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Résumé — Modèle mathématique et simulation de dépressurisation et de décompression d’un
réservoir d’hydrates de méthane — Le modèle numérique présenté ici simule la dépressurisation
d’hydrates de méthane dans un réservoir confiné ; il se base sur le principe de conservation de la masse
en milieu poreux, en intégrant la théorie de l’écoulement polyphasique et la cinétique de dissociation des
hydrates de méthane. La méthode implicite et universelle des différences finies est utilisée et le
programme informatique qui s’y rapporte est développé. Lors de l’exploitation du réservoir d’hydrates de
méthane, la répartition et les changements physiques sont analysés et les lois sur la dissociation des
hydrates de méthane et la production de gaz sont étudiées à partir des calculs. Une simulation numérique
montre que la pression dans le réservoir diminue lentement, ce qui permet au réservoir de se stabiliser et
diminue inévitablement le rendement de l’exploitation d’hydrates de méthane lors du processus de
dépressurisation. Le rythme de production du gaz est contrôlé par la pression au puits. Les résultats
présentés montrent comment ce modèle peut être utilisé pour proposer une pression abaissée au fond du
puits afin de récupérer l’hydrate de méthane. De plus, ces résultats démontrent qu’ils dépendent des
propriétés des hydrates de méthane et du réservoir.
Abstract — Mathematical Model and Simulation of Gas Hydrate Reservoir Decomposition by
Depressurization — The numerical model for the depressurization of methane hydrates in a confined
reservoir is presented based on mass conservation in porous media, incorporating multiphase flow
theory and kinetics of gas hydrate dissociation. The universal implicit difference method is adopted, and
the corresponding computer program is developed. During the production of the hydrate reservoir,
distribution and the physical changes are analyzed and the gas hydrate dissociation and gas production
law are studied from the computation. A numerical simulation shows that the reservoir pressure is
descending slowly, which benefits the stabilization of the reservoir and inevitably decreases the efficiency
in the production of gas hydrates in the depressurizing process. The gas production rate is controlled by
the well pressure. The results are presented to show how this model may be used to estimate a lower
downhole pressure of the well for hydrate recovery and how these results depend on reservoir and
hydrate properties.
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SYMBOL LISTS
As
Kd
k
kr
kD0
m
N
n
p
pwf
pe
q
re
rw
S
Swr
Sgr
t
Φ
ρ
μ

Specific surface area of reaction (m-1)
Dissociation rate constant (kg/m2·Pa·s)
Absolute permeability of the media (m2)
Relative permeability
Absolute permeability at zero hydrate saturation (m2)
Dissociation mass (kg)
Decrease index of permeability
Hydrate number
Pressure (MPa)
Local pressure in the core (MPa)
Equilibrium pressure of hydrate (MPa)
Source-sink (kg/m3·s)
Equivalent radius (m)
Radius of well (m)
Saturations
Irreducible saturations of water
Irreducible saturations of gas
Time (s)
Porosity
Density (kg/m3)
Viscosity of gas (Pa·s)

Superscripts
0
k
n

Initial time
Iteration step of k
Iteration step n time

Subscripts
H
w
g

Hydrate
Water
Gas

INTRODUCTION
Gas hydrates widely exist in deep-sea sediments and
permafrost land with huge reserves, causing widespread
concern in the scientific and engineering communities.
Research in gas hydrate reservoir production technology has
become a hot topic for development of new energy. However,
hydrate production technology is very poor at the practical
stage because of the complicated conditions of gas hydrate
reservoirs and the uncertain results of events such as submarine disasters, climate change, etc., after the production.

So far, only limited in situ cases of hydrate exploitation have
been practiced such as the Mallik site in Canada recently.
Relative to the phase equilibrium study, the three common
means of hydrate dissociation are the depressurization
method, inhibitor injection method, and thermal stimulation
method (Klauda et al., 2005; Sloan et al., 2008). Among
these three dissociation techniques, depressurization can
lower the pressure of the hydrate reservoirs, push the hydrate
out of the equilibrium region and lead to its dissociation.
Because there is no extra heat introduced into the reservoir,
the heat of the dissociation must be supplied from the surrounding formation. Many studies have indicated that it
could be a rate-controlling step in the overall dissociation
process. For example, Clarke et al. (2005, 2001) extended
Kim’s work and calculated the intrinsic kinetic constant and
activation energy by eliminating the influence of mass transformation or thermal transformation. Therefore, this technique could be attractive primarily when a large surface area
exists for heat transfer and dissociation (Kehua et al., 2010;
Ayhan, 2010). The presence of a free-gas zone beneath the
hydrate may be essential to the success of the depressurization
method.
Makogon (2010) and Sloan et al. (2008) provided
extensive reviews of hydrate formation and dissociation
processes. The hydrate dissociation process by depressurization has been studied by a number of authors. It is customarily assumed that the process of hydrate dissociation
by a pressure decrease is analogous to the process of solid
melting. Makogon et al. (2001) used the classical Stefans
problem for melting to describe the process of hydrate dissociation. The present study is concerned with the question
of natural gas production with constant well output from a
hydrate reservoir. The case that the reservoir is partially
saturated with hydrate, and the reservoir contains pressurized natural gas is considered. The linearized form of the
governing equation as reported by Makogon et al. (2001)
is used in the analysis.
From the viewpoint of material conservation, the production
of gas hydrates is actually a process of hydrate dissociation in
porous media and the migration of fluid. The two processes
are restrained by each other. Thus, the study of hydrate distribution and gas with the water two-phase migration law is of
great significance for the understanding of the nature of the
hydrate reservoir dissociation. This work is to develop a
mathematical model of hydrate dissociation and gas-water
two-phase flow based on the theory of hydrate multiphase
flow during the reservoir depressurization process. A
strongly nonlinear numerical dispersion of the universal
implicit difference method is adopted and the corresponding
computer program is developed. During the production of
hydrate, the reservoir distribution and the physical changes
are analyzed.
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In addition, the pores are filled with hydrate, gas and
water based on assumption (2). So, the saturation satisfies the
following equation:

1 MATHEMATICAL MODEL
1.1 Physical Basis Conditions
Hydrate reservoir depressurization is a complex physicalchemical process which involves dissociation and reformation,
heat transfer, deformation of the porous medium, migration
of gas with water and other aspects. In order to make the
mathematical model more accurate and simplified, some
basic assumptions are introduced as follows:
– the solid hydrate is considered as a part of the pores in
consideration of the gas, water and hydrate phase;
– the hydrate phase is not participating in flow and gas with
water following Darcy’s law;
– the gravity and capillary forces are not considered;
– the reformation of hydrate after dissociation at suitable
temperature and pressure, and thermal effects of dissociation are not considered;
– the Thomson throttling effect in the flow process is
ignored.
1.2 Basic Governing Equations
Hydrates constantly reduce as dissociation of the gas hydrate
reservoir while gas with water as the products of dissociation
are also changing thanks to seepage. By the continuity at Δt
time steps, the cumulative unit body mass of each phase
should be equal to its dissociation and incremental quality of
inflow and outflow. So, the mass balance equations for gas,
water and hydrate flow through the porous medium can be
written as:
⎧ ⎛ kk
⎞
∂
⎪∇ ⎜⎜ρg rg ∇p ⎟⎟ + qg + mg = (ρg φSg )
∂t
⎪ ⎝ μg
⎠
⎪
⎞
⎪ ⎛ kkrw
∂
∇p ⎟ + qw + mw = (ρw φSw )
⎨ ∇ ⎜ρ w
μ
t
∂
⎝
⎠
⎪
w
⎪
∂
⎪−mH = (ρ H φSH )
∂t
⎪
⎩

(1)

The equations consider the compressibility and the
relative permeability of fluid, hydrate and porous media.
Each parameter in the equation is the function of unknowns
such as density, porosity and relative permeability. Hence,
the equations are significantly nonlinear. Each parameter
satisfies the following relationship:
⎧ρα = ρα ( p )
⎪
⎪μ α = μ α ( p )
⎨
⎪ krα = krα (Sw )
⎪⎩φ = φ( p )

(α = w, g)
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(2)

Sg + Sw + SH = 1

(3)

where Sg, Sw, and SH are saturation of gas, water and hydrate
phases, respectively.
Energy balance at the dissociation front is given by:
qg1ρg C pT1 − qg 2ρg C pT2 − K1

∂T1
∂T
+ K 2 2 = ΔHmh
∂x
∂x

(4)

where Kn is the heat conductivity in the gas and hydrate zone,
ρg is the density of natural gas in the dissociation zone, mh is
the hydrate dissociation rate per unit area and CP is the heat
capacity of natural gas. In Equation (4), the first term on the
left hand side is the convective heat flux out of the dissociation front into the gas zone; the second term is the convective
heat flux from the hydrate zone into the dissociation front.
The third term is conductive heat flux from the dissociation
front to the gas zone. The fourth term is the conductive heat
flux from the hydrate zone into the dissociation front. The
term on the right side is the rate of heat supplied for hydrate
dissociation per unit time and area.
The governing equations of hydrate reservoir production
are combined from Equation (1) to Equation (4), in which the
number of unknowns is equal to the number of equations, so
they can be solved.
1.3 Auxiliary Equation
The hydrate dissociation can be represented by the reaction:
M(g) + NH H2O(l) ⇔ Μ · NH H2O(s)

(5)

where M is the guest molecule in hydrate formation and NH
(commonly known as the hydrate number) is the number of
water molecules required per gas molecule to form a gas
hydrate. The hydrate number for methane is approximately 6
(Sloan et al., 2008). The rate of gas generation caused by
hydrate dissociation is given by the Kim–Bishnoi model
(Kim et al., 1987):
mH = Kd As (pe – p)
(6)
According to the principle of mass conservation, i.e.:
mH = mw + mg

(7)

where (Amyx et al., 1960):
1

⎞2
⎛φ
As = ⎜ wg ⎟
2
k
⎠
⎝

(8)

The hydrate itself as a solid phase is not involved in flow
and mobile spaces constantly grow during the dissociation
process of the hydrate reservoir. Here, k is the absolute
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permeability of the media and is modeled as (Masuda et al.,
2005):
k = kD0 (1 – SH)N

(9)

where k D0 is the absolute permeability at zero hydrate
saturation and N is the permeability reduction index, which
depends on the pore structure of the medium. Note that
Equation (9) satisfies the expected limit at SH = 0 or 1 and the
value of the permeability index N is determined
experimentally.
In this study, the relative permeability functions krg (Sw, Sg)
and krw (Sw, Sg) are evaluated with Corey’s model (Moridis
et al., 2007):
m 2
krw = krwo Sw1/2 ⎡⎢1 − (1 − Sw1/ m ) ⎤⎥
⎣
⎦
(10)
m
2
1/ m
krg = krgo Sg1/2 (1 − SwH
)
Of which:
Sw =

Sw − Swr
S + SH − Swr
; SwH = w
1 − Swr − Sgr
1 − Swr − Sgr

Sg =

1 − Sw − SH − Swr
1 − Swr − Sgr

∇ (Tgk+1∇δP + ρkg+1λ’gw δSw ∇P k + λ kgρ’g δP∇P k )

(11)

1.4 Boundary Conditions
The initial conditions of the model are:
⎧ p ( x, y, t ) |t =0 = p 0 ( x, y )
⎪
⎪Sg ( x, y, t ) |t =0 = Sg0 ( x, y )
⎨
0
⎪Sw ( x, y, t ) |t =0 = Sw ( x, y )
⎪
0
⎩SH ( x, y, t ) |t =0 = SH ( x, y )

(15)

∇ ⎡⎣Twk+1∇δP + ρwk+1λ’ww ∇P k + ρ’w δPλ wk ∇P k ⎤⎦
⎡ ∂q
⎤
1
1
∂m
k
+ ⎢ w + w − ( φSw ) ρ’w − ρwk+1Swk ϕ′⎥ δP
⎣ ∂P
⎦
∂P Δt
Δt
⎧ ∂q
1
∂m
k +1 ⎫
+ ⎨ w + w − ( φρw ) ⎬ δSw
⎭
⎩ ∂Sw ∂Sw Δt
(13)

– outer boundary conditions:
⎧⎪ p( x, y, t )
= pe ( x, y, t )
( x , y )∈ Γ
⎨
⎩⎪∂p ∂ n x , y∈Γ = 0

⎞
⎛ ∂q ∂m
k
1
1
+ ⎜ g + g − ( φSg ) ρ’g − ρgk+1Sgk ϕ’⎟ δP
Δt
⎠
⎝ ∂P ∂P Δt
+
1
k
⎛ ∂q ∂m
(φρg ) ⎞⎟ δS
+⎜ g + g +
w
⎜ ∂Sw ∂Sw
Δt ⎟⎠
⎝
k +1
⎛ ∂q
∂mg ( φρg ) ⎞⎟
g
⎜
+
+
+
δSH
⎜ ∂SH ∂SH
Δt ⎟⎠
⎝
k
n
k
1
= ⎡⎣( φρg Sg ) − ( φρg Sg ) ⎤⎦ − qgk − mgk − ∇ (Tg ∇P )
Δt

(12)

Boundary conditions of the model
– internal boundary conditions:
⎧⎪qα ( x, y, t ) = qα0 (t ) δ ( x, y )
or
⎨
⎪⎩ pwf ( x, y, t ) = pwf0 (t ) δ ( x, y )

explicit saturation solution method, the adopted linearization
method is an explicit approach which takes a uniform value
of the upper time step. In addition to items of Darcy’s flow,
the items of production and dissociation themselves are functions of solved variables. So, the IMPES method undoubtedly
causes a very considerable error of mass balance and then
may sometimes not be solved due to divergence of solutions.
In this work, the universal implications difference method
is adopted to deal with the nonlinear nature of the equations.
δp, δSw, and δSH are considered as unknown variables to
couple equations and to be solved. The implicit item
processing is undertaken on the flow coefficient, source-sink
of wells, dissociation items and cumulative values. From the
Taylor expansion, the first-order infinitesimal quantity is
obtained. The first derivative takes the original order value
rather than the values of the upper stage. Universal
implication discretization equations are solved as follows:

(16)

⎛ ∂q
∂m ⎞
+ ⎜ w + w ⎟ δSH
⎝ ∂SH ∂SH ⎠
1
k
k
n
= ⎡⎣( φρw Sw ) − ( φρw Sw ) ⎤⎦ − qwk − mwk − (Tw ∇P )
Δt

(14)

2 NUMERICAL METHOD OF SOLUTION
The governing equations of hydrate reservoir production are
a set of highly nonlinear equations. ρ, ϕ, μ and kr are functions of the unknown variables in which kr has stronger nonlinearity. In the traditional IMPES, i.e. implicit pressure

⎡ ∂mH 1
⎤
1
k
− ( φSH ) ρ’H − ρkH+1SHk ϕ′⎥ δP
⎢⎣
⎦
∂P Δt
Δt
⎡ ∂m
⎛ ∂m ⎞
1
k +1 ⎤
+ ⎜ w ⎟ δSw + ⎢ H − ( φρ H ) ⎥ δSH
⎣ ∂SH Δt
⎦
⎝ ∂Sw ⎠
1
k
n
= ⎡⎣( φρ H SH ) − ( φρ H SH ) ⎤⎦ − mHk
Δt
Among which: Tα = ρα·λα, λα = kkrα/μα, (α = w, g)

(17)

(18)
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Coupling (15-17) a set of algebraic equations can be
taken. For the calculation domain containing NEL nodes, all
linear equations of the first k iterations can be written in the
following matrix form:
(19)
Jk ·δX = Bk
Among which J is a 3 × NEL order banded sparse matrix
containing five blocks of diagonal structures, which contain a
NEL × NEL three-dimensional non-symmetric sub-matrix.
δX is the unknown columns’ vector of increment between
adjacency iterations in the all independent variables in which:
δXi = {δp δSw δSH}, i = 1, 2, ..., NEL

(20)

B is the known column vector of the right end. The GaussJordan elimination method of the pivoting element is adopted
to solve the sparse matrix equation since the diagonal
elements are different by several orders of magnitude.
After calculation, the solving variable is replaced, and Jk+1
and Bk+1 are re-calculated according to δX. Then, the k+1
iteration step of the calculation begins until iteration to
δX→ 0. Hence, the iteration is implicitly deeper, the solution
process is more stable and more accurate results are
achieved.

3 NUMERICAL SIMULATION
According to the actual geological conditions of a hydrate
reservoir (Klauda et al., 2005; Sloan et al., 2008), the
calculation model is shown in Figure 1. The center of the
model is the production well, which is a constant downhole
pressure well. The well index is as follows:
qg =

2πkkrg h
( P − Pwf )
r i, j
μ g ΔV ln e
rw

(21)
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The 1/4 X-Y cross-section is selected for the calculation,
taking into account the symmetry of the model. The
boundaries of the model are set to be fixed conditions
according to the geological conditions and the symmetry (see
Fig. 1).
According to the actual situation, the porosity is set to be
0.25, initial hydrate saturation to be 0.4, gas saturation to be
0.6, the absolute permeability without the presence of hydrate
to be 1.0 μm2 and the decrease index to be 5. Relative
permeability of the gas-water is calculated according to
Equation (8) in which water saturation is 0.2, critical saturation
of gas is 0.1, the fitting parameter m is 0.6 and the initial
viscosity of water and gas is 1.0 MPa⋅s and 0.018 MPa⋅s,
respectively. Compressed coefficients of porosity, hydrate and
water are obtained to be 1.0 × 10-4 MPa-1, 2.0 × 10-4 MPa-1 and
4.0 × 10-4 MPa-1, respectively. Original formation pressure is
4.0 MPa and the method of production in gas wells is
constant pressure in the downhole; and the pressure of the
downhole of the well is 3.0 MPa. The initial temperature of
the hydrate reservoir is 4.5°C (the corresponding hydrate
phase equilibrium pressure is 3.875 MPa) (Sloan et al., 2008),
hydrate reservoir thickness is 10 m and the dissociation
constant (Lijun Yan et al., 2005) is 0.124 × 10-13 kg/m2⋅Pa⋅s.
The hydrate number is 6.
The initial flow vector field distribution of production is
shown in Figure 2. The pressure gradient drives high-pressure
gas filling the pores to flow. The flow speed is faster and the
pressure drop is more noticeable to the well of the large pressure gradient. When the pressure is reduced to below hydrate
dissociation pressure, the phase equilibrium condition of the
hydrate is shifted in the pore and hydrate dissociation occurs.
The gas and water of hydrate dissociation as output is
involved in the flow moving to the well and output from the
producing wells. The gas flow is not yet started. The pressure
remains constant and the hydrate in the pores does not
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Schematic diagram of numerical model.
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Pressure distribution at 120 days.

Temperature distribution at 120 days.
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Gas saturation distribution at 120 days.

Hydrates saturation distribution at 120 days.

dissociate due to the pressure gradient being zero far away
from the wellbore.
Figures 3 and 4 show the evolution of the P and T
distributions, respectively, after 120 days of the hydrate
reservoir dissociation. The reservoir pressure drop is not large
(the initial pressure is 4.0 MPa) and the spatial variations of
the pressure gradient are also small. As gas hydrate
dissociation is accompanied by the water output, the pressure
drop is no doubt slower in the hydrate reservoir than in a
conventional gas reservoir during gas production. Of
particular interest is the T distribution in Figure 4, which
exhibits a minimum at the edge of the dissociation front and
confirms the earlier statement (based on knowledge of the
CH4–hydrate phase diagram) that no ice evolves during the
dissociation process. At the front of hydrate dissociation, the

400

500

temperature of the hydrate reservoir decreased rapidly. With
the vector of fluid seepage increases the temperature gradually
increased close to the wall hole. The temperature is close to
the initial temperature of the reservoir near the wall hole.
Figures 5 and 6 are gas and gas hydrate saturation
distribution, respectively. It can be seen that the gas hydrate
dissociation is completed in the areas of rapidly decreased
pressure around the well after production of 120 days. The
dissociation front (where hydrate saturation is equal to the
initial value) is gradually moving away from the well and the
scope of dissociation is further expanding. The numerical
results show that the hydrate dissociation is fully completed
within the model and the residual gas and water in pores will
continue to flow under a pressure gradient in the direction of
the well after production of 10 months.

ogst110047_Zhao

14/06/12

12:19

Page 385

J Zhao et al. / Mathematical Model and Simulation of Gas Hydrate Reservoir Decomposition by Depressurization

lengthy production process of the hydrate reservoir. So, a
suitable wellbore pressure can effectively improve the
dissociation rate and access to balance between production
speed with the reservoir stability.
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Figure 7
Hydrate dissociation at different product well pressure.

The total amount of hydrates dissociated in relation to the
production time is shown in Figure 7 at different downhole
pressures. It can be seen from the figure that the lower the
downhole pressure, the faster the hydrate dissociation. The
reason is that the formation of the gas flow gradient is larger
to speed up the reservoir pressure drops which promote
hydrate dissociation and the movement of the dissociation
front is significantly accelerated at the lower downhole
pressure.
CONCLUSION
The production mathematical model of gas hydrate reservoir
depressurization is established and the nonlinear equations
are solved by the introduction of a fully implicit finite
difference method. The calculation method has good
numerical stability and high accuracy. A corresponding
numerical calculation program is prepared. The field
variables in the spatial distribution with the time, dissociation
front movement and transport law of gas with water can be
accurately obtained from the calculation program.
The pressure drop of the hydrate reservoir is slowed
down, which is helpful for controlling the reservoir pressure
to ensure the security and stability of the production process
according to the results of depressurizing the process.
However, on the other hand, it will undoubtedly lead to a
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