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Abstract The production of natural gas from the gas hydrates has attracted significant atten-
tion over the last few decades. A continued challenge in gas hydrates is the estimation of
the stored gas capacity. To alleviate this problem, this study uses the numerical modeling
to provide insight into the distribution of hydrate in porous media and to obtain informa-
tion about the application of high pressure for gas recovery. Hydrate dissociation process
in porous media is modeled at the pore scale using pore network modeling by considering
the uniform and non-uniform hydrate distribution. We explored the effect of gas clustering,
saturation, and recovery, and their dependency on the underlying parameters including the
pore size distribution, the applied pressure drops across the pore structures, and the initial
hydrate saturation. We found that non-uniform hydrate distribution, larger pore sizes along
with high-pressure drop, and higher initial hydrate saturations enhanced gas release. Addi-
tionally, our results confirmed the findings of the previous studies using 2D networks which
studied pressure drop during hydrate dissociation in reservoirs.
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List of symbols

NH Theoretical hydration number
Rpi Radius of pore i
Rmax Maximum radius
Rmin Minimum radius
xi A random number between zero and one
εi Hydrate fraction in pore i
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βD Distribution parameter
Vhi Volume of hydrate in pore i
S0H Initial hydrate saturation
Fij Flow rate in throat ij
�Pij Pressure difference of throat ij
Rij Resistance to flow of throat ij
μl Dynamic viscosity of the liquid
lij Length of throat ij
rij Radius of throat ij
G Sparse matrix
P Vector of unknown pressure
b Known vector
�ij Threshold pressure

Pij
c Capillary pressure of throat ij

Pj
l Pressure of pore j

σ Interfacial tension
Pg Gas pressure
z Compressibility factor
n Number of mole
R Gas constant
T Temperature
V Volume
η Gas recovery yield
n1 Amount of initial gas
n2 Amount of final gas
B A dimensionless flow resistance factor
π Pi number
Aw,ij Cross-sectional area for wet phase
rm Inscribed radius
Sf Dimensionless shape factor
A Area
P Perimeter
F(α) A corner angularity factor
α Angularity
k Absolute permeability
K r Relative permeability
Np Number of pores in each direction of the network

1 Introduction

The increasing population of the world and the associated energy consumption creates a
demand for resources such as oil, coal, and natural gas (Asif and Muneer 2007; Shafiee and
Topal 2009). Combustion of CH4 produces less CO2 compared to oil and coal, which suggests
natural gas as a cleaner energy supply (Cherskii and Bondarev 1972; Collett 1992; Englezos
and Lee 2005). On the other hand, CH4 is environmentally considered as a cause for global
warming (Mestdagh et al. 2017; Moss et al. 2000; Ruppel and Kessler 2017). Therefore,
reducing methane emission helps to prevent the climate tipping and environmental impacts
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(Cao et al. 1998). Methane can be found in the form of gas hydrate. There, the amount of
trapped methane is 100 times higher compared to its storage capacity in the conventional
gas reserves (Collett et al. 2000; Collett and Kuuskraa 1998; Paull and Dillon 2001). For
example, with dissociation of 1 m3 hydrate, approximately 160 m3 CH4 and 1 m3 of H2O
at standard temperature and pressure conditions (STP) are produced (Max and Dillon 1998).
Therefore, gas hydrates are considered as a potential source of natural gas (Bhade and Phirani
2015; Boswell and Collett 2011; Collett et al. 2009; Makogon 2010; Makogon et al. 2007;
Max and Lowrie 1996; Merey and Sinayuc 2016; Reagan et al. 2015).

Natural gas hydrates are crystalline, ice-like compounds that are formed under high-
pressure and low-temperature conditions (Dendy Sloan 1998). Temperature and pressure
together with the initial hydrate content are the key factors that control capacity for hydrate
dissociation in reservoirs. Depressurization, thermal stimulation, and inhibitor injection are
among natural gas production methods in the hydrate reservoirs which are based on alter-
ing the thermodynamic equilibrium (Dendy Sloan 1998; Li et al. 2016). The most common
method is depressurization. In this method, the pressure of the reservoir is reduced, at a
constant temperature, to below the equilibrium pressure of the hydrate [Fig. 1a—path (1)].
In thermal stimulation method, the temperature of hydrate reservoir is increased above the
equilibrium temperature of the hydrate at constant pressure [Fig. 1a—path (2)]. Eventually,
for the case of inhibitor injection method, often methanol or brine is injected into the reser-
voir with the purpose of fluctuating the thermodynamic equilibrium, and subsequently, the
dissociation of the hydrate occurs [Fig. 1a—path (3)]. The least energy-intensive method is
thought to be the depressurization method with the advantages of simplicity, technical fea-
sibility, and continuous production (Hong and Pooladi-Darvish 2005; Moridis et al. 2009).
Hence, in this paper, the depressurization method for decomposition of methane hydrate in
porous media is studied.

Methane hydrate dissociation reaction can be described by Eq. (1) as:

CH4·NH H2O(s) → CH4(g) + NH H2O(l) (1)

where NH is known as hydration number, which is defined as the ratio of water to gas in
a hydrate molecule CH4·NHH2O. The theoretical hydration number NH is 5.75 (= 46/8),
which means 8 molecules of methane gas are trapped in the cavity formed by 46 water
molecules connected with hydrogen bonding (Dendy Sloan Jr. and Koh 2007). Experiments
on a small scale in the laboratory for hydrate formation and dissociation are often conducted
for liquid solutions missing the critical porous structure of the media (Bai et al. 2009).
Pore size distribution, porosity, connectivity, and permeability of porous media are main
parameters having influence on hydrate formation and dissociation (Han et al. 2017; Kumar
et al. 2010; Uchida et al. 2002). So these parameters should be considered for the selection
of the appropriate geometry of porous media.

Xu and Ruppel (1999) modeled gas hydrate system using analytical solution. They solved
momentum, mass, and energy equation simultaneously. Davie and Buffett (2001), consider-
ing a continuummixture of sediment, seawater, and hydrate, developed a numerical model to
predict volume and distribution of gas hydrate in marine sediment. Sun et al. (2005) provided
a thermal, three-phase, one-dimensional numerical model to simulate gas production from
sediments containing methane hydrates by depressurization. They found that gas production
is not very sensitive to the well temperature boundary condition. The finite element approx-
imation technique is used by Cheng et al. (2013) for modeling of depressurization-induced
gas production from a hydrate reservoir. Zhao et al. (2013) investigated gas production from
hydrate deposits using a single vertical well by depressurization method. The cylindrical
simulation system was utilized in their work. Myshakin et al. (2016) performed numerical
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Fig. 1 a Schematic phase diagram showing the stability field of pressure and temperature for gas hydrates under
varying thermodynamic conditions: (1) depressurization, (2) thermal stimulation, and (3) inhibitor injection.
b Distribution of hydrate in regular 2D pore network model: yellow: hydrate; blue: water. c Schematic of two
neighboring pores connected using a cylindrical throat. d Gas saturation in a 2D pore network model after
depressurization method: red: gas; blue: water

simulations of gas production using a 3D reservoir model with depressurization method to
estimate the production potential from hydrate-bearing sand units. In all of the mentioned
models, the structural properties of porous media were ignored. Therefore, the hydrate reser-
voirs were assumed as continuous environment and the porosity coefficient was entered to
the model equation as a constant parameter.

Recently, modeling strategies have been developed based on representing porous media’s
structural heterogeneity using pore networkmodels allowing incorporation of pore size distri-
bution and permeability. Tsimpanogiannis and Lichtner (2006) presented a two-dimensional
pore network model based on invasion percolation. They studied the patterns obtained from
the release of methane during the dissociation of methane hydrates without including dis-
sociation kinetics caused by a sudden pressure reduction in the system below the hydrate
equilibrium pressure. Liang et al. (2010) developed cubic pore network model to study the
effect of hydrate particle formation and growth habit on the permeability. Jang and San-
tamarina (2011) investigated gas recovery and capillary-trapped residual gas saturation by
simulating hydrate dissociation within pore networks. They defined a pore network model as
a system of pores connected by zero-volume throats. Holtzman and Juanes (2011) examined
the pressure evolution under thermally induced dissociation method bymeans of a pore-scale
model. Tsimpanogiannis and Lichtner (2013) studied the gas saturation that resulted from
dissociation of methane hydrate inside aqueous bulk or porous medium and then compared
pore network results with the analytical solution. Mahabadi and Jang (2014) simulated gas
expansion in a distributed hydrate system using a pore network model. 3D cubic network was
used to evaluate gas saturation and relative permeability during gas production from hydrate
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reservoirs by Jang and Santamarina (2014). Dai and Seol (2014) explored the relationship
between apparent water permeability and hydrate saturation using 50×50 2D lattice pore
network. Mahabadi et al. (2016) continued their previous work and identified water reten-
tion curve and relative permeability in hydrate-bearing sediments using pore network model
simulation. Ai et al. (2017) proposed pore network models combined with X-ray computed
tomography (CT) to analyze the permeability of gas hydrate system. However, the challenge
still remains to determine how the interactions of structural heterogeneity of porous media
and initial distribution of hydrate influence the gas clustering which leads to the methane
production process from hydrate reservoirs.

This study is motivated by the need to expand predictive capabilities of hydrate decompo-
sition processes. We have incorporated novel improvements on previously developed models
of pore-scale hydrate dissociationswhich occur at the unsaturated pore networks. The specific
objectives of this research are to: (1) apply a mechanistic modeling framework for hydrate
dissociation via depressurization in porous media of different pore structures using 2D and
3D regular pore networks; (2) characterize the roles of structural heterogeneity and initial
hydrate distribution on the gas saturation and calculation of the recovery efficiency; and (3)
exploit the angular shape of pores and its effect on the recovery efficiency.

2 Modeling Procedure

In this study, we use the pore network modeling approach to represent the pore structure and
to simulate the transport of the gas phase.

2.1 Representation of Porous Media Using Pore Network Model (Network
Construction)

2.1.1 Geometry

At start, we use a 2D pore networkwith spherical pores and cylindrical throats, in which every
pore is connected to 4 adjacent pores, i.e., coordination number is 4 for inner pores (Fig. 1c).
Later, by increasing the pore coordination number to 6 the 3D cubic network is constructed.
Ultimately, angular throats are used to represent the angularity of the pore structures within
the network.

2.1.2 Characterization of Structure

For the construction of the network, the normal distribution function is used to obtain pore
size as:

Rpi � (
Rmax − Rmin

) ∗ xi + Rmin (2)

where Rmin and Rmax are the minimum and maximum radii of pores and xi is a random
number between zero and one. The radius of each throat is chosen to be equal to half of
minimum radius of the two adjacent pores connected to it.
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Fig. 2 Effect of βD parameter on hydrate distribution in 2D pore network and schematic representation of
hydrate distribution in network in βD =1.0, 9.0

2.2 Hydrate Distribution

We use a transformation method to control the non-uniform spatial distribution of hydrate
within the network (Oliveira et al. 2011):

εi � exp [βD (xi − 1)] (3)

where xi and βD are a random number uniformly distributed in [0, 1) and distribution param-
eter, respectively, and εi is the hydrate fraction in pore i. In low degrees of hydrate saturation
(i.e., 1–8%), we defined the εi∑N

j�1 ε j
, whereN is the total number of pores, as a normalization

factor for distribution in all pores.
The volume of hydrate in each pore can be calculated as:

Vhi � εi
∑N

j�1 ε j
S0HV (4)

where Vhi is the volume of hydrate in each pore. S0H and V are initial hydrate saturation
and total volume of network, respectively. It is obvious that changing βD in Eq. (3) affects
the distribution of hydrate within the network. Figure 2 depicts the effect of βD on hydrate
distribution. By increasing βD, distribution of hydrate becomes less uniform and, at the same
time, a larger number of pores lack hydrate.

2.3 Obtaining the Pressure of Each Pore

Initially, all the pores are set to be filled with liquid water with some of them containing
hydrates. By applying mass balance and continuity equation for each pore and applying
two boundary conditions (the pressures on the left and right boundaries are given and are
designated as Phigh and Plow, respectively), the internal distribution of pressure is obtained.
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The flow rate Fij flowing from a given throat ij that connects pore i with pore j is obtained
using:

Fi j � �Pi j
Ri j

(5)

where Rij is the resistance to flow in throat ij that is defined as Eq. (6) (1/Rij represents the
resistance of throat ij) and �Pij is the pressure difference between two adjacent pores i and
j.

Ri j � 8μlli j
πr4i j

(6)

where rij and lij are the radius and the length of the throat ij, respectively. And μl is the
dynamic viscosity of liquid that flows through the throat ij.

For incompressible liquid phase, the continuity equation can be written as:
∑

j

Fi j � 0 (7)

where the summation is run for each pore i that is connected to a set of pores indicated by j.
Combination of Eqs. (5), (6), and (7) provides a system of algebraic equations as:

G · P � b (8)

where G is a sparse matrix that contains flow resistance or conductance, P is a vector that
contains unknown pressure values, and b is a known vector containing the effect of boundary
conditions. A solution of this system provides pressure value in each pore.

2.4 Hydrate dissociation

The hydrate is assumed to be in equilibrium with temperature and pressure of the surround-
ing environment. The equilibrium pressure can be computed using a procedure based on
thermodynamic principles and applying the van der Waals–Platteeuw theory (van der Waals
and Platteeuw 1959). In isothermal conditions, with decreasing pressure in the system below
the equilibrium pressure, the possibility of hydrate dissociation increases. To change the
pressure, its value for one of the boundaries is changed, while the other boundary pres-
sure value is kept unchanged. Pressure perturbation causes hydrate dissociation to produce
water and gas. Within the pore network, the pressure of each pore that contains hydrate is
compared with equilibrium pressure for dissociation. When the pressure is lower than equi-
librium pressure, the dissociation will occur. After the dissociation, we follow percolation
step. The Hoshen–Kopelman algorithm is used for percolation step to obtain the clustered
pores (Hoshen and Kopelman 1976). In this step, one threshold pressure is defined as Eq. (9).

Πi j � Pi j
c + P j

l (9)

Pi j
c � 2σ

ri j
(10)

where Pi j
c is the capillary pressure of the throat between pores i and j, P j

l is the pressure of
pore j, σ is the interfacial tension, and rij is the radius of the throat ij.

If the gas pressure in a given pore is larger than the summation of capillary pressure of the
connected throat and liquid pressure of its adjacent pore (i.e.,Pg > Π i j), the gas will invade
the neighboring water-filled pore. Otherwise, the pore remains water-filled. Pores are filled
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with the gas phase in a pore-by-pore order until all pores are occupied. After the invasion,
the presence of clustering is possible. As the gas expands, the gas pressure decreases. There
are many equations of state to calculate the pressure of gases. In this work, due to qualitative
study and reduction in run time, the modified ideal gas law is used to determine the updated
pressure of pores in each cluster.

Pg � znRT

V
(11)

where Pg is pressure, z is compressibility factor, n is the number of gas moles, R is the gas
constant, T is temperature, and V is volume.

2.5 Gas Production Evaluation

Whenever a gas cluster reaches the outlet boundary of the network, it is extracted and the
pressure in the gas cluster becomes equal to the external fluid pressure, Plow. Gas recovery
yield, η, is determined at each clustering step as the ratio of the recovered gas to the initial
gas as:

η � (n1 − n2)

n1
∗ 100 (12)

where n1 and n2 are the amounts of initial and final gas in the porous medium, respectively.
In contrast, if a gas phase does not grow to reach the outlet, it remains within the network as
a trapped isolated cluster.

2.6 Angular Throats

The angular cross-sectional shape of throats in the constructed pore network model can
improve the simulation accuracy of the multiphase flow (Valvatne and Blunt 2004). Unlike
common cylindrical throats in pore networks, both wet and non-wet phases can exist in
angular throats (Tuller and Or 2001). Non-wet phase (gas) occupies the center of the throats,
and wet phase (water) remains in the corners of the triangle. Under this condition, Eq. (6)
cannot be applied directly and it is modified as:

Ri j � 8Bπμlli j
A2
w,i j

(13)

where B is a dimensionless flow resistance factor (equal to 5.3 for equilateral triangular pore
throat (Bakke and Øren 1997; Ranshoff and Radke 1988)), Aw,ij is the cross-sectional area
open to flow for wet phase, and as before μl and lij are the dynamic viscosity of fluid and
the length of throat ij, respectively. Initially, the whole network is water-filled and the cross
section of throat for wetting phase can be calculated as (Bakke and Øren 1997):

Aw � r2m
4Sf

(14)

Sf � A

P2 (15)

where rm is the inscribed radius of the throat, Sf is the dimensionless shape factor (Eq. 15),
A is the area of the pore throat cross section, and P is the corresponding perimeter.
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Fig. 3 Block flow diagram of our procedure for investigation of hydrate dissociation

For invading step, the relationship between capillary pressure and the inscribed radius of
the throat may be described as:

Pi j
c � σ

(
1 + 2

√
π Sf

)

rm
(16)

The cross-sectional area of wet phase in the angular throat, Aw, can be obtained from
Eq. (17) (Tuller et al. 1999).

Aw � 3r2m · F (α) (17)

F (α) � 1

tan
(

α
2

) − π (180 − α)

360
(18)

where α is angularity of corner and F (α) is a corner angularity factor. In this study, throats
with equilateral triangular cross sections were considered.

Figure 3 describes the simulation procedure of hydrate dissociation.

3 Results and Discussion

We have simulated domain sizes of 50×50 pores having a 15% porosity (i.e., the ratio of the
pore and throat volumes to the total volume of the network). Each obtained data point in the
following figures is an average of 20 realizations. Simulation parameter values relevant to
methane hydrate dissociation have been considered, includingT eq =283.2K,Peq =6.95MPa,
μl =10−3 Pa·s, z =0.85, σ =0.07 N/m, and ρH =913.0 kg/m3(Smith and Van Ness 1987;
Tsimpanogiannis and Lichtner 2006). To present the simulation results, we have defined the
dimensionless parameter �PD as the ratio of pressure difference to Phigh.
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Fig. 4 aGas saturation, b recovery percent, as a function of�PD in various βD, and size of network=50×50,
porosity=15%, initial hydrate saturation=4%

3.1 Effect of βD on Gas Saturation and Recovery Percent

To explore the effect of hydrate spatial distribution (i.e., uniform and non-uniform distribu-
tions) all other numerical parameters were kept constant except the parameter that is being
examined (i.e., βD). For a fixed hydrate saturation of 4% and a constant pore size distribution,
we varied the parameter βD, to obtain the resulting gas saturation. Figure 4a shows the effect
of βD on the gas saturation. Results show that by increasing βD (i.e., a more non-uniform
distribution of hydrate) the amount of gas saturation decreased for each �PD step.

For lower βD values most of the pores were hydrated. Under this condition, after altering
the pressure, the dissociation phenomena occurred to produce gas in most of locations within
the pore network resulting in a high value of gas saturation. In contrast, under higher βD

values the distribution of hydrate in the network is non-uniform which results in a larger
number of empty pores. Upon dissociation, the amount of gas is lower compared to the
uniform distribution.

Figure 4b demonstrates the recovery percentage (obtained using Eq. 12) from a hydrate
system with different βD values. As can be seen from this figure, by increasing βD, the
recovery percentage also increases. This observation can be explained by examining whether
the pressure of the gas in every pore is adequate to overcome the threshold pressure so that the
gas phase invades the adjacent pore to create a gas cluster (Fig. 5). In a uniformdistribution, the
gas pressure of pores cannot overcome the threshold pressure whichmaintains a low recovery
percentage. Figure 4 shows that with increasing �PD, both gas saturation and the recovery
percentage increase, which is consistent with previous studies (Jang and Santamarina 2011;
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ΔPD=0.1 ΔPD=0.5 ΔPD=0.9

Fig. 5 Clustering in various �PD, and size of network=50×50, porosity=15%, initial hydrate satura-
tion=4%, βD =9.0. Higher �PD values result in an increase in the gas clustering within the network

Fig. 6 Gas saturation as a function of �PD in various initial hydrate saturations, and βD =9.0, size of net-
work=50×50, porosity=15%

Tsimpanogiannis and Lichtner 2006). The results are compared with Tsimpanogiannis and
Lichtner’s (2006) work by plotting the gas saturation as a function of �PD. The trend of our
model is the same as that study, and the difference is due to diversity of pore size distribution.
Also in the Tsimpanogiannis and Lichtner’s work, the depth of network is considered unity,
but in our model we assumed twice the maximum radius. So, our results are validated by a
comparison with their results.

3.2 Effect of Initial Hydrate Saturation on the Gas Saturation

Natural reservoirs of hydrates in the oceanic porous media contain at least 4–8% hydrate
saturation, S0H, and at the highest level it would be around 20–30% (Davie and Buffett 2003).
The lower limit has been chosen to perform quasi-static simulations. Several initial hydrate
saturations were used: S0H =0.01, 0.04, and 0.07. For each simulation run, all other modeling
parameters were kept constant. As predicted, by increasing the initial hydrate saturation in
porous media higher gas saturation is achieved (Fig. 6).

3.3 Effect of the Pore and Throat Size Distributions on Gas Saturation

In this section, we have chosen a βD value of 9.0 and an initial hydrate saturation of 4% to
analyze the effect of pore size distribution. As shown in Fig. 7, while the pore size distribution
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Fig. 7 a Gas saturation, b recovery percent, as a function of �PD for various pore size distributions, for a
network size of 50×50, porosity=15%, S0H � 4%, βD =9.0

does not have a significant effect on gas saturation it plays a crucial role in the recovery
percentage. This behavior can be explained by the fact that an increasing throat radius lowers
the entry capillary pressure of the pores. A lower value of entry capillary pressure facilitates
the invasion of pores using the gas phase to increase the recovery.

3.4 Effect of Angularity of Throats

Triangular throats, in addition to affecting porosity, can cause additional liquid to be kept
at the corners after the invasion by the non-wetting phase (i.e., the gas phase in this study).
This phenomenon causes higher connectivity, and therefore, the flow of the liquid wetting
phase affects the relative permeability (Fig. 8). The absolute permeability of the whole pore
network can be calculated using Darcy’s law.

F � k A

μ

�P

L
(19)

where F is flow rate, k is absolute permeability, A is area, μ is dynamic viscosity, and �P
is pressure drop across the domain L. Throat sizes are chosen so that porosity remains the
same (Ebrahimi and Or 2015). Similar to the previous section, a change in pressure causes
dissociation and permeability changes. The ratio of the permeability to the absolute perme-
ability is known as relative permeability. Figure 9a depicts the trend of relative permeability
for circular and triangular throat cross sections for 2D network. As can be seen from this
figure, the relative permeability decreases while�PD is increased. In triangular cross section
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ΔPD=0.1 ΔPD=0.9

(a)

(b)

Fig. 8 Distribution of the flow rates in a 2D network of size 50×50 for different �PD values, a after dis-
sociation using angular pore throats, as well as b after dissociation applying circular throat having no corner
flow

of throats, due to water existence in the corners, the reduction is smooth, but using circular
pore cross sections, the reduction is sharp as the wetting phase becomes disconnected to
eventually force permeability to approach zero. To be able to compare the two models, the
sizes of angular pores are chosen so that the entry capillary pressure of pore throats be the
same in both circular and angular pore networks. Therefore, the same inscribed radius for
the throats in circular and triangular cross sections was applied. As a result, the amount of
gas saturation and recovery percentage did not change significantly between the two pore
networks (Fig. 9b, c).

3.5 Computations Using 3D and 2D pore Networks

To more accurately represent a real porous media, the algorithm of fluid flow in the 2D pore
network model can be extended to the 3D network domains. In this section, two networks
(with sizes of 30×30 pores and 30×30×30 pores) are used to evaluate the effect of network
dimension on the efficiency of gas recovery. In 3D network (Fig. 10), due to the higher
coordination number (equal to 6) compared to the 2Dnetworks (equal to 4), clusters havemore
freedom to transport andgrow.Therefore, the cluster size and, consequently, the amount of gas
recovery in the 3Dnetwork are larger compared to the 2Dnetwork (Fig. 11).However, because
of increasing the number of pores in the 3D network, the computation time is considerably
increased. Therefore, 2D networks may be used to understand the process as well as to obtain
an approximation for the amount of the recoverable gas.

As shown in Fig. 11c, after �PD =0.6, the slope is changed. Also, it is clear in Fig. 11b
that from �PD =0.6, the percentage of gas recovery is sharply increased. It may be inferred
that for the production of gas from hydrate reservoirs with high recovery percent the �PD

should be above 0.6.
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Fig. 9 a Relative permeability, b the gas saturation, c recovery percent, as a function of �PD in angular and
circular throat cross sections, and size of network=50×50, porosity=15%, S0H � 4%, βD =9.0

We made an attempt to obtain a relation between the results obtained from 3D and 2D
networks. To do so, several simulations using different-sized pore networks were performed
to find a ratio of the gas saturation and recovery percentage in 3D and 2D networks. The
gas saturation ratio is defined as the gas saturation for 3D network divided by its value for
the 2D network. The results are obtained using a large enough network size. In this case, the
network size has no effect on gas saturation. The comparison has shown a linear relation,
Eq. (20), for the ratio of recovery percentage of 3D and 2D networks as a function of �PD.
This equation provides estimates of three-dimensional gas recovery using 2D network which
is much faster computationally.

Recovery%

(
3D

2D

)
� 1.9170�PD + 0.9389 (20)
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Fig. 10 Schematic representation of 3D network: a hydrate distribution, b distribution of pressure, c gas
saturation with un-dissociation hydrate

4 Summary and Conclusion

We presented the effect of hydrate initial value and its distribution in porous media on gas
saturation and gas recovery. 2D pore network was used to simulate the depressurization
process across the network and the resulting dissociation of hydrate. The results indicate
that the gas saturation and recovery percent are considerably influenced by the degree of
non-uniformity of hydrate distribution, initial hydrate saturation, and pore size distribution.
Particularly, we have found that:

• The amount of gas recovery increases for a heterogeneity systemwith non-uniform hydrate
distribution. Comparably, in the presence of uniform hydrate distribution, gas phase cannot
invade a large fraction of the pore spaces. This is because the gas phase from hydrate
decomposition cannot overcome the pore’s threshold pressure to mobilize the gas phase.
In real systems, while the characteristic properties of porous media (e.g., pore size and
porosity) can bemeasured experimentally, the distribution of hydrate cannot be determined
easily. The presented model can help to predict the possible range of gas saturation and
recovery.

• Our results indicate that increasing the pressure difference across the pore network leads to
the growth of gas clusters and the gas recovery. However, the results depict that applying
a normalized pressure of larger than 0.6 results in efficient gas recovery.

• Distribution of pore size, which affects the threshold entry pressure of pores, has a major
impact on gas invasion, clustering, and eventually recovery efficiency. In the presence of
small pore size, the resistance to the movement of gas increases and the generated gas
phase cannot easily invade the adjacent pores and grow toward the outlet.

• For rounded pore shapes, only one phase can exist within a pore and water phase can
become disconnected. However, in the presence of angular pores, water and methane gas
can coexist in a single pore. Flow of water along the corners of the angular pores increases
the relative permeability values of the system.
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Fig. 11 a Gas saturation, b recovery percent, c normalized cluster size, as a function of �PD in 2D and 3D
network, porosity=15%, S0H � 4%, βD =9.0

• 3D networks enhance pore connectivity to increase the gas clustering and recovery; how-
ever, with a predictable trend that can be driven using 2D networks. We have provided
a relation for gas recovery of 3D networks based on 2D simulations which considerably
lowers computational time.
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