0
r=0:T=1T, p=p. (t>0) '

In this work we consider a model with the piston displacement of methane by liquid sulfur
dioxide. This is due to the fact that the viscosity of liquid sulfur dioxide is much higher than the
viscosity of methane. In addition, the flows in natural strata are laminar in nature. Then we can
assume that the formation of sulfur dioxide gas hydrate occurs on the front surface coinciding
with the surface of methane displacement by sulfur dioxide. In this case, two typical areas are
formed in the layer. In the first (nearest) zone, sulfur dioxide and its gas hydrate are present in
the pores, in the second (remote) zone are water and methane. In this case, there is a mobile
interfacial surface between the first and second areas, where water completely passes into the
gas hydrate state (hydrate formation front). The work considers a one-dimensional model which
assumes that there is no heat inflow to the formation through its roof and sole from surrounding
rocks. This approximation is valid for the case of a large thickness of the reservoir.

§ 2. Basic equations

Let’s assume the value of the initial water saturation of the porous layer does not exceed 0.2,
and then the water can be considered stationary. So the system of basic equations in the rectilinear-
parallel case has the form [8-10]:
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where x is the coordinate; ¢ is the time; m is the porosity; p is the pressure; 7' is the temperature;
the subscripts ¢ = s, g denote, respectively, the settings of sulfur dioxide and methane; S; is the
saturation of the pores; p; is the density; v; is the actual average speed; k is the absolute perme-
ability of the porous medium; k; is the phase permeability; [, is the coefficient of compressibility
of liquid sulphur dioxide; c; is the specific heat capacity; f; is the dynamic viscosity; R, is the
gas constant of methane; pc and A\ are the effective values of the volumetric heat capacity and
heat capacity for a saturated layer. The main contribution to the values of the coefficients of
thermal conductivity and specific volumetric heat capacity of a saturated formation is made by
the parameters of the solid skeleton. Therefore, we will consider them constant.

The relations arising from the conditions of the water mass balance, sulfur dioxide and
methane, as well as the balance of heat are performed at the border between the zones:
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G is the relative mass concentration of sulfur dioxide in the gas hydrate; S, is the initial
water saturation of the layer; L is the specific heat of SO, gas hydrate formation from liquid
sulfur dioxide and water; the subscripts j = 1,2 denote, respectively, the parameters in the first
and second zones; V,, is the speed of the formation border of sulfur dioxide gas hydrate. Here
and in what follows, the subscript n denotes the parameters on the surface between the zones,
and the subscripts h and w, respectively, the parameters of gas hydrate and water.

According to the water mass balance (the third ratio of the system (2.2)) for the value of
hydrate saturation in the first zone we have:

prwO
pn(1—G)

Using (2.1) the equations of piezoconductivity and temperature conductivity in each layer zone
will be written in the form:

Sy, = (2.3)
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To reduce the system of nonlinear differential equations (2.1) to the system of linear dif-
ferential equations (2.4), the Leibenzon linearization method was used. This method consists
in replacing the variable pressure in the coefficient of the right-hand side of the piezoelectric
conductivity equation with a constant pressure equal to the initial pressure in the reservoir. The
compressibility factor of liquid sulfur dioxide is on the order of 10~° Pa~!. Then, with pressure
drops in the reservoir of about 1 MPa, we have: [s(p — po) < 1. Then sulfur dioxide can be
considered a weakly compressible liquid.

§ 3. Self-similar solution

We introduce a self-similar variable: £ = z / VxDt. For this variable based on (1.1), (2.3)
and (2.4) we get solutions for pressure and temperature distribution in each layer zone:
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where 7)) = XE?))/X(T)7 (j=1,2).

Based on the relations (2.2), taking into account the distributions for pressure and temperature
(3.1) and (3.2), we obtain the relations to determine the self-similar coordinate of the hydrate
formation surface &(,,) and the pressure and temperature values on it:
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Fig. 2. Temperature distribution in the layer at the different injection pressures p, = 4.1 (a) and
4.4 (b) MPa. The dashed line is the temperature at the upper quadruple point
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The system of equations written in this paper was solved as follows. Having achieved from
equation (3.3) the pressure value at the border of gas hydrate formation p(,) (as a ) function)
and substituting this value p(,) into equation (3.4), we obtain a transcendent equation with one
unknown &,,), which was solved by the half division method. Then we determine the pressure
values p(,) and temperature 7|, at the (,) border of gas hydrate formation from equations (3.3)
and (3.5).

= B¢, (3.5)

where Ay =

§ 4. The results of the calculations

Fig. 2 shows the temperature distributions within the layer at the different pressure values
of sulfur dioxide injection p. = 4,1 (a) and 4,4 (b) MPa. The dashed line is the temperature
of the upper quadruple point. For other parameters the following values are adopted: m =
0,2, Swo = 0,2, p. = 4,2MPa, py = 4MPa, T, = 280K, T, = 275K, ky = 5 - 107" m?,
G = 0,372, us = 3,68 - 107*Pa-s, u, = 1-107*Pas, B, = 1,35 - 107 2Pa~!, A = 2W/(mK),
pc = 2-10°J/(K-kg), pr = 1390kg/m3, p,, = 1000 kg/m?, py, = 1434kg/m3, ¢, = 1350 J/(K-kg),
Ly = 2,62 -10°J/kg.

According to Fig. 2, the temperature at the border of sulfur dioxide gas hydrate formation is
lower than the temperature at the upper quadrupole point at low sulfur dioxide injection pressure
(case a). Therefore, in this case, the model with the frontal border of sulfur dioxide gas hydrate
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Fig. 3. The dependence of the temperature and the coordinates of the formation border of gas
hydrate on the absolute permeability of the layer at p. = 4.2 MPa and py = 4 MPa. The dashed
line shows the temperature of the quadrupole point

formation gives an adequate mathematical description of the process. At higher pressures of sulfur
dioxide injection (case b), the temperature at the border of sulfur dioxide gas hydrate formation
rises above the temperature of the upper quadrupole point. In this case, it is necessary to use a
model with an extended area of phase transitions for an adequate description of the process.

Fig. 3 shows the dependence of the temperature and the coordinates of the gas hydrate forma-
tion border on the absolute permeability of the layer. According to Fig. 3, the movement rate of
the hydrate formation surface increases with increasing layer permeability. This is due to the fact
that the movement of the given surface is limited by the flow rate of liquid sulfur dioxide, which
according to Darcy’s law increases with the growth of layer permeability. Also, Fig. 3 shows
that, as the layer permeability increases, during the layer permeability increasing, the temperature
of the phase transition increases on the surface. This is due to the fact that hydrate formation is
accompanied by the release of latent heat of the phase transitions, and the speed of the surface of
phase transitions (i. e., the intensity of hydrate formation) increases with increasing permeability.
In addition, as the heat part released on the phase transitions surface is discharged through the left
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Fig. 4. The dependence of the limit pressure value on the absolute permeability

colder layer, a decrease in heat intensity removal through the left layer border takes place with
increasing coordinate of the hydrate formation surface. These factors given according to Fig. 3
lead to an increase in temperature at this border with increasing layer permeability.

As a result, at sufficiently large values of layer permeability, the temperature at the hydrate
formation border may exceed the equilibrium decomposition temperature of sulfur dioxide gas
hydrate (dashed line), which will correspond to the appearance of an intermediate region satu-
rated with a mixture of water, sulfur dioxide and its gas hydrate in a state of thermodynamic
equilibrium. Calculations were carried out to find the limit value of the injection pressure of
sulfur dioxide p,,, above which there is an intermediate zone saturated with a mixture of water,
sulfur dioxide and its gas hydrate, in a state of thermodynamic equilibrium.

Fig. 4 shows the dependence of the pressure limit on the layer absolute permeability. Ac-
cording to Fig. 4, as the layer absolute permeability increases, the value of the injection limit
pressure increases. This is due to the fact that with a decrease in the layer absolute permeability,
the temperature decreases on the formation surface of sulfur dioxide gas hydrate. Therefore, a
low intensity of heat removal through the left layer border and a high intensity of the latent heat
of hydrate formation is required to exceed the equilibrium decomposition temperature of the gas
hydrate on this surface, it is realized at large values of the injection pressure and, accordingly, the
velocity of the phase transitions border. Thus, the intermediate region saturated with a mixture
of water, sulfur dioxide and its gas hydrate, locating in a state of thermodynamic equilibrium,
occurs at high injection pressure values of layer permeability.
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M. K. Xacanos, C. P. Kunvouoaesa
MaremaTnyeckasi MojieJIb 00pPa30BaHMA ra30ruapara AMOKCHAA Cepbl MPU HHKEKIUHU KUIAKOH IBY-

OKMCH Cepbl B ILIACT, HACHIIIEHHbIIi METaAHOM U BOHOM

Kniouegvie cnosa: maremaTndeckasi MOJIeNb, aBTOMOJEIIBHOE PELICHUE, TIOPUCTas cpena, GuibTpanus, ra-
30TUAPATHI, AUOKCUIL CEPBI.
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DOI: 10.35634/vm200109

[IpencraBneHsl pe3yasTaThl TEOPETUUECKOTO UCCIEIOBAHUS IpoLecca 0Opa3oBaHus Ta30ruipaTa JUOKCHIA
Cepbl IPU MHXKEKIMH JKUJKON JBYOKUCH CEPBI B ILIACT, HACBIICHHBIN BOLOU U MeTaHOM. IlocTpoeHs! aBTo-
MOJEINIBHBIE PEIICHUs MPSIMOINHEHHO-TTapaJUIeIbHON 3a1aul. MccnenoBanbl 3aBUCUMOCTH TEMIIEPATyphl U
KOOpAWHATH (POHTA 00pa30BaHMA ra30ruapara AMOKCHIA CEPhl OT IPOHUIIAEMOCTH IIJIacTa. YCTaHOBIICHO,
YTO C yBEJMYEHHEM MPOHHUIIAEMOCTH IIJIacTa MPOUCXOAUT POCT TeMIIepaTypsl Ha MOBEPXHOCTH (Ha30BOTO
nepexona. BenencTBrue 3TOro mpu AOCTaTOYHO OOJBLIMX 3HAYCHUSX MPOHHLAEMOCTH IIacTa TeMIeparypa
Ha TpaHUIEe THAPaTO0Opa30BaHUSA MOXKET MPEBBICUTH PAaBHOBECHYIO TEMIIEPATypy Pa3IoKEHHs Ta30THIpa-
Ta JUOKCHJA CEepHhl, YTO OyAeT COOTBETCTBOBATh BOSHUKHOBEHHIO IIPOMEKYTOUYHON 00IACTH, HACBHIILIEHHOM
CMECBIO BOJIbI, JUOKCUA CEPbl U €r0 ra3orujpara, HaxXo[IUIUXCs B COCTOSSHUM TEPMOAMHAMHYECKOIO PaB-
HOBECH. YCTaHOBIIEHO, YTO MPH JOCTATOYHO BBICOKUX 3HAYECHUAX JABJICHUS WHXKEKLIUHU U TPOHUIAEMOCTH
o0pa3oBaHHe ra3orupara JUOKCUIA cepbl OyIeT NPOUCXOJUTh B IIPOTSXKEHHON 00IacTy.

dunancupoBaHue. VcciaemoBanre BBITIOTHEHO MPH (GHHAHCOBOH momnepkke PODU B pamkax HaydyHOTO
mpoekra Ne 19-08-00967.

IToctynuna B pegakuuto 02.09.2019

XacanoB Mapar KamunoBuy, K. ¢.-M. H., JOIEHT, Kadeapa MpUuKIagHoil HHOOPMATHKH U MPOrPaMMHUpPOBa-
HUsA, banmkupckuii rocymapcTBeHHbIH yHUBepcuTeT, Crepiuramakckui umuan, 453103, Poccus, 1. Crep-
nuTamak, mp. Jlenuna, 49.

E-mail: hasanovmk@mail.ru

Kunpaubaesa Ceetnana PyctamoBHa, K. ¢.-M. H., Z0oLEHT, Kadenpa NpUKIagHO HHPOPMATUKU U IPOTPaM-
MUpoBaHMs, bamkupckuil rocynapcTBeHHbIN yHUBepcuTeT, CrepauraMakckuit ¢umman, 453103, Poccus,
r. Crepnuramak, np. Jlenuna, 49.

E-mail: freya.l13@mail.ru

Huruposanne: M. K. Xacanos, C. P. Kunpnn6aea. Maremarnueckass MoAesb 00pa3oBaHUs ra3oruapara
JIMOKCH/Ia Cephl IPY WHXKEKIINH KUIKON ABYOKHCH CEphl B TUIACT, HACHIIIIEHHBIN MeTaHOM U BojoH // Bect-
HUK YaMypTckoro yHuBepcurera. Martemaruka. Mexanuka. Komnbtorepasie Hayku. 2020. T. 30. Beim. 1.
C. 125-133.


https://doi.org/10.35634/vm200109
mailto:hasanovmk@mail.ru
mailto:freya.13@mail.ru

	Problem statement
	Basic equations
	Self-similar solution
	The results of the calculations

