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GEOPHYSICS

Dissociation Kinetics of Methane Hydrate in Frozen Rocks
under Decreasing External Pressure: Mathematical
and Experimental Modeling
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Abstract—The results of mathematical and experimental modeling of dissociation of pore methane hydrate
in ice- and gas-bearing sediments with a decrease in the external pressure below equilibrium are presented.
The described model of pore gas hydrate dissociation at negative temperatures, along with the experiment,
makes it possible to calculate the kinetics of this process. A comparative analysis of the results is conducted.
The proposed mathematical model confirms the trend of decreasing hydrate saturation of frozen soil in the

form of S, ~ AT"" obtained previously in experiments. These experiments have made it possible to calculate
the coefficients A and #, while the mathematical modeling shows how these coefficients depend on the prob-
lem parameters. The theoretically estimated properties of the coefficient fully confirm the experimental data.
The results of experimental and mathematical modeling have implications for key factors that determine the
self-preservation of pore methane hydrates in frozen sediments.
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INTRODUCTION

Today gas hydrates are a promising alternative
source of hydrocarbons on the one hand and a source
of hazards associated with technological and environ-
mental risks on the other hand. It is known that the
possibility for the existence of gas hydrate deposits in
permafrost areas is explained by the emergence of the
necessary conditions for their formation and the pres-
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ence of significant volumes of gas accumulations. The
occurrence of such favorable conditions within per-
mafrost strata is related to the long-term fluctuations
in the surface temperature of the Earth and long-term
cooling of lithospheric rocks. Gas accumulations
existing in the upper horizons of the lithosphere under
such conditions may penetrate the gas hydrate stability
zone (GHSZ), which leads to the conversion of a part
of the gas into a gas hydrate state [1—3].

Favorable conditions for the formation of gas
hydrates in cryolithozone rocks may also be created by
a baric factor associated with the formation of an ice
sheet on the permafrost surface or with transgressions
of Arctic seas [4]. Additionally, this could be related to
the cryogenic concentration of gas fluids and their
accumulation in horizons with good reservoir proper-
ties during the freezing of gas-bearing rocks, as well as
to the generation of excess pressure required for the
transformation of gas into gas hydrates [3, 5, 6].

In the areas with permafrost rocks, gas hydrates can
be found both beneath the permafrost (the most
extensively studied at the present time) and within the
permafrost at negative temperatures, the actual data
on their occurrence mainly have an indirect character.
Furthermore, there is evidence about the possible
existence of metastable gas hydrates within permafrost
strata above the modern roof of the gas hydrate stabil-
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Fig. 1. Schematic model of the pore space of frozen gas hydrate—bearing sandy soil under equilibrium and non-equilibrium con-

ditions.

ity zone at depths down to 150—200 m. Their forma-
tion is associated with paleo-GHSZ, and their preser-
vation is determined by the geological manifestation of
the self-preservation effect of gas hydrates in perma-
frost rocks [7, 8]. It is the metastable gas hydrates that
are extremely sensitive to various external effects,
which make these formations a source of geological
risk in the exploration and exploitation of oil and gas
fields in the Arctic region.

In this regard, in recent decades, researchers have
paid considerable attention to the experimental study
of decomposition processes of gas hydrates in the pore
space of gas-saturated ice-containing rocks [6, 9—11].
However, the analysis of the published data showed
that today there are relatively few works on the theo-
retical study of the dissociation and self-preservation
processes of gas hydrates in the pore space at negative
temperatures [12—18].

Despite the presence of experimental and theoreti-
cal works devoted to the study of decomposition of
pore hydrate formations, the integration of two
research areas and the simultaneous application of

Fig. 2. Three-layer scheme of gas hydrate granule dissoci-
ation: (/) ice crust with thickness d; (2) thin layer of meth-
ane formed during gas hydrate decomposition; (3) undis-
solved methane hydrate, the thermodynamic conditions of
which correspond to the steady state.
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experimental and mathematical modeling to study the
kinetics and self-preservation of gas hydrates in per-
mafrost rocks appear to be quite urgent.

MATHEMATICAL STUDY

Problem statement. We assume that a horizontal
layer of frozen dispersed rock with thickness contains
ice, gas, and gas hydrates in the pore space, initially in
thermodynamic equilibrium at a given negative Cel-
sius temperature 7, and the corresponding equilib-

rium pressure p, = py(7;) (Fig. 1). At some instant,
the pressure above the layer drops below the three-

phase equilibrium point to the value po < p, and the
gas hydrate begins to decompose. In this process, part
of the pore inclusions of the gas hydrate may com-
pletely decompose, while another part undergoes only
partial dissociation, to some extent passing to a meta-
stable state due to the formation of an ice crust as a
result of manifestation of the self-preservation effect.
Whether these gas hydrate inclusions will remain or
dissociate slowly will depend on the ability of the ice

crust to withstand the pressure difference p, — P’ at
the first significantly non-stationary stage [18]. Thus,
the greater the decrease in external pressure, the less
preservation of gas hydrate inclusions is expected with
time due to the self-preservation effect. There arises a
need to assess the kinetics of this process at the second
quasi-stationary stage using theoretical and experi-
mental methods and to conduct their comparative
analysis.

Later on, for clarity, we will consider a simplified
model structure of the gas hydrate. Namely, we
assume that the pore gas hydrate inclusions can be
represented as a set of granules of spherical configura-
tion (Fig. 2) [13, 18].

The first outer layer of the granule consists of a
poorly permeable ice crust, the thickness of which
increases inward during the decomposition of the
granule; the second layer is a thin gas layer, the thick-
ness of which is not considered. It is assumed that the
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gas pressure in this layer is equal to the equilibrium
pressure of the gas hydrate at the given temperature p;
the third layer is the undecomposed gas hydrate (the
core of the gas hydrate granule). During the decompo-
sition of the granule, the radius of its core decreases;
i.e., the phase transition front moves towards the cen-
ter of the core. In this process, due to the pressure dif-

ference p, — p, the released gas filters through the
pores and microcracks of the ice layer into the porous
medium saturated with ice, gas, and gas hydrate and,
due to the pressure gradient in this medium, is
unloaded through the upper boundary of the layer
(Fig. 1).

We emphasize that the scheme in Fig. 2 may vary.
Specifically, layer 2 may be absent and free gas fills the
micropores and microcracks in layer 1 [13]. There may
also be a case in which there are no connected micro-
and mesopores and cracks, and the gas transits from
the hydrate phase to the free phase by gas diffusion
through the ice. We note that the solution obtained
below is applicable in all cases, and the third case dif-

fers only in the expression of the coefficient a, in for-
mula (11). In this case, the expression k,p/u in the
coefficient a, should be replaced with the gas diffusion
coefficient in ice D.

Finally, we consider the set of all granules in a unit
volume of the medium in the model as one effective
granule, where the ice crust layer is equal to the effec-
tive sum of the ice crust layers of individual granules,
the core radius of the effective granule is equal to the
effective sum of the radii of all microgranules, and so
on.

Mathematical model. Let the x-axis be directed
downwards, and we choose the coordinate system as
shown in Fig. 1. The equations describing the process
of gas hydrate degradation within the problem state-
ment can be written as

__kdp |
V= (1)
% && i _k2ngI(P09PO,Poo,P)
O o Pey +ax(pg v)= u O
() = R(0) - R(t) = ¥,
pe =2 (3)

RT,
Here, v is the gas filtration velocity; ¢ is the time;
o, is the fraction of gas saturated reservoir pores; k,
and k, are the effective permeabilities of the reservoir
as awhole and the ice crust in the gas hydrate granules;
P, is the gas density; p is the gas pressure; 7; is the
assigned gas temperature; R, is the specific gas con-

stant of methane; L is the gas viscosity; &(¢) is the ice
crust thickness in the effective gas hydrate granule;
R(0) and R(¢) are the outer and inner radii of the ice

DOKLADY EARTH SCIENCES

RAMAZANOV et al.

crust; v is the effective coefficient characterizing the
phase transition front movement into the core of the

. 0 . .
gas hydrate granule; g(p,,p , p.., p) is the function
determining the pressure dependence of the intensity

of gas hydrate decomposition; p_(¢) is the pressure at
the bottom boundary of the reservoir determined from
the solution of the problem.

In system (1)—(3), the first equation is Darcy’s law
for gas filtration in the reservoir, the second is the gas
mass balance equation, and the third is the equation of
the gas state. Note that the last term in Eq. (2) is a
source of gas related to gas hydrate decomposition in
the granules.

Next, we replace the condition at the bottom
boundary of the reservoir with the condition at infin-
ity, which allows finding an analytical solution to the
problem and will not lead to qualitative or quantitative
distortions of the results.

We rewrite (1)—(3) together with the boundary and
initial conditions as

0% _ @(@@}QW

ot ox\ u ox wgq) t @)
(D = q)g + pg’
p0.0=p" L =0, 5)
ox
p(x,0) = p,. (6)

We further in (4) refer ¢ to some average pressure
and consider it to be a constant.

We define the function ¢(p,, 2’ p., p). In (4)—(6),
as a result of gas hydrate degradation, the pressure at
an arbitrary final point should tend to the external

0
pressure p ; therefore, we assume that

0 0
q(py, P, P,p) =0, at p— p. 7

At infinity, the condition should satisfy

PP’y Par D) = Po— Py At p—p.. (8)

The simplest function satisfying conditions (7)—(8)
takes on the form

9(po, ", P, P) = L‘Z{;(p -p'). )

(=)

We introduce the scales

[1] = 1, [p]=p". (10)

Denoting the dimensionless pressure by ¢, we have

[x] =1,
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Linearizing this equation using some average pres-
sure p, we obtain

o=

96 _ kiptyd’c kP Gy 0.0 -1
ot our’ox’ ouy o -1 1
Or, together with boundary conditions

Lo} 0’ 6,-0.6-1 k, pt,
PR A ey
kx_ o uo (11)
4 =22 s0n=1 %=,
YU ox
o=L, o,=2, o =L, (12)
p p p

As we already mentioned in the Introduction, in
the case of the absence of connected micro- and mes-
opores and cracks in the ice crust, and gas transits
from the hydrate phase to the free phase by gas diffu-
sion through ice, the coefficient a, in (11) is written as
a, = D/(v9), where D is the coefficient of gas diffu-
sion through the ice.

We find the dimensionless pressure at infinity
o..(7), which, due to the second Eq. (5), depends only
on time. In this case, we have the equation from (11)

dt t
By integrating this equation, we have

Gw(t) = GO - Cot_az. (13)

Here, constant C, is related to the initial hydrate
saturation of the reservoir.

Now we need to find the dimensionless pressure ¢
to satisfy (11).

We search for the solution to this problem in the
form

o=1+(0—1-Cr")f®), =%, (9
where f(§) is the function sought.
Substituting (14) into (11), we have
_Edf _ S
248 e’ (15)
f0)=0, f(eo)=1.
The solution (15) has the form
_ [ 6 j
=erf| == |. 16
f=er ( oa (16)
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Thus, we obtain the following distribution of
dimensionless pressure in the gas

o=1 +(<s0 —1—C0t_”2)erf[\/%j, €= % (17)

The rate of change in residual hydrate saturation is
expressed as

RTo(1-Y)Ps9S, _ _ 6y -0.0-1

po ot 2 c.,.—1 t (18)
—a,~1 &'.
= _aQCOt 2 eI‘f (TJ .
2q

Here, S, is the residual hydrate saturation. p,, is the
gas hydrate density. 7y, is the mass fraction of water
(ice) in the gas hydrate, and (1 —v;) is the mass frac-
tion of gas in the gas hydrate.

Formula (18) means that the intensity of the free
gas source in (11) is determined by the rate of decrease
in the mass of gas in the hydrate state.

By integrating (18) in the first approximation, we
obtain

0

A e =X (19
T ATEA T [Ej =@

Equality (19) gives mixed kinetics. In this case, the
coefficient a, is responsible for its own kinetics, while
the coefficient g, relates to the gas filtration kinetics.

EXPERIMENTAL STUDY

For experimental modeling of the dissociation
kinetics for methane hydrate inclusion in frozen rocks
at a decreasing external pressure, we used a special
setup that allowed for artificial hydrate saturation of
soil media under specified thermobaric conditions
over a wide range of temperatures and pressures. Sand
sampled from gas-bearing horizons of frozen rocks in
the northern part of Western Siberia was used as the
study object. The predominant fraction in the soil was
sand 0.25—0.1 mm in size (~60.5%), with a dust frac-
tion (0.05—0.001 mm) comprising about 3.7%. Parti-
cles <0.001 mm did not exceed 0.7%. Quartz was the
predominant mineral. The sand was characterized by
low salinity (Z, no greater than 0.05%).

Experimental setup. The setup (Top Industrie,
France) comprised a pressure chamber with a volume
of 570 cm? (internal diameter of 70 mm, height of
150 mm) and an operating pressure up to 15 MPa. The
setup was equipped with a liquid cryostat JULABO,
Germany), enabling setting working temperatures
from —20°C to +40°C. The temperature in the pres-
sure chamber was maintained with an accuracy of
0.1°C, while the pressure was monitored with an accu-
racy of 0.1 MPa [19]. The pressure chamber was a
sealed steel cylinder with a thermal insulating coat and
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inlet pipes for the inflow of cooling liquid. A soil sam-
ple with a diameter of 4.6 cm and a height of =10 cm
contained in a plastic container is placed inside the
pressure chamber. The lid of the pressure chamber has
two temperature sensors, 40 and 60 mm long and
1 mm in diameter, as well as fittings for gas pressure
supply and measurement.

Experimental procedure. The methodology for
obtaining a hydrate-saturated medium involved pre-
paring a soil sample with a specified moisture content,
placing it in the pressure chamber’s core holder, freez-
ing it to —6...—8°C, feeding methane to a pressure
higher than the equilibrium pressure for hydrate for-
mation (6—8 MPa), and saturation of the frozen sam-
ple with methane hydrate during several days at a fixed
negative temperature. Additional freezing—thawing
cycles (from —6...—8°C to +2°C) were used to increase
the hydrate content in the samples. Upon ice melting,
the process of hydrate formation in the pore space
intensified due to the creation of additional gas—water
contacts [19]. After hydrate accumulation was com-
pleted, the frozen hydrate-saturated sample was sub-
jected to non-equilibrium conditions at a fixed nega-
tive temperature (~ —6°C). To do this, the pressure in
the pressure chamber with the sample was reduced to
0.1 MPa [6, 11, 19].

As aresult of analysis of the changes in thermobaric
conditions in the pressure chamber during the experi-
ments, we determined the parameters of phase transi-
tions and hydrate content characteristics in soil sam-
ples. To assess the dissociation kinetics for pore
hydrates using the PVT method [6, 11, 19], we deter-

mined the parameters of hydrate saturation (.5,) and
the hydrate coefficient (the fraction of pore water con-

verted into hydrate, K,) at each moment in time.

RESULTS OF EXPERIMENTAL MODELING

The results of the experiments showed the occur-
rence of a self-preservation effect of methane hydrate
in frozen hydrate-containing soils at a decrease in
pressure below equilibrium. This effect manifests itself
as a slowdown or attenuation of the dissociation rates
of the pore gas hydrate. The effectiveness of self-pres-
ervation depends on several factors, such as gas pres-
sure and temperature, dispersiveness, and the initial
moisture (ice content). It was found during the exper-
iments that a decrease in the intensity of pore hydrate
dissociation in frozen rocks under pressure reduction
below equilibrium in the temperature range from —
3°C to —9°C is influenced by a sandy composition of
reservoirs, increased gas pressure and ice content in
the pore space, and reduced salinity [6, 11].

Additionally, it was established in [6] that methane
hydrates may be preserved in a metastable state for a
long time, which is typical of low-temperature
(—4...—5°C and below) sandy and sandy—loam hori-
zons with low salinity and high ice saturation (Fig. 3).

RAMAZANOV et al.
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Fig. 3. Change in hydrate saturation (.S},) of frozen sand in
time at —6°C at a decrease in gas pressure from equilibrium
to 0.1 MPa.

Based on the experimental data approximation in
[6] (Fig. 3), the analytical dependence of residual
hydrate saturation on time was proposed:

S, =At", n=0.15-0.17, A=const, (20)
where 7T is the lifetime of self-preserving pore gas
hydrate, n is a constant within 0.15—0.17, and A4 relates
to the initial content of the pore hydrate. Equation
(20) can be used to predict changes in the hydrate sat-
uration of frozen soils in the case of self-preservation
of pore hydrates. According to the predictive curve,
the residual hydrate content over tens of thousands of
years may be at the level of several percent, which con-
firms the possibility of long-term (thousands of years)
existence of relic gas hydrates in the depths of frozen
rocks in the northern part of Western Siberia.

The experimental data presented by E. Chuvilin
et al. [11], obtained from the results of physical mod-
eling of methane hydrate pore dissociation and self-
preservation processes in frozen sandy samples col-
lected from gas-bearing horizons of the cryolithozone,
allowed identifying the main characteristics of the
geological environment that influence the intensity of
self-preservation (Table 1).

DISCUSSION

We compare the results obtained based on the pro-
posed mathematical model derived from (19) to the
results from formula (20) and Table 1 obtained from
the experimental studies. Excluding variable & from
Eq. (19) together with coefficients g, and a, from for-
mulas (11), where the average pressure is determined

asp = (po + po)/2, we obtain

0
p —a) X
S,=—2P  crerf (—j Q1)
R, (1-)ps \2at
DOKLADY EARTH SCIENCES Vol. 516 Part 2 2024
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Table 1. Main factors determining self-preservation of pore methane hydrates in frozen rocks*

Kinetics of methane hydrate dissociation
Factor Influence in the pore space of frozen samples
after depressurization

60
< 40 LTI
. . 0 -
Gas pressure An increase in the ffxternal pressure p = 20
increases preservation of pore hydrate | ~—~ <Y1 .

A decrease in the negative temperature
Temperature decreases the intensity of pore hydrate
dissociation

An increase in the initial ice content
Initial moisture (ice content) |decreases the intensity of pore hydrate
dissociation

N
o
1

Z=0.01%
--=-=-27Z=02%

IS
. . . 20
Salinity An increase in salt ions (Z) decreases 2

the stability of the pore hydrate N
10F
\
N | | | )
0 2 4 6 8 10
Time, h
40
Sand
30
. — —- Sand + 7% kaolinite
An increase in the content of the clay | &% 5 1
Clay particles component reduces preservation of the | 5 | Z=10.01%
pore hydrate 10 1\

* The figures are presented in accordance with [11].
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k, pt, _
a = 1P 20 5 aQ 0 b=
no/ i)
These formulas allow us to determine the local

kinetics of gas hydrate decomposition. Far from the
reservoir depressurization boundary, we have

(22)

0
)4 )

R ———— 02‘
Rg%(l_YI)ph

Near the reservoir depressurization boundary, we
obtain the expression

S

0

Sh = p Coxt
R, (1-7,) P24y

Hence, it follows that the hydrate decomposes
faster near the depressurization boundary. By averag-
ing (21) over a large interval (the thickness of the res-
ervoir), we have

-a-1/2

0

S, =—2=~r _cp. (23)
R (v = 1)py
Comparing (23) and (20), we obtain
n=a,, (24)
0
P C,. (25)

A=—1i P
R.T,(1 —Y:) P

Here, C, is a constant characterizing the initial gas
volume in the reservoir or the sample.

Formulas (24), (25), and (22) show the depen-
dence of the exponent of the power law of gas hydrate
decomposition (20) and the coefficient of this law on
the parameters of the problem. Thus, the model under
consideration yields power law (23), as does experi-
ment (20) with exponent (24) and coefficient (25).

Next, we consider the properties obtained from the
experiments (Table 1), based on equations (21)—(25):
(1) Ice content. The increase in the ice content in
this model implies the decrease in permeability 4, i.e.,
the decrease in @. It is seen from (21)—(22) that at a

decrease in g, the residual hydrate saturation S, at an
arbitrary point x increases. This is also evident from
general physical considerations, since poor gas
removal from the reservoir leads to an increase in pres-
sure within it and consequently slows down the gas
hydrate decomposition.

(2) Temperature. As known, at a decrease in tem-
perature, the equilibrium pressure p, decreases, so
does p (22) and, consequently, the parameter a, = n
decreases, meaning that the exponential function ¢

increases. Moreover, at a decrease in temperature, the
coefficient in law (23) also increases. Therefore,

according to (23), S, increases at a decrease in the
temperature.
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(3) Pressure. According to (25), as the external

pressure p0 increases, the parameter A increases too,
and, according to (23), the residual hydrate saturation
also increases.

(4) Salinity. Salinity is not considered in the model.
However, if we take into account that the initial equi-

librium pressure p, increases with increasing salinity,

and so does a, (22), then it follows that the residual
hydrate saturation decreases with increasing salinity.

Thus, under the selected parameters, we not only
have qualitative but also good quantitative agreement
with the experiment.

CONCLUSIONS

The results of mathematical modeling of pore
methane hydrate dissociation in frozen rocks using the
model we proposed made it possible to describe the
kinetics of inhibition of decomposition of the pore
hydrate at a decrease in the equilibrium pressure, asso-
ciated with the manifestation of the self-preservation
effect, which was previously identified during experi-
mental studies. According to the data of mathematical
and physical modeling, the rate of decrease in residual
hydrate saturation of frozen rocks under conditions of
metastability of the pore hydrate have a power law
character, which indicates the possible long-term
preservation of hydrates in the pore space of frozen
rocks at pressures below equilibrium.

Due to the results of mathematical modeling, we
proposed a more general (compared to power law)
kinetics law for the decomposition of the pore gas
hydrate, which takes into account gas filtration in the
reservoir, as well as its depressurization through the
upper boundary. In addition, based on the mathemat-
ical investigation, an explicit dependence was estab-
lished between the coefficient of the power law 4 and

its exponent n on the problem parameters ¢, and a,,
determined by the properties of the reservoir, the gas
hydrate, and the ice film covering the gas hydrate. The
obtained dependences on the kinetics of pore hydrate
dissociation in frozen rocks not only confirm the
influence of natural environmental factors obtained
experimentally but also explain them.
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