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Dynamic characteristics of offshore natural gas hydrate (NGH) dissociation will provide the theoretical basis to analyze technical
issues of oceanic hydrate exploitation. A mathematical model is developed to simulate offshore NGH dissociation by
depressurization in marine sediments. Different phase combination statuses are involved in the process of NGH dissociation by
taking ice melting and water freezing into account. The proposed methodology can analyze the processes of hydrate and water
phase transitions, decomposition kinetics and thermodynamics, viscosity and permeability, ice-water phase equilibrium, and
natural gas and water production. A set of an experimental system is built and consists of one 3-D visual reactor vessel, one
isothermal seawater vessel, one natural gas and water separator, and one data acquisition unit. The experiments on offshore
NGH dissociation by depressurization in 3-D marine sediments are carried out, and this methodology is validated against the
full-scale experimental data measured. The results show that during the prophase, natural gas flow is preceded by water flow
into the production wellbore and natural gas occupies more continuous flow channels than water under a large pressure
gradient. Then, the natural gas flow rate begins to decline accompanied by an increase of water production. During the second
phase, natural gas flow rate decreases slowly because of the decreased temperature of hydrate-bearing formation and low
pressure gradient. The lower the intrinsic permeability in marine sediments, the later the water flow rate reaches the peak
production. And the space interval of the production wellbore should be enlarged by an increase of the intrinsic permeability.
The stable period of natural gas production enhances, and the water flow rate reduces with the increase of bottom-hole pressure
in production wellbores. The main reason is the slow offshore NGH dissociation under the low producing pressure and the
restriction of heat conductivity under the low temperature.

1. Introduction

Natural gas hydrates (NGHs) are ice-like crystalline com-
pounds in which hydrocarbon gas molecules are encaged
inside voids in interlocking bucky-ball-type cage structures
of water molecules under suitable conditions of high pressure
and low temperature. NGH sequesters hydrocarbon natural
gases while the gas hydrate extracts dissolved natural gas
from pore water [1, 2]. The reactions of dissolution and
growth are highly reversible for NGH. Bonding of gas mole-
cules in the cage of water molecules is accomplished by van
der Waals force [3, 4].

Analysis on dissociation of offshore NGH will provide
the theoretical basis to analyze technical issues of oceanic
hydrate exploitation. There have been the basic researches
on dynamic characteristics of NGH dissociation [5, 6]. Selim
and Sloan [7] described gas hydrate dissociation under ther-
mal stimulation in porous media. The proposed model
viewed gas hydrate dissociation as a process of natural gas
and water produced at a moving boundary. However, the
proposed models were somewhat simple because of the lim-
itation of NGH in marine sediments at that time. Clarke
and Bishnoi [8–10] determined the intrinsic rate constants
and activation energies for the dissociation of different
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NGHs. The proposed models neglected heat transfer and
mass transfer because of the high stirring rate. He et al. [11]
regarded gas hydrate decomposition as a gas-solid reaction
without solid production layer with the temperature of above
zero centigrade. The particle shrinking problem of NGH
decomposition was studied from the crystal dissolution
angle. In recent years, the models of depressurization dissoci-
ation described the effects of pressure drop, ΔP, on NGH dis-
sociation by depressurization at some constant temperature.
And the dissociation process in hydrate-bearing porous
media was developed from Stefan’s equations [12–14] to
the models combining multiphase flows and intrinsic kinetic
process of NGH [15]. The basic researches mainly studied the
effects of the driving drop of temperature ΔT and pressure
ΔP on dissociation. This establishes the dissociation kinetic
process of NGH. Ruffine et al. [16–20] focused on hydrate
reservoir exploration and field production tests using differ-
ent porous media or sediment systems. Boxall et al. [21–23]
reported on the mechanism of hydrate dissociation in stir-
ring reactors. The hydrate dissociation rate can be enhanced
by increasing the experimental temperature or decreasing the
experimental pressure. Meanwhile, the agglomeration of wet-
ted hydrate particles in the initial hydrate dissociation stage
was observed in detail by FBRM and PVM data.

The applied researches mainly involved studies on
dynamics of NGH dissociation. And they were directed
toward the dynamic simulation of hydrate dissociation in
pipelines and real hydrate dissociation in porous media
[24–26]. Sun and Mohanty [27] developed a simulator for
methane hydrate formation and dissociation in porous
media with the system of gas and ice consideration. And
the simulation of intrinsic kinetics was carried out based on
the Kim-Bishnoi model. However, no experimental results
were found in their works. Liang et al. [28] and Kumar
et al. [29] developed a mathematical model to describe the
kinetics of methane hydrate dissociation below the ice point
based on an ice-shielding mechanism. Tang et al. [30] carried
out the experimental works of 1-D gas production from the
hydrate-bearing core by depressurization with the simulator
TOUGH-Fx/Hydrate. However, the effect of hydrate dissoci-
ation kinetics and the ice phase were neglected in their works.
Nazridoust and Ahmadi [31] developed Users’ Defined
Subroutines (UDS) using the FLUENT™ code. And an
axisymmetric model of the core was solved for multiphase
gas-liquid flows during the hydrate dissociation process.
The axisymmetric model contained three separate phases:
methane gas, water, and methane hydrate. However, their
works assumed that gas hydrate was dispersed in the pores
of the core. Kneafsey and Moridis [32] observed the changes
of internal temperature and density during methane hydrate
dissociation by depressurization in a Mount Elbert sandstone
sample. However, the experimental results include only
hydrate dissociation having occurred initially throughout
the sample with the temperature maintained above the ice
point. Windmeier et al. [33–35] recognized that mass trans-
fer was the dominant factor near the dispersed hydrate-
liquid interface during hydrate dissociation and developed
the Consecutive Desorption and Melting (CDM) model.
Chen et al. [36] and Shi et al. [37] developed an improved

hydrate dissociation model by considering the changes in
the dissociated surface induced by particle agglomeration.
Therefore, it is necessary to further improve the model of dis-
sociation under depressurization conditions, especially for
offshore NGH in marine sediments, by considering heat
transfer, mass transfer, and intrinsic kinetics.

The proposed dissociation model contains multiphase
flows: gas, water, hydrate, and ice. Different phase combina-
tion statuses are involved in the process of NGH dissociation
by taking ice melting and water freezing into account. This
methodology can analyze the processes of hydrate and water
phase transitions, decomposition kinetics and thermody-
namics, viscosity and permeability, ice-water phase equilib-
rium, and natural gas and water production. A set of an
experimental system is built, and some experiments on off-
shore NGH dissociation by depressurization in 3-D marine
sediments are carried out.

2. Model Development of Offshore NGH
Dissociation by Depressurization

In terms of characteristics and behavior, offshore NGHs are
crystalline, ice-like substances belonging to a class of com-
pounds called clathrates. The chemical compounds have
natural-gas molecules bound within almost spherical water
cages through physical rather than chemical bonds. The off-
shore NGH dissociation simulator contains three compo-
nents (NGH, natural gas, and water) and four separate
phases (gas, water, hydrate, and ice). Processes of hydrate
and water phase transitions, decomposition kinetics, and
thermodynamics are considered in the NGH dissociation
simulator. And then a three-dimensional (3-D) hydrate-
bearing marine sediment is developed based on the conserva-
tion of mass and energy [38–40].

Furthermore, some assumptions are made as follows: (1)
Darcy’s law is valid for a two-phase (gas and water) flow; (2)
the water phase contains only free water, and the ice phase
contains only the component of water; (3) the effect of salt
concentration on synthesis and decomposition of the hydrate
is neglected; (4) the molecular diffusion and hydrodynamic
dispersion are neglected in mass transportation. Therefore,
the equations of mass balance for the phases of gas, water,
ice, and NGH can be, respectively, given by

∂
∂t

ϕρngSng
� �

= ∇ ∇ png + ρnggΔZ
� � ρngkng

μng

" #

+ qng + �mng,
ð1Þ

∂
∂t

ϕρwSw + ϕρISIð Þ = ∇ ∇ pw + ρwgΔZð Þ ρwkw
μw

� �
+ qw + �mw + �mI,

ð2Þ

∂
∂t

ϕρmhSmhð Þ = �mmh: ð3Þ

The subscripts of I, mh, ng, and w denote the separate
phases of ice, NGH, natural gas, and water, respectively.
The parameters of �m, ρ, S, and Φ are the flow rate of
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decomposition, density, saturation, and porosity, respec-
tively. The relationship of saturation of these phases satisfies
that SI + Smh + Sng + Sw = 1, where g is the gravitational accel-
eration, kng and kw are the permeabilities of natural gas and
water, respectively; png and pw are the flowing pressures of
natural gas and water, respectively; qng and qw are the
injected natural gas and water at the boundary, respectively;
and μng and μw are the viscosities of natural gas and water,
respectively.

qng and qw can be evaluated from the given formulae:

qng = 1:571
ρngkng
μng

pwf − png
ln re/rbð Þ δ X − X0, Y − Y0, Z − Z0ð Þ,

ð4Þ

qw = 1:571 ρwkw
μw

pwf − pw
ln re/rbð Þ δ X − X0, Y − Y0, Z − Z0ð Þ,

ð5Þ

where pwf is the bottom-hole pressure of the production well-
bore [41–44]; rb and re are the radii of the wellbore and the
supply boundary, respectively; δðX, Y , ZÞ is the Dirac func-
tion of δ; X, Y , and Z are the coordinates of the Cartesian
coordinate system; and X0, Y0, and Z0 are the coordinates
of the production wellbore.

The equation of the energy balance for the multiphase
flows can be determined as follows:

∂
∂t

hmTð Þ = ∇ ∇ pw + ρwgΔZð Þ ρwkw
μw

hwT
� �

+ ∇ ∇ png + ρnggΔZ
� � ρngkng

μng
hpgT

" #

+ ∇ Cm∇Tð Þ + �mIΔEI − �mmhΔEmh + qm + qe,
ð6Þ

hm = 1 − ϕð Þρshs + ϕ Smhρmhhmh + Sngρnghcg
�

+ Swρwhw + SIρIhIÞ,
ð7Þ

Cm = 1 − ϕð ÞCs + ϕ SmhCmh + SngCng + SwCw + SICI
� �

,
ð8Þ

where hI, hmh, hng, hs, and hw are the coefficients of effective
specific heats of ice, NGH, natural gas, marine sediment, and
water, respectively; hcg and hpg are the effective specific heats
at constant volume and pressure, respectively; CI, Cmh, Cng,
Cs, and Cw are the effective thermal conductivities of ice,
NGH, natural gas, marine sediment, and water, respectively;
ΔEI and ΔEmh are the enthalpy changes in ice melting and
NGH dissociation, respectively; and qe is the energy con-
ducted through marine sediments.

qm is the energy conducted through the bottom hole and
well head and can be evaluated from the give formula:

qm = 1:571δ X − X0, Y − Y0, Z − Z0ð Þ

� ρngkng
μng

pwf − png
ln re/rbð Þ hcgT + ρwkw

μw

pwf − pw
ln re/rbð Þ hwT

" #
:
ð9Þ

The pressures of natural gas and water are related to the
equation of capillary force:

pc Swð Þ = png − pw: ð10Þ

The permeabilities of natural gas and water are usually
described in terms of the intrinsic permeability in marine
sediments and relative permeability, as follows:

kng = k 1 − Smhð Þnkrng = k 1 − Smhð Þn f1 Sng, Sw
� �

,

kw = k 1 − Smhð Þnkrw = k 1 − Smhð Þn f2 Sng, Sw
� �

,
ð11Þ

where k is the intrinsic permeability in marine sediments,
krng and krw are the relative permeabilities of natural gas
and water, respectively; and n is the exponential parameters
for permeability.

By neglecting the change in porosity (porous media is
almost incompressible), the storage terms of water and natu-
ral gas can be developed as follows:

∂
∂t

ρwϕð Þ = ρwϕCwc
∂p
∂t

,

pngV = Z
mng
Mng

RT ,
ð12Þ

where Cwc is the coefficient of compressibility of water in
marine sediments [45], Mng is the molar mass of natural
gas, mng is the quality of natural gas, R is the universal gas
constant, V is the volume of natural gas, and Z is the com-
pressibility factor of natural gas.

The compressibility factor of natural gas, Z, illustrates the
ratio of actual volume to ideal volume under the condition of
identical quality. This compressibility factor is known as a
function of pseudoreduced density, ρpr, and pseudoreduced
temperature, Tpr, for the pure natural gas. An explicit factor,
which is an accurate mathematical approximation [46, 47], is
developed on the basis of experimental results and is given by

Z =
0:299 − 2:188 × 10−2γng − 4:689 × 10−3γ2ng

ρprTpr
exp

� −1:2
Tpr − 1
Tpr

 !2" #
,

Tpr = 103:89 + 183:33γng − 39:722γ2ng,
ð13Þ

3Geofluids



where γng is the specific gravity of natural gas in marine
sediments.

The boundary conditions of this proposed model are
given by

p 0, 0, 0, tð Þ = pwf ,
T 0, 0, 0, tð Þ = Twf ,

∇png
ρngkng
μng

= 0,

∇pw
ρwkw
μw

= 0,

8>>>>>>>>>><
>>>>>>>>>>:

ð14Þ

and the initial conditions of this proposed model are given by

png x, y, z, tð Þ∣t=0 = p0,
T x, y, z, tð Þ∣t=0 = T0,
Smh x, y, z, tð Þ∣t=0 = Smh0,
Sw x, y, z, tð Þ∣t=0 = Sw0,

8>>>>><
>>>>>:

ð15Þ

where p0, Smh0, Sw0, and T0 are the initial distributions of
pressure of natural gas, saturation of NGH, saturation of
water, and temperature, respectively, and Twf is the temper-
ature at the bottom of the wellbore.

Dissociation kinetics of NGH is based on the Kim-
Bishnoi model [48, 49]. Then, the flow rate of natural gas
generated by NGH dissociation can be evaluated as follows:

�mng = K0 exp −
ΔEhd
RT

� 	
MngAhd F l − Feð Þ, ð16Þ

where Ahd is the specific surface area of NGH dissociation in
marine sediments, Fe is the equilibrium fugacity of natural
gas, F l is the local fugacity of natural gas, K0 is the kinetic dis-
sociation constant which is equal to 1:25 × 105 mol/m2 · Pa · s,
and ΔEhd is the activation energy of NGH dissociation given
by −Ehd/R = 9:75 × 103 K.

The flow rate of water generated by NGH dissociation
can be given by

�mw = �mngNmh
Mw
Mng

: ð17Þ

The decomposition rate of NGH dissociation can be
determined as follows:

�mmh = −�mng
Mmh
Mng

, ð18Þ

whereMmh andMw are the molar masses of NGH and water
and Nmh is the hydration number and is given as 5.75 in the
actual construction of NGH.

3. Computation of Variables and
Numerical Solution

Some additional relationships need to be considered to close
the equations of the NGH dissociation in porous marine sed-
iments. Viscosity of natural gas is known as a function of
temperature and pressure and can be evaluated with modifi-
cation of the Amooey [50] model.

μng = −3:78 × 10−12T3 + 3:28 × 10−9T2

+ 2:88 × 10−5T + 2:45 × 10−3 + 1:84 × 10−13ρ4ng
− 5:82 × 10−10ρ3ng + 2:51 × 10−7ρ2ng + 2:09 × 10−5ρng:

ð19Þ

Relative permeabilities of natural gas and water and cap-
illary pressure are determined with the modified Corey
model [51, 52].

krng =
1:54Sng − 0:077 Sw + Sng

� �
Sw + Sng

" #2
,

krw =
1:54Sw − 0:46 Sw + Sng

� �
Sw + Sng

" #4
,

pc = pce
1:43Sw − 0:43 Sw + Sng

� �
Sw + Sng

" #−0:65
,

ð20Þ

where pce is the entry capillary pressure.
The equilibrium equation of NGH can be read as [53]

pe = 1:15 exp 49:318 − 9:459 × 103
T

� 	
, ð21Þ

where pe is the pressure of the NGH phase equilibrium.
The effect of pressure on the ice-water phase equilibrium

is usually low since the magnitude of pressure in porous
marine sediments varies from 106 Pa to 107 Pa [54]. Further-
more, possible phase combination statuses can be natural gas
+NGH+water+ice, natural gas+NGH+water, natural gas+
NGH+ice, natural gas+water+ice, NGH+water+ice, NGH+
ice, natural gas+ice, NGH+water, etc. And the existence of
the ice phase complicates the process of NGH dissociation.

NGH dissociation in marine sediments is an endother-
mic process of phase transition. The latent heat for per kilo-
gram of NGH in the process of phase transition can be
evaluated from the given formula [55, 56]:

ΔHep = AepT + Bep, ð22Þ

where Aep and Bep are the constants given by A = −1:05 J/
ðkg · KÞ and B = 3:527 × 106 J/kg and ΔHep is the drop of
latent heat in the process of phase transition.

Different phase combination statuses are involved in
the process of NGH dissociation by taking ice melting and
water freezing into account. The traditional approaches of
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simulation are not the most suitable as far as NGH dissocia-
tion in marine sediments are concerned. The main reasons
are that the unknowns are usually the same at different times
for each grid block and the numerical solution must consider
very small incremental times. Therefore, the fully implicit
numerical methodology is introduced to discrete the partial
differential equations and track the phase transition between
the ice and water phases. The nonlinear algebraic equations
are discretized and solved using the Newton-Raphson
method. And the following steps for the calculation proce-
dures are proposed for NGH dissociation.

(1) The supply boundary and phase status of each grid
block are determined for the NGH dissociation
system in porous media of marine sediments

(2) The boundary conditions and initial conditions are
input, respectively, at time 0. And at each time step,
the existence of the different phases for each grid
block must be determined from the results of the
previous time step

(3) The primary variables of the NGH dissociation
model are chosen at the current time step and the
equations related to their grid blocks determined.
When the phase status of grid blocks is switched to
water and ice, the corresponding equations of grid
blocks include equations (1), (2), (3), (4), (5), and (6).

(4) The physical parameters of NGH are first solved
explicitly, followed by explicit solution of natural
gas and water. Then, the pressure of phase equilib-
rium, decomposition rate, relative permeability, and
capillary pressure of NGH are solved implicitly,
followed by the implicit solution of natural gas and
water

(5) The matrix of coefficients for temperature, pressure,
and saturation are built up for different separate
phases

(6) The preconditioned conjugate gradient method is
used to solve the system by discretizing the equations.
Determine the iteration convergence conditions and
update the next time step given by tn+1 = tn + Δt

(7) Iterate by returning to step 3 until the target accuracy
is obtained for the different variables

4. Verification of the Model and Interpretation

Performance of the mathematical model is demonstrated by
comparing the numerical results of offshore NGH dissocia-
tion by depressurization with experimental results. A 3-D
marine sediment is considered to clarify the dynamic process
of offshore NGH dissociation. This 3-D marine sediment
includes a NGH bearing zone located between an imperme-
able cover and bottom layers under depressurization.

The process flow diagram of offshore NGH formation
and dissociation system by depressurization is given in
Figure 1. This experimental system consists of one 3-D visual

reactor vessel supplying the system with gas (natural gas
and N2) and fresh water, one isothermal seawater vessel, one
natural gas andwater separator, and one data acquisition unit.
The 3-D visual reactor vessel can be operated up to 9.0MPa
and is enclosed in the isothermal seawater vessel with a seawa-
ter condition. The isothermal seawater is provided by a circu-
lating pump at the temperature range from -10°C to 50°C.
The production well is located at the corner of the 3-D
visual reactor vessel. The formation of offshore NGHs
and their dissociation in the case of depressurization, ice
melt, and water freeze can be observed in the 3-D visual
reactor vessel. Nine inlet pipes, thirty-six temperature sen-
sors, and nine pressure sensors are evenly installed and
arranged on the upper side of the 3-D visual reactor vessel
in the manner of 3 × 3, 6 × 6, and 3 × 3, respectively. Nine
inlet pipes are laid to supply high-pressure natural gas
or N2. Thirty-six temperature sensors are laid to detect
the distribution variation of NGH saturation with time
and space. The data acquisition unit can record all the infor-
mation varying with time, which includes the spatial distri-
butions of pressure, temperature, and saturations of natural
gas, NGH, water, and ice. Then, the offshore NGH formation
and dissociation in 3-D marine sediment, thermal stimula-
tion, and inhibitor injection can be achieved with this
experimental system.

The sea sands, with grain size ranging from 150 μm to
350μm, are pushed tightly into the reactor vessel, which sim-
ulates the 3-D marine sediments. The upper outlet valves are
closed, and the 3-D visual reactor vessel is saturated with
fresh water with the booster pump and electric heater from
the water vessel. Then, the natural gas is injected slowly up
to a pressure higher than the pressure of the NGH phase
equilibrium. At the same time, the isothermal seawater circu-
lates in a vessel by a circulating pump. The 3-D visual reactor
vessel is kept at a constant temperature environment for over
48 h. Then, the temperature of isothermal seawater is
decreased down to the working temperature. Furthermore,
the pressure is reduced in the 3-D visual reactor vessel and
then maintains at a constant value. The formation process
of NGH lasts for more than 3 days in the case of marine sed-
iments. Finally, the backpressure in the 3-D visual reactor
vessel is decreased down to a value lower than the equilib-
rium pressure of NGH. Natural gas and water dissociate.
The resulting natural gas flow rate is recorded by flow
element of the rotameter, and the resulting water flow rate
is recorded by turbine flowmeter. Data of pressure and tem-
perature are monitored during NGH dissociation by one
transmitter and recorded in the data acquisition unit. The
experimental results show that with the depletion of pressure
in the hydrate-bearing formation, NGH dissociates, temper-
ature falls, saturations of natural gas and water rise, and ice
appears in the formation near the production well.

To clarify the dynamic process of offshore NGH disso-
ciation in a field scale, the main experimental parameters
and independent variables are presented in Table 1. These
independent variables are given in order to illustrate the
computation of the design objective function for the off-
shore NGH dissociation system by depressurization in
marine sediments.
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Figures 2 and 3 describe the variations of offshore natural
gas flow rate and cumulative natural gas production with
producing time in the 3-D marine sediments under depres-
surization. It can be seen from Figure 3 that the numerical
results accord well with the experimental results of natural
gas production. Based on the characteristics of gas flow in
marine sediments, the offshore natural gas production pro-
cess can be divided into three phases. During the prophase,
the natural gas production increases rapidly. The large pres-
sure gradient induced by pressure drawdown distribution at
the bottom of the production well drives free natural gas flow
into the wellbore. As a result, NGH is undergoing initially
rapid dissociation, which produces a large amount of free
natural gas. During the second phase, the natural gas produc-
tion decreases slowly. The temperature of hydrate-bearing
formation decreases in marine sediments, and heat conduc-
tion cannot transfer to the dissociation area, which causes
insufficient energy supply for further NGH dissociation at a
high rate. Free natural gas far from the production well can-
not then flow into the wellbore because of the low pressure
gradient, which would reduce the natural gas flow rate.
During the final phase, the natural gas production is low.
Most NGHs have dissociated and much sensible heat has
been consumed in marine sediments. Temperature and
pressure of the hydrate-bearing formation decrease and
the dissociation of NGH is slowed down. The low pressure
gradient aggravates the reduction of the natural gas flow

rate. Therefore, the feasible technology of oceanic hydrate
exploitation can utilize depressurization to dissociate NGH
only during an initial phase. Afterwards, the production
technology should switch to the combination of depressuri-
zation and thermal stimulation in order to compensate the
deficiency in energy and the increase of ice saturation in
marine sediments.

Comparison of cumulative natural gas production
between the experimental and numerical results for the pro-
posed methodology in 3-D marine sediments and the con-
ventional methodology in 1-D marine sediments is shown
in Figure 4.

The conventional methodology in 1-D marine sediments
was developed to simulate the process of gas production from
Berea sandstone samples containing methane hydrate by
means of a depressurization mechanism. This methodology
closely matched the experimental data of gas and water pro-
duction, the progress of the dissociation front, the pressure
and production, the progress of the dissociation front, and
the pressure and saturation profiles. However, the conven-
tional methodology in 1-D marine sediments does not per-
form well for offshore NGH dissociation in 3-D marine
sediments. The main reason is that the mathematical models
developed for 1-D natural gas production from the hydrate-
bearing core by depressurization usually neglected the effect
of NGH dissociation kinetics and the ice phase. Furthermore,
the experimental results of 1-D marine sediments only
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consider NGH dissociation that occurred initially through-
out the sample with the temperature maintained above the
ice point.

Figures 5 and 6 show the variations of water flow rate and
cumulative water production with time in the 3-D marine
sediments under depressurization. The water production
process can also be divided into three phases. During the pro-
phase, the water flow rate, relatively low compared with nat-
ural gas flow rate, rises to its maximum value. Under a large
pressure gradient induced by pressure drawdown distribu-

tion, the flow ability into the wellbore of natural gas is supe-
rior to water. And thus, natural gas flow is preceded by water
flow into the production wellbore and natural gas occupies
more continuous flow channels than water. Then, the natural
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Figure 2: The variation of natural gas flow rate with time in 3-D
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Table 1: The main experimental parameters and independent
variables obtained for offshore NGH dissociation.

Physical variables Values

Porosity Φ0 0.305

The intrinsic permeability k (μm2) 0.45

Initial saturation of NGH Smh 0.63

Initial saturation of water Sw 0.21

Initial saturation of natural gas Sng 0.68

Specific heat of ice hI (J·kg-1·K-1) 2105

Specific heat of NGH hmh (J·kg-1·K-1) 1795

Specific heat of marine sediment hs (J·kg-1·K-1) 850

Specific heat of water hw (J·kg-1·K-1) 4215

Thermal conductivity of ice CI (W·K-1·m-1) 3.45

Thermal conductivity of NGH Cmh (W·K-1·m-1) 0.50

Thermal conductivity of natural gas Cng (W·K-1·m-1) 0.07

Thermal conductivity of water Cw (W·K-1·m-1) 0.60

Initial temperature T0 (K) 281.4

Temperature at the bottom of the wellbore Twf (K) 281.4

Initial pressure p0 (MPa) 5.82

Density of ice ρI (kg·m-3) 902

Density of NGH ρmh (kg·m-3) 910

Density of marine sediment ρs (kg·m-3) 2500

Density of water ρw (kg·m-3) 1010

Viscosity of natural gas μng (mPa·s) 0.01

Viscosity of water μw (mPa·s) 1.0 0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7

0 250 500 750 1000 1250 1500

G
as

 p
ro

du
ct

io
n 
q

ng
 (m

3 )

Time t (min)

The experimental results
The 3-D marine sediments
The 1-D marine sediments

Figure 4: Comparison of cumulative natural gas production
between the experimental and numerical results for the 3-D model
and the conventional 1-D model in marine sediments.
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Figure 5: The variation of water flow rate with time in 3-D marine
sediments for the whole water production process.
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gas flow rate begins to decline accompanied by an increase in
water production. During the second phase, the water flow
rate reaches the maximum value and then water production
decreases. The production of water generated by NGH disso-
ciation enhances with the depletion of pressure within the
dissociation area. Then, water flow rate decreases due to the
reduction of the amount of NGH dissociation. Furthermore,
water freezing starts to occur in marine sediments, and more
ice gradually forms with the depressurization. As a result,
water production decreases rapidly during the final phase.
Water generated by NGH dissociation is less, pressure gradi-
ent is low, and water freezes seriously in marine sediments.
Therefore, pumping installations are needed for the offshore
natural gas production process of oceanic hydrate exploita-
tion under depressurization.

Figures 7 and 8 depict the relationships between offshore
natural gas and water flow rates and the intrinsic permeabil-
ity in the 3-D marine sediments under depressurization.

Offshore natural gas and water flow rates can be
improved by an increase of the intrinsic permeability. But
the stable period of natural gas production is even shorter

under the conditions of high intrinsic permeability. More
generally, the lower the intrinsic permeability in marine sed-
iments, the later the water flow rate reaches the peak produc-
tion. As a consequence, water production globally reduces
with the intrinsic permeability. Therefore, the space interval
of the production wellbore should be enlarged by the
maximum intrinsic permeability. And drainage capacity of
pumping water should be enhanced by an increase of the
intrinsic permeability for oceanic hydrate exploitation under
depressurization.

Figures 9 and 10 show the effects of bottom-hole pressure
of the production wellbore on offshore natural gas and water
flow rates in the 3-D marine sediments under depressuriza-
tion. Natural gas flow rate does not increase with the decrease
of bottom-hole pressure in production wellbores. The varia-
tion of natural gas flow rate with bottom-hole pressures of
the production wellbore does not show a clear law. But the
stable period of natural gas production is enhanced and the
water flow rate is reduced with the increase of bottom-hole
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Figure 6: The variation of cumulative water production with time
in 3-D marine sediments for the whole water production process.
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Figure 7: The effect of intrinsic permeability on offshore natural gas
flow rate in 3-D marine sediments under depressurization.
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Figure 8: The effect of intrinsic permeability on water flow rate
in 3-D marine sediments under depressurization.
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Figure 9: The effect of bottom-hole pressure of the production
wellbore on offshore natural gas flow rate in 3-D marine
sediments under depressurization.
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pressure in production wellbores. The main reason is that
offshore NGHs dissociate slowly which gradually consumes
the energy of marine sediments under the low producing
pressure. Furthermore, the energy in sediments cannot trans-
fer to the areas of NGH dissociation because of the restriction
of heat conductivity under the conditions of low tempera-
ture. And this may cause the areas of NGH dissociation to
become frozen and result in the blockage of pores in marine
sediments and aggravates the reduction of natural gas flow
rate. Therefore, the bottom-hole pressure in production well-
bores should be adjusted reasonably according to the well
conditions and the behavior of NGH reservoirs.

5. Conclusions

This work presents a methodology that involves a numerical
integration technique to predict and analyze the dynamic
characteristics of NGH dissociation under depressurization.
This provides the theoretical basis to analyze technical issues
of oceanic hydrate exploitation. It comes out that

(1) during the prophase, NGH is undergoing initially
rapid dissociation and natural gas flow rate increases
effectively thanks to the large pressure gradient
induced by pressure drawdown distribution. During
the second phase, natural gas flow rate decreases
slowly because of the decreased temperature of
hydrate-bearing formation and the low pressure
gradient. During the final phase, natural gas flow
rate is low because most NGHs have dissociated
and much sensible heat has been consumed in
marine sediments

(2) during the prophase, natural gas flow is preceded by
water flow into the production wellbore and natural
gas occupies more continuous flow channels than
water under a large pressure gradient. Then, the
natural gas flow rate begins to decline accompanied
by an increase of water production. During the

second phase, the water flow rate enhances with the
depletion of pressure and then decreases with the
reduced amount of NGH dissociation and the
increased ice formation. During the final phase, water
production decreases rapidly because water gener-
ated by NGH dissociation is less and water freezes
seriously

(3) the stable period of natural gas production is even
shorter under the conditions of high intrinsic perme-
ability. The lower the intrinsic permeability in marine
sediments, the later the water flow rate reaches the
peak production. Water production globally reduces
with the intrinsic permeability. And the space inter-
val of the production wellbore should be enlarged
by an increase of the intrinsic permeability

(4) the natural gas flow rate does not increase with the
decrease of bottom-hole pressure. The stable period
of natural gas production is enhanced, and the water
flow rate reduces with the increase of bottom-hole
pressure. The main reason is the slow offshore
NGH dissociation under the low producing pressure
and the restriction of heat conductivity under the
conditions of low temperature. And this may result
in water freeze and the blockage of pores in marine
sediments and aggravates the reduction of natural
gas flow rate
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