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Abstract—The problem on hydrate formation in a snow massif initially saturated with gas with the
injection of the same gas is solved. The constructed mathematical model is based on the equations of
continuum mechanics. For the axisymmetric formulation with an elongated region of the phase tran-
sitions, self-similar solutions are constructed that describe the temperature and pressure fields, as well
as the saturation of snow, hydrate, and gas in the massif. The numerical solution of the problem is
implemented with the shooting method. It is shown that, depending on the initial thermobaric state
of the gas—ice system and on the intensity of gas injection determined by its mass flow rate, three char-
acteristic zones can be distinguished in the filtration area that are different by their structure and elon-
gation: (i) the near zone, in which the snow has completely passed into the hydrate, and, therefore,
only the hydrate and gas phases are present; (ii) the intermediate zone, in which the hydrate is formed
from gas and ice, and (iii) the distant zone, which is saturated with the gas and ice phases. The effect
the mass flow rate of the injected gas, the initial snow saturation, and the initial temperature of the
massif have on the elongation of the hydrate volume formation zone under negative temperature con-
ditions and on the temperature and hydration saturation at the boundary separating the near and inter-
mediate zones is studied.

Keywords: gas filtration, snow massif, hydrate formation, axisymmetric formulation, self-similar solution
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1. INTRODUCTION

Gas hydrates are solid crystalline compounds (clathrates) generated by water molecules with the main
components of natural gas [1]. The hydrates are considered by industrial countries as the most prospective
nontraditional source of natural gas, which is associated with significant hydrocarbon reserves in the
hydrate form. Hence, in many laboratories, scientific centers, and energy companies throughout the
world, studies are currently being carried out related to the possibility of developing such resources.

The advantageous thermobaric conditions for the generation of gas hydrates occur on land in the area
of the propagation of perpetually frozen rocks and at the ocean bottom [1—3]. A large-scale research expe-
dition was launched at Lake Baikal in 2009. During the deep submergence of the Mir-2 vehicle, at a depth
of 1400 m, extensive hills of gas hydrates were revealed. In total, 44 fields of gas hydrates were discovered
at Lake Baikal [2, 3].

More than 230 gas hydrate deposits have been discovered [4, 5]. In 1967 the Messoyakh gas field was
discovered in which a gas hydrate deposit was revealed in 1969. Here, the gas reserves are estimated to be
up to 30 billion cubic meters [4]. The world’s first gas extraction from a hydrate field, located at a depth
of 300 m below the sea bottom, was carried out at the beginning of 2013 near Honshu island in Japan [6].

It is well known that gas hydrates may be used as a convenient form for storing and utilizing green-
house, radioactive, industrial, and other gases, thus avoiding the discharge of harmful substances in the
atmosphere [7, 8]. Thus, in 2003 in Japan, Mitsui Engineering & Shipbuilding (MES) first developed a
demo project on transportation and storage of natural gas in the form of hydrate granules. In 2009 MES,
together with Chugoku Electric Power, constructed the world’s first industrial stand for natural gas
hydrate production with a 5 ton-per-day capacity [8]. The concept of gas hydrate production using the
naturally low temperature conditions of the northern regions of Russia was developed [9]. The experimen-
tal results on the fabrication of methane and ethane with a high content of gas in the solid phase under the
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free convection conditions in the camera-reactors of the closed type in the water—natural gas and pre-
formed ice—natural gas systems are described in [9].

Nowadays, there are many theoretical and experimental works studying the formation and decompo-
sition of gas hydrates in porous media. In [10] the induction period of hydrate formation at the contact of
water and gas was investigated. The temperature fields caused by heat production at hydrate formation at
the contact surface between the hydrate massif and gas solution were analyzed. The problem on the
extraction of free and hydrate-bonded gas in the desorption mode was solved [11]. The method of gas
extraction from the hydrate massif by changing the thermobaric conditions was described. In [12] the
principal technological scheme was proposed and a theoretical model was constructed for possible gas
extraction from the hydrate massif by pumping warm water. The effect of different regimes of the heat-
transfer agent’s action on the intensity of gas extraction was studied. In [13] gas hydrate generation in the
natural horizon saturated by gas and water as a result of gas injection was numerically studied. The self-
similar solutions to the flat one-dimensional problem were constructed that describe the distributions of
the main parameters in the horizon. It was established that, depending on the parameters of injected gas,
the gas hydrate generation may proceed both on the front surface and in the elongated region. The flat
one-dimensional theoretical model for gas hydrate formation on gas injection in a porous reservoir partly
saturated with water and in a snow massif saturated by the same gas was considered in [14—16]. The
numerical solutions for both the diffusion mechanism and for the equilibrium scheme of hydrate forma-
tion were obtained. In [17] the features of gas hydrate formation on gas injection in a porous medium ini-
tially filled with gas and ice were studied. The self-similar solutions to the one-dimensional problem that
describe the distributions of the main parameters in the reservoir were constructed. It was shown that
there are solutions according to which the gas hydrate formation may proceed in three different regimes.
In [18] hydrate generation from ice on gas injection in a porous medium was studied. The numerical solu-
tion to the problem was obtained with the method of front tracking in the mesh node. The effects of ice
saturation and the parameters at the medium’s boundary on the peculiarities of the process were analyzed.
In [19] the gas hydrate formation on gas injection into a porous medium partly saturated with water was
studied in the flat one-dimensional self-similar formulation. The effects of a porous medium’s initial
parameters (porosity, permeability, and water content), temperature, and intensity of gas injection on the
pattern of hydrodynamic and temperature fields in the porous medium were analyzed. It was shown that,
depending on the intensity of cold gas injection into a wet porous medium, the process may proceed in
several regimes with a qualitatively different structure of hydrate formation zones. In [20] the problem on
the injection of a warm hydrate-forming gas in a snow massif initially saturated by the same gas was solved
at the transition of the gas—snow system through the melting point of ice.

The goal of this work is to study the injection of a cold hydrate-forming gas in a snow massif saturated
by the same gas in the axisymmetric formulation before the melting temperature of ice is reached in the
system. This work is an extension of the studies performed in the papers [17, 20—23], where the mathe-
matical models were constructed in a rectilinear-parallel approximation. In the current work, we took into
account the effect of conductive and convective components in the heat transfer equation in simulating the pro-
cess of hydrate formation in the intermediate zone. Here, to describe the fields of pressure and hydrate satura-
tion, we used the system of nonlinearized differential equations, while in [24] the approximate analytical solu-
tion for the distribution of these fields in the spatial domain was obtained with the Laybenson linearization. The
results obtained by solving this kind of problem are some initial stage of gas hydrate formation in massifs and
horizons of finite length and may be used to test the chosen numerical algorithms.

2. PROBLEM FORMULATION AND MAIN EQUATIONS

We assume that we have a homogeneous horizontal snow massif of constant thickness and unbounded
elongation initially saturated by gas S, at pressure p, and temperature 7, corresponding to the thermody-
namic conditions of the existence of these phases in the free state. We also assume that, for the initial state

of the gas—ice system, the initial temperature 7; is below the melting point of ice (7;, < T (0),T O = 0°C)
and pressure p, is less than the equilibrium pressure of phase transitions p,(7;) of the gas—ice—hydrate sys-
tem [20, 21]:

T=T, p=py P <ply), S;=350 Sg=3580, =0 (#=0,0<r<eo). (D

‘We assume the top and the bottom of the massif are impermeable and are weak conductors of heat. Let
a well be drilled in the massif of radius » =r,, and let this well penetrate the massif through its entire thick-
ness. We assume cold gas (the same as the initial one) is pumped through the well with a constant mass
flow rate Q, related to the well length unit (the current pressure at the well boundary is p,,,,) and constant

temperature 7, (T;,, = T, < 0°C).
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Fig. 1. Scheme of gas injection in snow massif in which ice melting temperature (T(O) = (0°C) is not reached. Scheme is
drawn in pressure—temperature plane (p, 7).

Depending on the initial thermobaric state of the gas—ice system and on the intensity of the gas injec-
tion determined by the mass flow rate Q,, we will assume that in the gas filtration zone (r > r,,),three
characteristic zones may appear: the near zone, where only the gas and hydrate occur, the intermediate
zone, where gas and snow transit into the hydrate compound and are in the phase equilibrium state, and
the distant zone, filled with gas and snow. Consequently, two front boundaries are introduced here:
between the distant and intermediate zones, where the transition of gas and ice into the hydrate com-
pound begins, and between the near and intermediate zones, where the hydrate formation process termi-
nates.

Figure 1 illustrates the gas injection in the massif saturated by snow and gas in the phase plane pres-
sure—temperature (p, 7). The boundary condition at r = r,, is marked by point (w). The points s, and
s on the curve of the phase equilibrium of the gas—ice—hydrate system correspond to the near and dis-
tant boundaries of the intermediate zone. The line segment between these points on the line of the phase
equilibrium corresponds to the intermediate zone, whereas the segments between (w) and s, and between
s and (0) correspond to the near and distant zones, respectively. The initial state of the massif saturated
by gas and snow is marked in the phase diagram by point (0). Here, when a certain value of pressure in the
massif p, (7)) is reached, due to the gas injection corresponding to the condition of hydrate formation for
the current temperature 7;, the snow and gas transition into the hydrate state; the intermediate zone is
formed, and the front boundary (denoted in the phase plane by the point s,,), at which the process of
hydrate formation begins, appears. Since the gas is injected at the temperature and pressure outside the
zone of hydrate stability (p,,, > p,(T{,,)), the near zone saturated only by the gas and hydrate will be gen-
erated. Consequently, the second moving boundary between the near and intermediate zones, at which
the hydrate formation process terminates, appears (it is denoted by the point s,)).

We will assume snow and hydrate are incompressible and we assume the gas is calorically perfect:
PisPr = COHSt, b= pgRgT' (2)

Here, the filtration and heat transfer are accompanied by the gas and ice transitions to the hydrate state.
In this case the system of governing equations is the system of laws of gas and snow mass conservation,
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heat transfer, and gas filtration. This system in the axisymmetric approximation takes the form [17, 20,
24—30]:

0 10 S
E(Sgpg) + ;g(rsgpgug) = _th afh 5
S,
2 (5p)=-puf1 - %,
Jd7 _ 14 JdaT oS
_(pCT)+pgcg g g a rar( 7\'87') phlh ath: (3)
k, op
Sv, = -2
<V W, or

(pc = pgSycy + PuSich + piSicis A= A’gSg + M8, + S,

where G is the mass concentration of the gas in the hydrate; p; and S; (j = 4, i, g) are the true densities
and saturations of the jth phase; indices 4, i, and g are related to the hydrate, snow, and gas; v,, k,, c,, and
U, are the velocity, permeability, specific heat conductivity at constant volume, and dynamical viscosity
of the gas phase; p is the pressure; 7'is the temperature; /, is the specific heat of hydrate formation related

to its mass unit; and pc and A are the specific heat per unit volume and heat transfer coefficient of the
gas—ice—hydrate system.

The phase saturations must satisfy the condition [26]:
S, +8,+8,=1. 4)

Because in the work we consider sufficiently long time scales which significantly exceed the characteristic
time of the diffusion kinetics of the process, we take the equilibrium scheme of hydrate formation, which sug-
gests that its intensity is limited by the removal of the latent heat of hydrate formation. Therefore, in the zone
where ice, gas, and hydrate occur simultaneously, the condition of phase equilibrium must be satisfied; i.e.,
the temperature and current pressure value are linked by the following relation [20—22]:

T, (p) = Tiyo) + T ln(P/P(so)), (%)

where T, T, ,and p,, are the empirical parameters depending both on the type of gas hydrate and on the
considered ranges of temperature and pressure (7, is the equilibrium temperature at p = p,) [16].

At the boundaries between the considered zones, where the phase saturations and mass and heat flows
spike, the relations are fulfilled which follow from the conditions of the mass and heat balance [24, 25]:

(81 = G) + Sip;) iy ] = O,
[pgS (U - iis)) - phShGiZs)] = 09 (6)

I: %Zj} [phthhr(s)]

Here, [y] is the jump in parameter y at the boundary between the zones r = I (s = n,d), i, is the veloc-
ity of this boundary, s = n is related to the boundary between the near and intermediate zones, and s = d
is related to the boundary between the intermediate and distant zones.

As aresult of gas injection, a zone saturated by gas and hydrate is generated near the well. Considering
sufficiently long time periods after the start of the gas injection, when the dimensions of this zone significantly
exceed the well radius (7, > r,, ), we can show that its dimension sufficiently weakly affects the peculiarities of
the considered process. Then, taking the Darcy law into account (the fourth equation in (3)) and for the equa-
tion of state for gas (2), we write the conditions at the well boundary (r = r,) in the form

kTE ap
- =const, 7;, =T, =const(r, > 0, t > 0). 7
ugRT( arj 0, ) ( ) (7)
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3. SOLUTIONS IN THE NEAR AND DISTANT ZONES
From the first equation in system (3), taking into account the Darcy law (the fourth equation in system
(3)) and Eg. (2), as well as the fact that the gas and hydrate saturations are constant (S,,5, = const), we
obtain the piezoconductivity equation for the near zone (r,, < r < 1))

0 k d
P_19F, S 0| ®)
o ror ugSge or
We integrate the second equation in system (3) with the initial condition (1) and obtain
S, =—L(5,-5), S, =1-5, +(1—p—j( -S). 9)
"= " ' Pl -G)

Since in the near zone all the snow transits into the hydrate compound (5; = 0), from (9) we obtain the
expression for the saturation of the hydrate:

__ PiSio S
he — > ge
pi(l—G)
From the third equation in system (3), taking the Darcy law into account, we obtain the equation of
heat conductivity for the near zone (s, < r <r,):

apaT 18(7L aT)
W, or or ror O 9r

In the distant zone (,, <r <), the caloncally perfect gas without hydrate formation is filtrated; there-
fore, the change in temperature is insignificant. Then, from the continuity equation for gas (the first equa-

tion in system (3)), taking into account the Darcy law, and assuming T’ = 7;, S, = 0, and the equation of
state (2), we derive the nonlinear filtration equation in the following form:

dp_10(, k& Ip 12
ot rar[ WS gopar (12)

=1-5. (10)

—(pc T) = pyc, (1)

4. EQUATION OF PIEZOCONDUCTIVITY IN THE INTERMEDIATE ZONE
The second equation in system (3) taking (4) into account may be reduced to the form

9, _ (_Ph(l -G)_ 1}%. (13)
ot P ot

We substitute (13) into the first equation in system (3), use the Darcy law and equation of state for gas
(2), and obtain the following equation for the variation in hydrate saturation in the intermediate zone:

98, _(1o(k p op _5, 202 |5, (14)
ot ror\u, RT(p)or ot\ R,T,(p)

where p = —2 (ph(l G _ 1) +p,G.
(p) p;
From the equation of heat transfer (the third equation in system (3)), taking into account the Darcy
law (the fourth equation in system (3)), expression (14), and the condition of phase equilibrium (5), we

obtain
pcﬁa_p_cgk_gﬂk(a_p):%@ Op _ (@)2
p ot RT(pyu,\or rp \or or’ or as)
5
04y Qr(?}(p)—u)(a_,,)zwapﬂpap L=y
PRI(M|Mer\  T(p)  \orl  “or o) F T(p) ot

The corresponding temperature distribution is related to the pressure in the intermediate zone by the
phase equilibrium condition, Eq. (5).
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We integrate (13) with the initial conditions (1) and obtain the expression where the current value of
gas saturation depends on the current value of hydrate saturation in the intermediate zone:

S, = S, - (1 _01=6) G)j S
P

5. BOUNDARY CONDITIONS BETWEEN ZONES

From the conservation conditions on the boundaries between the zones, Eq. (6), after taking the Darcy
law for the near boundary (r = r,)) into account, we obtain [24, 25]

ky (ap)* k, (ap)+ [ Y cap— ]
—— ] +=(F =S = Seon ) F S0 — S ) | Fon- (16)
Mg or (n) Mg or (n) ( &) & )) pg(n)( h(n) h( )) (n)

From now on the upper indices (—) and (+) indicate the parameter values at the jump before and
behind the boundary.

The heat balance condition (the third expression in (6)) is now written in the form

aT\ oT\" - .
(7‘(1) _) - (7\'(2) _) = Pl (Sh(n) - S;(n))r(n)' (17)
or /n or /)
The phase saturations are coupled by the following relations:
Sh—(”) = Sh(e)’ Sg,:(n) = Sg(e)’ S;—(n) =1- SiO - (1 - ph(1 - G)/p:) S};n)' (18)

At the distant boundary (r = ;) we assume that the hydrate saturation has no jump (S}, = S;(d) =0);
then, from conditions (6) at » = r,,, we deduce

_(@)_ N (@) 0. (19)
ar ) ar (d)

In the intermediate zone (7, < r < r,)), the temperature and pressure are linked by the condition of
phase equilibrium, Eq. (5); therefore, the corresponding derivatives at the front boundaries r = r,, and
r = 1, must be linked by the following relations:

+ T + - T, -
(55, = (E2) ana (2E), =-5(5)., @0
ol Py \OF) () orlay  puay\orla

6. SELF-SIMILAR SOLUTIONS
We introduce the self-similar variable [20, 31]

E=r (2 xff”t), Q1)

where xf)” ) = kqpo/(Sgoll,) is the coefficient of piezoconductivity.

By ignoring the temperature variation in the near zone (because in this zone the condition AT /T < 1
is satisfied for the temperature in the Kelvin scale) and by applying the Laybenson linearization [17, 20]
in the continuity equations (8) and (12), in the self-similar variables from (8), (11), and (12) we can trans-
form the system into

2 2.2
e+ Se0 119P0) _ Seo 4 Py
28,.8) d& 28, d&
dT, _ Peq@q, dP(zl)dTa) 2 14T, n d2T(,)
= 1 ,
dg P02 dE_, dé ® édé dgz
ey L) 190
%) dE 2 dg?’
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where @, = 1" /4y, Pe, = pgocok, po/(Myylt,) is the Péclet number and x" = Ao/(pe) is the coeffi-
cient of temperature conductivity. From now on the lower indices 1, 2, and 3 are related to the near, inter-
mediate, and distant zones, respectively.

We integrate the first and the second equations in (22) for the pressure and temperature distributions
in the near zone (0 < § < ﬁ(n)) with the boundary conditions (7) and obtain the following solutions:

S 2

QM RT, (1

Py = piy + PRI [ g it 23)
¢ Ny

g

) 2
Pel)
(T 72,1 ex ( & (Pl)JdE.~
) ’!é 49 2p; (

E.r(n)
P
_e p[ 1)) ‘”jd&
49, 2170
where 1, = 0/ Ok

For the distant zone (ﬁ(d) < & < ) with the initial conditions (1), we can write

Ty =T, +

b

(Pl - 27) Iéexp(—éz)dé
Py =+ - : (24)
j Lexp(-£')de

&(d)

For the intermediate zone, we rewrite Egs. (14) and (15) in the self-similar coordinate in the form

2
, Bdl’(z) " C(dl’a)j
d’po __ dg§ dg

de’ A
2
e et ) 2 2
dg PER 1 (D)) 2ngXp d& T.(pa)) d§ & dt T(pa) d§
/
A= (lp) At — Phhl’m » ’
Xo PR (pay) Tk,

A phlhp(Z) kqpe) + 2S5, (TS(P(Q)) - T*)E;
gx(p) Ts(p(Z))T Mgﬁx(p) Ts(P(z)) ’

(25)

B =-2pc -

C=

¢ Poy  RWT (po) ISRgTsz(P(z))T*Hg

1 {L_ Pk C, _phlhp(Z)kg (Ts (P2 —7;)]
Xo

Conditions (16) and (17) for the near boundary (§ = §(,,)) in the self-similar coordinate become

B (p)
dp) (dp] 24 ug( : .
il ol R ol B (Sem — (n))+ (Sh(n) Shimy) &(np (27)
(di (n) dé (n) kg ¢ Pem
a7 dT
7‘(1) (d_&!j(n) - 7"(2) (d_&](n) = 2phlhx (Sh(n) S;,r(n))é(n)- (28)
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The first relationship from (20) in the self-similar coordinates takes the form

(d_Tj+ = E(@j+ (29)
dg m P dg )

Using the analytical solutions (23) and relation (29), we may transform conditions (27) and (28) to the
form

Q RT g (p) .
ﬁ#exp( & >J + gy = 2K k“ S0 (50— st + 29 (s st ), (30)
Pk W) Mo ¢ &)
2 2
n  Peq)D
7\,(1)(T(n) - Tg)&LeXp(_f(;) - 2(11))2( )J T.q
n *4(n) _
@ 0 ‘ QL(2) — = 2phlhxf>p) (Sh(n) - S};n))&(n)’ (31)

]l [_ 2 Pe(l)p(zl)Jd& Dy
0 £ 4y, 2P§

ol
" d& € .

We express T, from the condition of phase equilibrium, Eq. (5), through p,,, substitute it into condi-
tion (29), and derive at the near boundary & = é(n) the following relations associating the unknown param-
eter g, value of boundary coordinate &, , and pressure p,, at this boundary:

QR & x"’)u
Wl(é{n)ap(n)aq(n)) ﬁ# o + 4 — . g&(n) (( ey — g(n))+ (Sh(n) S;(n)) , (32)
Pk m) Moy kg g(n)

2 2
1 &(n) Pew i
Ay (T — )—CXP( 20 — 2 T
Ew Pny  2p * o +
W2(§(n)sp(n)sqw)) = T S — Moy =Gy = 204li X0 (Shiny — Sh(n))&.'(n)' (33)
I lexp (_ g Pe(l)p(l)J dt P
0 3 40, 2Po
At the boundary & = &), we rewrite condition (19)
dp) _(dp)

For the intermediate zone (§,, < & < £ ,)) the equations, which are the system of three ordinary dif-
ferential equations (25) and (26), may be transformed into

dpo _
— =4q,
dg
dg _ Bg+ Cq’ (35)
dt, A

7. 7.
dSh(z) = 1 k ( )[P(z)d [1——* jq2+EQ}+Sgé(l— * ]Q}
dg péRgT:v(p(Z)) 2,0 4 dg T:(pw) g T.(pw))

The calculation of the system of ordinary differential equations, Eq. (35), begins from the right bound-
ary § = £ ;) whose value is chosen arbitrarily towards the left boundary § = ,, with a negative step. Here,
the unknown parameters are the values of the function g, coordinates of the frontal boundaries £ ,, and

MATHEMATICAL MODELS AND COMPUTER SIMULATIONS Vol.11 No.5 2019



698 SHAGAPOV et al.

p, MPa
3.0

2

1.5+

T, K
260

240

0.2

B b,i;

0 0.1 1 2
€y En2) GanyCae) €

Fig. 2. Distrib%tions of pressure 20> temperature 7, angi hydrate saturation S}, in massif for different gas mass flow rates Qg:
Iisfor2x 10, 2isfor3x 10 ~, and 3is for 4 x 10"~ kg/(m s).

, and the pressure values at these boundaries p,,, and p . As the initial Cauchy data at the distant
(d) (n) (d)
boundary £ = £, we may take the following values:

.

d,

Py = Ps(Tp), q<d)=(£j , §,=0. (36)
()

Following from equality (36) and using solution (24) for the distant zone, the value g, is determined
based on the expression

exp(~£(y))

2P .[ leXP(—éz)d&v
é(d)

The numerical solution to the problem was determined by the shooting method [17, 24]. In the com-
putations, instead of values E_,(n), Pny» and g,y in (32) and (33), we substitute the current values €,p,and g
obtained by the integration of system (33). Each computation variant is terminated when y, reaches the
zero value (Y,(§,), P> 4(ny) = 0). Shooting by parameter &, is continued before achieving the condition
W5 (s Piny» dimy) =0 With some prescribed degree of accuracy.

(37)

2 2
Q) = (po — P(d))

MATHEMATICAL MODELS AND COMPUTER SIMULATIONS  Vol. 11  No.5 2019



NUMERICAL SIMULATION OF HYDRATE FORMATION ON INJECTION 699

p, MPa
2.5

2.0

1.5}

“w
N
~

1.0 -

T, K
250

240

0.3

L 455
0 0.1 0.5 1.0
En3Gn@Eny  Eu3)6a)Caay &

Fig. 3. Distributions of pressure p, temperature 7', and hydrate saturation .S, in massif for different initial values of snow
saturation Sjy: 7 is for 0.3, 2is for 0.4, and 3 is for 0.5.

7. CALCULATIONS
We took the following values for the parameters determining the properties of the snow, gas, and
hydrate phases: p; = 900 kg/m?, p, = 910 kg/m?, ¢, = 1650 J/(kg K), ¢; = 2090 J/(kg K), ¢;, = 2200 J/(kg
K), A, =0.03W/(m K), A, =2 W/(m K), A, =0.5 W/(m K), J, =1.45x10’ J/kg, G =0.12,
W, =9.5x107° Pas, k, = 107" m% R, = 520 J/(kg K), T(,, = 263 K, po, = 1.86 MPa, and T}, = 30 K.

The initial values of the pressure and temperature of the snow massif and injected gas with the constant

mass rate 0, = 2 X 10~ kg/(m s) were chosen equal to p, = 0.1 MPa, 7, = 225K, and 7, = 225K. The
initial snow saturation is S;, = 0.3.

The distributions of pressure p, temperature 7, and hydrate saturation S, in the massif at different mass
flow rates of the gas are illustrated in Fig. 2. From the graph it is seen that, as the mass flow rate of the
injected gas is increased, which corresponds to the increase in pressure of the injected gas, the elongation
of the hydrate formation zone increases, because the intensity of the gas supply increases, which leads to
the growth in hydrate saturation at the near boundary. Note that the temperature in the massif also
increases, associated with the increase in the pressure which leads—according to expression (5)—to the
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Fig. 4. Distributions of pressure p, temperature 7, and hydrate saturation .S, in massif for different initial values of mas-
sif temperature 7: 1 is for 225 and 2 is for 245 K.

growth in the equilibrium temperature of the hydrate formation. The chosen scheme with two moving
interphase boundaries allows constructing physically noncontradictory solutions. From the figure we can
see that, according to the taken values of the gas mass flow rate, the maximum temperature in the massif

does not reach the ice melting temperature (7’ O — 0°C), which excludes the appearance of water in the
massif. In the case of larger values of the gas flow rate leading to an increase in the pressure at the well
boundary and, respectively, to an increase in the temperature in the massif, which may be higher than the
ice melting temperature, we should consider an additional zone where the hydrate is formed from the gas
and water along the phase equilibrium curve.

Figure 3 presents similar distributions as in Fig. 2 for different initial values of snow saturation in the

massif .S}, It is shown that, as the snow saturation grows in the massif, the elongation of the spatial zone
of hydrate formation decreases, because, at the given mass flow rate of the gas, the fraction of its consump-
tion needed for hydrate formation increases, which in turn leads to a faster decrease in the pressure; an
insignificant increase in temperature in the massif is also noted here.

Figure 4 presents the analogous distributions as in Fig. 2 for different values of the initial temperature

T, of the massif. The numbers on curves / and 2 correspond to the values 225 and 245 K. We can see that
in the case of low-temperature massifs, at the given intensity of gas injection, the elongation of the spatial
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Fig. 5. Self-similar coordinates of boundaries (&, is near boundary (dashed line) and £ is distant boundary (solid
line)), maximum temperatures realized in massif, and hydrate saturation at near boundary over gas mass flow rate Q, for
different initial values of snow saturation in massif S;: 7 is for 0.3 and 2is for 0.5.

zone of hydrate formation increases, and some growth in the value of hydrate saturation S(;) is observed
at the near boundary.

The dependences of the self-similar coordinates of the boundaries, the maximum temperature realized
in the massif, and hydrate saturation at the near boundary on the gas mass flow rate Q, are presented in
Fig. 5 for different initial values of the snow saturation of the massif §},. It is established that, as the gas

mass flow rate increases, the elongations of the spatial zone of hydrate formation and of the near zone
increase and become larger the lower the initial snow saturation.

8. CONCLUSIONS

It was shown that, when a hydrate-forming gas is injected in the snow massif saturated by the same gas,
the generation of three characteristic zones in the filtration region is possible: the near zone, saturated by
the gas and hydrate; the intermediate zone, where the snow and hydrate are in the state of phase equilib-
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rium; and the distant zone, filled with gas and snow. The self-similar solutions for the axisymmetric for-
mulation that describe the distributions of the main parameters in the massif were constructed. It was
demonstrated that an increase in the mass flow rate of the injected gas and a decrease in the initial tem-
perature of the massif lead to the growth in both the elongation of the spatial zone of hydrate formation
and the hydrate saturation at the near boundary. It was also established that, as the snow fracture in the
massif grows, an increase in the elongation of the phase transition zone is observed.
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