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Abstract: Natural gas hydrates have been treated as a potential energy resource for decades. Understanding geomechanical
properties of hydrate-bearing porous media is an essential to protect the safety of individuals and devices during hydrate production.
In this work, a numerical simulator named GrapeFloater is developed to study the deformation behavior of hydrate-bearing
porous media during depressurization, and the numerical simulator couples multiple processes such as conductive-convective heat
transfer, two-phase fluid flow, intrinsic kinetics of hydrate dissociation, and deformation of solid skeleton. Then, a depressurization
experiment is carried out to validate the numerical simulator. A parameter sensitivity analysis is performed to discuss the
deformation behavior of hydrate-bearing porous media as well as its effect on production responses. Conclusions are drawn
as follows: the numerical simulator named GrapeFloater predicts the experimental results well; the modulus of hydrate-bearing
porous media has an obvious effect on production responses; final deformation increases with decreasing outlet pressure; both the
depressurization and the modulus decrease during hydrate dissociation contribute to the deformation of hydrate-bearing porous
media.
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1. Introduction
Natural gas hydrates (NGHs) are ice-like crystalline com-

pounds formed from natural gas (methane mainly) and wa-
ter at low-temperature and high-pressure conditions (Sloan
and Koh, 2007). NGHs are generally found in submarine
sediments along the continental margin and in permafrost
regions (Boswell, 2009). One cubic metre of methane hydrate
(MH) contains 0.8 m3 of water and 164 m3 of methane gas
at standard temperature and pressure (273.15 K and 1 atm)
(Makogon et al., 2007; Boswell and Collett, 2011). NGHs
have drawn enormous attention throughout the world as an
alternative energy resource on account of the high energy

capacity, the wide distribution, and the vast reserves (Collett
et al., 2015; Vedachalam et al., 2015; Chong et al., 2016).

Several methods for gas recovery from NGHs have been
proposed, which mainly includes depressurization, thermal
stimulation, inhibitor injection, and carbon dioxide replace-
ment (Wang et al., 2014; Nandanwar et al., 2016; Liu et
al., 2017). Among the methods mentioned above, the depres-
surization method is the most economical and effective one
(Lee et al., 2011; Konno et al., 2016). As a consequence, the
depressurization method has been adopted in field productions
of NGHs in the Messoyakha gas field (Krason, 2000), the
North Slope of Alaska (Schoderbek et al., 2013), the Nankai
Trough in Japan Sea (Cyranoski, 2013; Yamamoto et al.,
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Fig. 1. Hydrate production induced by depressurization using a vertical well in marine sediments.

2014), and the Shenhu Area in South China Sea. Solid
NGHs are decomposed into liquid water and natural gas
during depressurization. This, in turn, may result in a loss
of cementation and a corresponding effective stress decrease
of hydrate-bearing sediments (HBS) (Hyodo et al., 2013; Song
et al., 2014; Yoneda et al., 2015; Kajiyama et al., 2017; Zhang
et al., 2018). NGHs have been treated as a potential trigger
in submarine geohazards such as wellbore failures, seabed
settlements, and submarine landslides (Nixon and Grozic,
2007; Lee et al., 2010b; Maslin et al., 2010; Ning et al.,
2012). Therefore, a thorough understanding of deformation
characteristics of HBS during depressurization is of great
importance for stability analyses under different environmental
conditions (Miyazaki et al., 2011; Ghiassian and Grozic, 2013;
Zhang et al., 2015).

A vast variety of triaxial shear tests have been performed
on HBS to understand the stress-strain behavior under different
hydrate saturations (Yun et al., 2007; Miyazaki et al., 2011;
Zhang et al., 2012; Ghiassian and Grozic, 2013; Hyodo et al.,
2013; Hyodo et al., 2014; Li et al., 2016). Based on these
experimental data, various constitutive models of HBS have
been proposed and improved (Pinkert and Grozic, 2014; Lin
et al., 2015; Pinkert et al., 2015; Sun et al., 2015; Shen et al.,
2016; Uchida et al., 2016). Developing multi-field coupling
numerical simulators with different constitutive models has
been treated as an essential for analyzing mechanical responses
of hydrate-bearing reservoirs during depressurization. Gupta
et al. (2017) developed a simplified geomechanics-to-fluid
coupling numerical simulator to study the impact of geome-
chanics on the hydrate dissociation behavior within cylindrical
samples under triaxial shear condition. In the model, a linear-
elastic constitutive model of HBS was applied. Chejara et al.
(2013) applied a numerical simulator named RetrasoCode-
Bright to study the long term hydrate production behavior
during depressurization in Mount Elbert hydrate-bearing de-
posits, particularly the effective stress field. Cheng et al. (2013)
established a fluid-solid coupling numerical simulator to imi-
tate the depressurization-induced hydrate dissociation process
within hydrate reservoirs, and the fluid-solid coupling effect
was basically discussed. Kim et al. (2012) performed a case
study of hydrate production in the Prudhoe Bay Unit L-Pad

on the North Slope through numerical simulations. Different
coupling models between fluid flow and geomechanics were
compared and discussed. Kimoto et al. (2010) developed a
chemo-thermo-mechanical numerical simulator to predict the
deformation of hydrate reservoirs during hydrate dissociation
induced by depressurization and thermal stimulation. A nu-
merical simulator which combines TOUGH+HYDRATE and
FLAC3D was commonly used to study the gas production
behavior as well as the geomechanical response during hydrate
recovery (Rutqvist and Moridis, 2008; Rutqvist et al., 2009).

In this paper, a Gas Hydrate Production Coupled Fluid-
Solid-Heat Numerical Simulator (GrapeFloater) is firstly pro-
posed, taking intrinsic kinetics of hydrate decomposition,
two-phase fluid flow, conductive-convective heat transfer, and
especially solid skeleton deformation into account for be-
haviors of hydrate dissociation in porous media. Then, a
depressurization-induced hydrate dissociation experiment is
performed, and the experimental results are used to validate
the numerical simulator. Finally, a detailed sensitivity analysis
is performed to discuss the deformation characteristic during
depressurization.

2. Numerical model description
Fig. 1 is a schematic diagram of hydrate production

induced by depressurization using a vertical well in marine
sediments. The circle part of cylindrical model showed on
the left-hand side of Fig. 1 can be simplified into a one-
dimensional model showed on the right-hand side of Fig. 1 on
account of the axial symmetry. In the one-dimensional model,
length of the porous media is expressed as L. The vertical well
is located at x = 0. The well pressure is depressurized from
Pe to P0 in a brief period. At x = L, the boundary condition is
assumed to be impermeable. Temperatures at both boundaries
(x = 0,x = L) are fixed at Te. Solid skeleton of the porous
media is immovable at x = 0, but movable at x = L. Several
assumptions considered by the numerical simulator are showed
as follows:

a) Gas is consisted of pure methane, and the mass dis-
solved in water can be neglected.

b) There is no ice phase during the whole dissociation
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process.
c) The horizontal total stress of hydrate reservoir is un-

changed.
d) The side friction forces of the porous media are ne-

glected.
Mass conservation equations of gas, water, MH and solid

skeleton are described as follows respectively.

∂

∂ t
(εgρg)+

∂

∂x
(ρgUg) = ṁg (1)

∂

∂ t
(εwρw)+

∂

∂x
(ρwUw) = ṁw (2)

∂

∂ t
(εhρh) =−ṁh (3)

∂

∂ t
(εsρs)+

∂

∂x
(ρsus) = 0 (4)

Two-phase fluid flow satisfies the Darcys law:

Ug−us =−
krgK
µg

∂Pg

∂x
(5)

Uw−us =−
krwK
µw

∂Pw

∂x
(6)

where U is fluid velocity; us is horizontal deformation velocity
of solid skeleton; ε is phase volume fraction; P is pore pres-
sure; µ is viscosity; K is the absolute permeability of hydrate-
bearing porous media; krw and krg are relative permeabilities
of water and methane gas respectively; subscripts g, w, h, s
stand for gas, water, MH and solid skeleton phase respectively.
The four-phase volume fraction meets the following equation.

εg + εw + εh + εs = 1 (7)

µg is calculated by (Selim and Sloan, 1989).

µg = 2.45×10−6 +2.88×10−8T +3.28×10−12T 2

−3.78×10−15T 3 +2.09×10−8
ρg +2.51×10−10

ρg
2

−5.82×10−13
ρg

3 +1.84×10−16
ρg

4

(8)

Pore pressures of water and methane gas are connected by
the capillary pressure pc.

pc = Pg−Pw (9)

The absolute permeability of hydrate-bearing porous media
is calculated by (Kleinberg et al., 2003).

K = K0(1−Sh)
N = K0

(
1− εh

1− εs

)N

(10)

where K0 is the absolute permeability of porous media without
MH; N is permeability reduction index.

Relative permeabilities and capillary pressure are calcu-
lated based on Coreys model and can be expressed as follows
(Sun et al., 2005).

krg =

 Sg
Sg+Sw

−Sgr

1−Swr−Sgr

ng

=

( εg
εg+εw

−Sgr

1−Swr−Sgr

)ng

(11)

krw =

( Sw
Sg+Sw

−Swr

1−Swr−Sgr

)nw

=

(
εw

εg+εw
−Swr

1−Swr−Sgr

)nw

(12)

pc = pc
∗

( Sw
Sg+Sw

−Swr

1−Swr

)−nc

= pc
∗

(
εw

εg+εw
−Swr

1−Swr

)−nc

(13)

where Sgr and Swr are residual saturations of methane gas and
water respectively; p∗c is the nominal capillary pressure; ng,
nw, and nc are empirical constants.

Total stress of hydrate-bearing porous media is expressed
as follow.

σe +
εg

εg + εw
Pg +

εw

εg + εw
Pw = σ (14)

The hydrate-bearing porous media is assumed to be elastic,
which is:

σe =−E
∂ l
∂x

(15)

Time derivative of effective stress can be obtained from
Eq. (15), which is:

∂σe
∂ t =−E ∂us

∂x = ∂

∂ t

(
σ − εg

εw+εg
Pg− εw

εw+εg
Pw

)
(16)

in which σ is total stress; σe is effective stress; E is modulus of
hydrate-bearing porous media; l is the horizontal deformation
of porous media.

The energy balance relationship is showed in Eq. (17).
Both conductive and convective heat transfer are considered.
On the right-hand side of the equation, the first term is the
energy consumption in terms of hydrate dissociation, and the
second term is the energy input from surrounding environment
which has an unchanged temperature Te.

(εgρgCg + εhρhCh + εwρwCw + εsρsCs)
∂T
∂ t

+

(ρgUgCg +ρwUwCw +ρsusCs)
∂T
∂x
− ∂

∂x

(
λ

∂T
∂x

)
=

[
∂ (ρhεh)

∂ t

]
∆H + q̇in

(17)

where T is temperature, C is heat capacity, q̇in is the rate of
heat transfer from outside into porous media per unit volume,
λ is thermal conductivity of hydrate-bearing porous media
which is defined as follow.

λ = εgλg + εwλw + εhλh + εsλs (18)
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Fig. 2. Experimental apparatus for hydrate production.

∆H is the latent heat (enthalpy change during MH decompo-
sition) which can be expressed as follow.

∆H = 3.53×106−1.05×103T (19)

According to the molecular formula of MH, the following
equations can be derived.

ṁh = ṁg
NHMw +Mg

Mg
(20)

ṁw = ṁg
NHMw

Mg
(21)

The hydrate dissociation process is controlled by the Kim-
Bishnoi model (Kim et al., 1987) which is:

ṁg = kdMgAs ( fe− f ) (22)

where fe and f are equilibrium reaction fugacity and gas fu-
gacity, which can be replaced by equilibrium pressure peq and
local gas pressure Pg respectively. The equilibrium pressure is
calculated by (Selim and Sloan, 1989):

peq = exp
(

49.3− 9.46×103

T

)
(23)

kd is the MH dissociation coefficient which can be calculated
by:

kd = k0 exp
(
−∆E

RT

)
(24)

in which k0 is the intrinsic rate constant of MH decomposition;
∆E is the active energy of MH dissociation; R is gas constant.

In Eq. (22), As is interface area between MH and fluid
phase which can be calculated in the following way.

As =

√
(φwg)

3

2K
(25)

φwg = φ (1−Sh) = εg + εw (26)

Initial conditions are as follows:

Pg = Pe,T = Te,εg = ε
0
g ,εw = ε

0
w,εh = ε

0
h ,

εs = ε
0
s ,Ug = 0,Uw = 0,us = 0, l =−(σ0

e /E)x

for 0 6 x 6 L and t = 0

Boundary conditions are given below:

Pg = P0,T = Te, l = 0, for x = 0 and t > 0

∂Pg

∂x
= 0,T = Te, for x = L and t > 0

3. Experimental apparatus and materials
Sketch of the experimental apparatus is shown in Fig. 2. A

cylindrical sample with a diameter of 3.8 cm and a length of
78 cm is wrapped by a rubber tube. Both the sample and the
tube are put in a stainless steel chamber. Low-temperature fluid
is introduced into the annular space between the rubber and
the chamber to cool the system and provide confining pressure
during experiments. Five pore pressure transducers (P1∼T5)
and temperature sensors (T1∼T5) are placed along the axial
direction in a 13 cm interval. Pore pressure transducers P0
and P6 are used to measure the pressures of inlet and outlet
respectively. Temperature sensors T0 and T6 are installed to
measure the fluid temperatures through the input and output
respectively. Thermal insulating material wrapped the pressure
chamber is used to prevent the heat diffusion.

Glass beads with grain sizes between 250 µm and 420
µm are used to form host porous media. Methane gas with
a purity of 99.9% and distilled water are used to form MH
within the host porous media. The partial water saturation
method (Ghiassian and Grozic, 2013) is applied to form
hydrate, and the depressurization method is subsequently used
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Table 1. Numerical initial conditions obtained from the hydrate dissociation experiment.

Parameter Value Parameter Value

Volume fraction of skeleton, ε0
s 0.657 Pore pressure, Pe (MPa) 3.5

Volume fraction of hydrate, ε0
h 0.203 Temperature, Te (K) 275

Volume fraction of water, ε0
w 0.077 Well pressure, P0 (MPa) 0.1

Volume fraction of gas, ε0
g 0.063 Sample length, L (m) 0.78

Absolute permeability without MH, K0 (md) 150 Sample diameter, D (m) 0.038

Total stress, σ (MPa) 6.0 Antifreeze fluid temperature, Te (K) 275

Table 2. Parameters used in the numerical model.

Parameter Value Parameter Value

Specific heat of glass beads, Cs (kJ/kg/K) 0.89 Permeability reduction index, N 5.0

Specific heat of MH, Ch (kJ/kg/K) 2.22 Empirical constant used in Eq.(14), ng 2.0

Specific heat of water, Cw (kJ/kg/K) 4.2 Empirical constant used in Eq.(15), nw 4.0

Specific heat of gass, Cg (kJ/kg/K) 2.18 Empirical constant used in Eq.(16), nc 0.65

Density of glass beads, ρs (kg/m3) 2600 Residual saturation of methane gas, Sgr 0.02

Density of MH, ρh (kg/m3) 910 Residual saturation of water, Swr 0.2

Density of water, ρw (kg/m3) 1000 Nominal capillary pressure, p∗c (kPa) 4

Thermal conductivity of glass beads, λs (W/m/K) 2.9 Intrinsic rate constant of hydrate decomposition, k0 (kmol/m2/Pa/s) 36

Thermal conductivity of hydrate, λh (W/m/K) 0.46 Active energy of MH dissociation, M E (kJ) 81

Thermal conductivity of water, λw (W/m/K) 0.56 Deformation modulus of MH stratum, E (GPa) 10

Thermal conductivity of gas, λg (W/m/K) 0.07 Thickness of rubber tube, d (m) 0.008

Viscosity of water, µw (cp) 1.0 Thermal conductivity of rubber tube, λe (W/m/K) 0.26

to decompose hydrate. Annealing process (Lee et al., 2010a)
is performed several times to enhance the homogeneity of
hydrate distribution within porous media. During the exper-
iment, temperature, pore pressure, injected and produced gas
volumes as well as produced water volume are recorded every
five seconds using a data acquisition system.

4. Model validation and numerical results
Glass beads sample under a confining pressure of 6 MPa

is assumed to be rigid and fixed. The initial conditions for
the numerical simulator shown in Table 1 were determined
from the hydrate formation and dissociation experiment, and
parameters applied in the numerical simulator are shown in
Table 2.

The model of heat transfer between the antifreeze fluid
and the rubber tube is assumed to be conductive on account
of the low-velocity of antifreeze fluid flow in the annular space
(about 0.2 cm/s). Hence, the rate of heat transfer per unit
volume in Eq. (17) can be written as follow:

q̇in =
4
D

λe
Te−T

d
(27)

where D is diameter of the sample; d is thickness of the rubber

tube; λe is thermal conductivity of the rubber tube.
Fig. 3 shows the cumulative produced gas volume over

time. In the figure, the experimental data are shown as dots and
the solid black line stands for the numerical model fitting re-
sult. Maximum of cumulative produced gas volume predicted
by the numerical model is 30.7 standard liters which is quite
closed to 31.2 standard liters measured in the experiment. It
is obvious that the numerical simulator predicted curve fits
the experimental data relatively well, which demonstrates the
feasibility of the numerical simulator.

Fig. 4 shows gas pressures of sensor 4 and 2 over time. In
the figure, pressure of sensor 4 decreases much earlier than that
of sensor 2. Moreover, pressure of sensor 2 needs much longer
time than that of sensor 4 to decrease entirely. At the beginning
of hydrate dissociation, pressure predicted by the numerical
simulator drops down much earlier than that measured in the
experiment. However, predicted pressure need more time to
decrease entirely than experimental pressure. Driving pressure
force and heat supply condition near the outlet are the best,
and those near the inlet are a little worse. In addition, driving
pressure force and heat supply condition in the middle of
sample are the worst. As a consequence, hydrate dissociation
rate near the outlet is the largest, and the hydrate dissociation
rate in the middle of sample is the smallest. Hydrate dissoc-
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Fig. 4 . Gas pressures of sensors 2 and 4 over time.

Fig. 5 . Temperatures of sensors 2 and 4 over time.
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Fig. 3 . Cumulative produced gas volume over time.

Fig. 6. MH volume fraction during dissociation at different times.

iation enhances the permeability of hydrate-bearing porous
media. Hence, the more quickly the hydrate dissociates, the
more quickly the pressure drops down. The numerical model
is developed based on the homogenous assumption, but the
hydrate distribution within the sample is heterogeneous. This
may cause the pore pressure differences between predicted
curve and experimental data.

Fig. 5 shows temperatures of sensor 2 and 4 over time.
In the figure, temperature of sensor 4 decreases to the lowest
value a little earlier than that of sensor 2. This is because that
MH at sensor 4 dissociates earlier than that at sensor 2. The
maximum of temperature decrease of sensors 2 is different
from that of sensor 2, and the experimental temperatures
are lower than predicted temperatures at the latter period of
experiment. These may be caused by the heterogeneous of
hydrate distribution with porous media.

Figs 6 and 7 show the MH volume fraction and effective
stress at t = 9, 23, 127 and 231 minutes respectively. In Fig.
6, the dissociation rate of MH near the depressurized outlet
is larger than that of MH far from the depressurized outlet.
However, the dissociation rate of MH at the opposite side (0.7

Fig. 7. Effective stress during dissociation at different times.

Fig. 8. Deformation at x = L during dissociation.

∼0.78 m) of the depressurized outlet becomes faster at the
latter period of the dissociation process. There is no obvi-
ous MH dissociation front. It is inferred that MH can only
dissociate progressively from the depressurized outlet if the
permeability of the sample is small enough. In Fig. 7, the
effective stress increases with time because of the reduction of
pore pressure. The pore pressure increases when the gas-fluid
velocity is larger than the gas-production rate, but decreases
when the gas-fluid velocity is smaller than the gas-production
rate. It suggests that the gas permeability of sample is large
enough that the gas produced from MH dissociation can flow
out of the sample easily.

Fig. 8 shows the deformation at x = L during the MH
dissociation. In this figure, negative values of deformation
mean that the sample is compressive. The initial deformation
of sample is -0.0002 m which is caused by the initial effec-
tive stress. The deformation becomes larger during the MH
dissociation because of the decrease of effective stress and
pore pressure. The final deformation is -0.0005 m. It suggests
that the deformation of sample caused by MH dissociation is
0.04% of the sample length.
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Fig. 9. Deformations at different absolute permeability cases.

Fig. 10. Deformations at different environmental temperature cases.

5. Sensitivity analysis
MH dissociation may destroys the structural integrity of

hydrate-bearing porous media, MH dissociation may subse-
quently lead to a significant deformation, especially for fine-
grained sediments. In this section, the deformation modulus
used in the numerical model is adopted to be 70 MPa in
order to simulate the MH dissociation process in the fine-
grained sample. Parameters sensitivity analyses are developed
as follows.

5.1 Geomechanical response of fine-grained sample

The geomechanical responses of fine-grained sample
mainly include changes of porosity, modulus, effective stress
and deformation. The deformation of fine-grained sample is
the most important parameter on account of its great sig-
nificance for the safety analysis. The absolute permeability,
environmental temperature and outlet pressure are discussed as
follows to analysis their effects on the deformation behavior.

Fig. 11. Deformations at different outlet pressure cases.

Fig. 12. Produced gas productions at different modulus cases.

a) Absolute permeability
Fig. 9 shows the deformation at x = L at different absolute

permeability cases. Final deformations in these three cases
are the same, but the deformation duration decreases with
increasing absolute permeability. This is because that the two-
phase fluid flows faster and the rate of pore pressure decrease
and effective stress increase becomes lager at higher absolute
permeability. The pressure driving force for MH dissociation
also increases with increasing absolute permeability.

b) Environmental temperature
Fig. 10 shows the deformation at x = L at different envi-

ronmental temperatures. Final deformations of these two cases
are the same. The increasing environmental temperature leads
to the decrease of deformation duration. The reason is that the
MH dissociation becomes faster with a higher environmental
temperature.

c) Outlet pressure
Fig. 11 shows the deformation at x = L at different outlet

pressures. Final deformations of outlet pressures at 0.1 MPa,
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Fig. 13. Pressures at sensor 4 and 2 at different modulus cases.

Fig. 14. Temperatures at sensor 4 and 2 at different modulus cases.
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0.5 MPa and 1.0 MPa are -0.066 m, -0.061 m and -0.056
m respectively. It means that the deformation decreases with
increasing outlet pressure. This is because that increasing
outlet pressure leads to the decrease of effective stress which
causes less deformation. Moreover, the whole deformation
process lasts longer time when the outlet pressure is higher,
which is on account of the decreasing pressure driving force
for hydrate dissociation.

5.2 Hydrate production behavior

The deformation of the fine-grained sample affects the
behavior of two-phase fluid flow, conductive-convective heat
transfer and intrinsic kinetics of hydrate dissociation. The
modulus of the solid skeleton is one of the key factors which
affect the deformation. Because the cumulative gas production,
pressure, and temperature are important factors for analyzing
hydrate dissociation process, these three parameters are chosen
as the aim to investigate the modulus sensitivity analysis.

a) Cumulative gas production
Fig. 12 shows the produced gas volume at different modu-

lus cases. Final produced gas volumes of these three cases are
the same, but the whole gas production process lasts longer
time when the modulus is lower. This in turn suggests that
hydrate dissociates more quickly with a higher modulus.

b) Pressure
Fig. 13 shows the pressures of sensor 4 and 2 at different

modulus cases. Pressures of sensor 4 and 2 decrease more
quickly with higher modulus, and the whole pressure reduction
process lasts longer with lower modulus. This also suggests
that hydrate dissociates more quickly with a higher modulus.

c) Temperature
Fig. 14 shows the temperatures of sensor 4 and 2 at

different modulus cases. Temperatures of sensor 4 and 2
decrease more quickly with a higher modulus, and the whole
temperature change process lasts longer when the modulus is
lower. The increasing modulus leads to increasing maximum
temperature decrease. This suggests that hydrate dissociates
more quickly when the modulus is higher too.

Volume fraction of solid skeleton increases with decreasing
modulus of hydrate-bearing porous media. On the contrary, the
mobility of two-phase fluid as well as the pressure decrease
rate decreases with decreasing modulus of hydrate-bearing
porous media. The driving pressure force for MH dissocia-
tion decreases when the pressure decrease rate is decreasing.
Hence, hydrate dissociates more quickly when the modulus is
higher.

6. Discussions
Fig. 15 shows the deformation at x = L at different modulus

cases. Initial deformations of moduli at 70 MPa, 140 MPa and
280 MPa are -0.028 m, -0.014 m and -0.007 m respectively.
Final deformations of these moduli are -0.066 m, -0.036 m
and -0.016 m. Deformations caused by MH dissociation of
these three moduli are -0.038 m, -0.022 m and -0.009 m. The
deformation duration decreases with increasing modulus. This
is because that gas produced from hydrate can flow out of the

Fig. 15. Time evolution of deformation at different modulus cases.

Fig. 16. Time evolution of deformation for different modulus cases.

sample easily at this condition. Consequently, the deformation
duration is equal to the MH dissociation duration. The volume
fraction of solid skeleton becomes larger with lower modulus
of porous media. The mobility of two-phase fluid, the decrease
rate of pore pressure, and the driving pressure force for hydrate
dissociation decrease with decreasing modulus. In a word, the
MH dissociation process lasts longer when the modulus of
hydrate-bearing porous media is smaller.

In Fig. 15, deformations of hydrate-bearing porous media
are calculated by assuming that the modulus is a constant
during hydrate dissociation. However, the modulus decreases
during hydrate dissociation, and the modulus of hydrate-
bearing porous media is assumed to be:

E = E0 +
εh(1− ε0

s )

ε0
h (1− εs)

E ′ (28)

where E0 is 13 MPa and E ′ is 57 MPa. In Fig. 16, line a is the
deformation at x = L at the constant-modulus condition, and
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line b is the result computed with Eq. (28). The deformation
at x = L of line b is -0.077 m which is larger than that of line
a. Deformations of these two cases are the same at the front
part of deformation duration, but the difference between these
two cases increases later. This is because that the modulus
decrease is small at the beginning. However, the modulus
decrease becomes more obviously at the later period of hydrate
dissociation.

7. Conclusions
In this study, a numerical simulator named GrapeFloater is

developed. Then, a depressurization experiment is performed
to validate the numerical simulator. A detailed parameter sen-
sitivity analysis is finally carried out to study the deformation
behavior of hydrate-bearing porous media. Main conclusions
can be drawn as follows:

The numerical simulator is feasible, which can capture the
deformation behavior of hydrate-bearing porous media during
depressurization. The modulus of hydrate-bearing porous me-
dia has little effect on the final produced gas volume, but has
obvious effect on produced gas velocities, pore pressures, and
temperatures.

The deformation rate increases with increasing absolute
permeability and increasing environmental temperature as well
as decreasing outlet pressure. Final deformation does not
change with absolute permeability and environmental temper-
ature, but decreases when the outlet pressure is increasing.
The pressure decrease caused by depressurization contributes
to the deformation of hydrate-bearing porous media, and the
modulus decrease caused by hydrate dissociation promotes the
deformation.

Nomenclature
x = Spatial variable along the one-dimensional model in

Fig. 1, m
L = length of the one-dimensional model in Fig. 1, m
Pe = Initial pore pressure of hydrate-bearing porous media,

Pa
P = Pore pressure of hydrate-bearing porous media, Pa
P0 = Well pressure during depressurization, Pa
Te = Environmental temperature of the one-dimensional

model, K
T = Temperature of hydrate-bearing porous media, K
ε = Volume fraction
ε0 = Initial volume fraction
ρ = Density, kg/m3

t = elapsed time, s
U = Seepage velocity, m/s
m = Rate of local mass changed induced by hydrate

dissociation, kg/m3·s
u = Deformation velocity, m/s
kr = Relative permeability
K = Absolute permeability of hydrate-bearing porous me-

dia, m2

K0 = Absolute permeability of hydrate-free porous media,
m2

µ = Viscosity coefficient, Pa · s
pc = Capillary pressure, Pa
p∗c = Nominal capillary pressure, Pa
S = Saturation
Sr = Residual saturation
N = Permeability reduction index
ng,nw,nc = Empirical constants of the Coreys Model
σe = Effective stress, Pa
σ = Total stress, Pa
E = Modulus of hydrate-bearing porous media, Pa
I = Deformation of hydrate-bearing porous media, m
C = Specific heat capacity, J/kg ·K
λ = Thermal conductivity, J/m ·K
MH = Latent heat of hydrate dissociation, J/kg
qin = Heat transfer rate, J/m3 · s
M = Molecular weight, kg/mol
NH = Hydrate number
kd = Hydrate dissociation coefficient, kg/m2 ·Pa · s
k0 = Intrinsic rate constant of hydrate dissociation, kg/m2 ·

Pa · s
As = Area of hydrate dissociation per unit volume, m−1

fe = Equilibrium reaction fugacity, Pa
f = Gas fugacity, Pa
peq = Equilibrium pressure of hydrate, Pa
ME = Active energy of hydrate dissociation, J/mol
R = Universal gas constant ( = 8.314 J/mol ·K)
φ = porosity
φwg = Effective porosity occupied by gas and water
D = Diameter of the experimental specimen, m
d = Thickness of the rubber tube, m
λe = Thermal conductivity of the rubber tube, J/m ·K
E0 = Deformation modulus of hydrate-free porous media,

Pa
E ′ = Deformation modulus increase on account of hydrate,

Pa

Subscripts and superscripts
g = methane gas
w = water
s = solid skeleton of hydrate-bearing porous media
h = methane hydrate
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