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[1] The volume of hydrate expands into a significantly larger volume of water and
gas upon dissociation. Gas recovery and capillary‐trapped residual gas saturation
are investigated by simulating hydrate dissociation within pore networks. A fluid
pressure‐controlled boundary condition is used to determine the amount of recovered
gas as a function of volume expansion; in this form, results are applicable to gas
production by either thermal stimulation or depressurization when production rates prevent
secondary hydrate or ice formation. Simulation results show that gas recovery is
proportional to gas expansion, initial hydrate saturation, and the sediment pore size
distribution (i.e., capillary pressure). Gas recovery is not affected by pore size in
coarse‐grained sediments with pores larger than 1 mm. Hydrate‐bearing sediments
with low hydrate saturation yield low gas recovery. Macroscale close form solutions,
validated using the numerical results, provide estimates for recoverable gas as a
function of the initial hydrate saturation and the fluid expansion factor.

Citation: Jang, J., and J. C. Santamarina (2011), Recoverable gas from hydrate‐bearing sediments: Pore network
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1. Introduction

[2] Hydrate formation is controlled by pressure, tempera-
ture, fluid chemistry and the availability of hydrate‐forming
gases. In sediments, hydrate distribution and saturation are
also determined by the sediment pore size distribution,
connectivity, and spatial variability [Waite et al., 2009].
[3] Pressure‐temperature P‐T conditions for several

hydrate‐bearing reservoirs are plotted in Figure 1. In each
case, the potential hydrate‐bearing sediment is bounded by
the reported seafloor P‐T conditions on the left and the
methane hydrate phase boundary on the right (shown for
3.5% salinity). The local geothermal gradient determines
the slope of dotted lines that represent each formation. The
superimposed thick lines show hydrate‐bearing layers
inferred from pore fluid chemistry, electrical resistivity logs,
gamma ray logs, and wave velocity data. These results
confirm that hydrates are not necessarily found throughout
the gas hydrate stability zone, and sometimes the presence
of hydrates is restricted to specific layers (e.g., Mt. Elbert
and Gulf of Mexico).
[4] We note that hydrate saturation Sh and grain size

distribution vary widely among hydrate‐bearing reservoirs
or even within a given borehole: gas hydrate‐bearing sands
in the Nankai Trough and Gulf of Mexico may reach up to
80% saturation whereas gas hydrates in fine‐grained sedi-

ments often contain low hydrate saturation [Uchida et al.,
2004; Boswell et al., 2009; Tréhu et al., 2004]. The mean
grain size of hydrate‐bearing sediments ranges from 2 mm
to 5 mm for Blake Ridge and Hydrate Ridge to 0.1 mm to
0.3 mm for the Nankai Trough and Mallik [Soga et al.,
2007]. Hydrates can be found filling pores typically in
coarse‐grained sediments, or in veins and lenses typically in
fine‐grained sediments [Waite et al., 2009].
[5] Several numerical simulators have been developed to

analyze gas production from hydrate‐bearing sediments
[Wilder et al., 2008; Anderson et al., 2011; Hong and
Pooladi‐Darvish, 2003; Uddin et al., 2008; Nazridoust and
Ahmadi, 2007; Gamwo and Liu, 2010; Moridis et al., 2007;
Moridis and Sloan, 2007;Moridis et al., 2011;Kurihara et al.,
2009].Most simulators considermixed fluid conditions, adopt
vanGenuchten‐type relative permeabilitymodels, and capture
the thermodynamics of hydrate dissociation to estimate gas
and water production rates. However, it is difficult to extract
prevailing trends and to identify governing process from these
simulations given their complexity and the large number of
both physical and fitting parameters involved. In addition, the
relative permeability models that are used were derived for an
invading gas phase that percolates from the boundary as in a
drying unsaturated soil: however, hydrate dissociation implies
the formation of a gas phase within the medium. We also note
that back‐analyzed field cases are based on cumulative
recovered gas at the boundary, and complete dissociation is
not necessarily attained within the medium [Anderson et al.,
2011; Moridis et al., 2011, 2007; Konno et al., 2010; Hong
and Pooladi‐Darvish, 2003]. Hence, recoverable gas cannot
be properly determined in these cases.

1School of Civil and Environmental Engineering, Georgia Institute of
Technology, Atlanta, Georgia, USA.

Copyright 2011 by the American Geophysical Union.
0148‐0227/11/2010JB007841

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, B08202, doi:10.1029/2010JB007841, 2011

B08202 1 of 12

http://dx.doi.org/10.1029/2010JB007841


[6] In this manuscript, we use pore networkmodels defined
with a minimal set of physically meaningful pore‐scale
parameters to elucidate gas recovery and water production as
a function of the initial hydrate saturation, pore size distri-
bution, and P‐T conditions. First, we compute fluid volume
expansion during hydrate dissociation and gas recovery as a
function of in situ P‐T conditions and anticipated P‐T chan-
ges. Then, we evaluate the effect of fluid expansion, initial
hydrate saturation and pore size distribution on recoverable
gas and on the evolution of gas saturation during hydrate
dissociation and subsequent depressurization. Results are
applicable to gas production by either depressurization or
thermal stimulation when production rates prevent secondary
hydrate or ice formation.

2. Preliminary Analyses: Fluid Expansion

[7] Hydrates dissociate into methane‐saturated water and
water‐saturated methane gas. There is a pronounced pres-
sure dependent fluid expansion across the phase boundary

during hydrate dissociation, followed by additional gas
expansion due to depressurization.
[8] Let’s derive an expression for fluid expansion as a

function of reservoir P‐T conditions and pore throat size.
Since the solubility of methane in water is very low, it can
be neglected for first order estimation of fluid expansion.
We define the fluid expansion factor associated with hydrate
dissociation b as the ratio of the combined gas and water
volumes (Vg and Vw respectively) to the initial volume of
hydrate Vh, so that b = (Vg + Vw)/Vh. The dissociated
methane volume Vg is a function of P‐T conditions; we use
the modified Peng‐Robinson equation of state (PRSV) to
relate Vg to Pg and Tg [Stryjek and Vera, 1986]:

Pg ¼ RTg
Vg � b

� a

Vg Vg þ b
� �þ b Vg � b

� � ð1Þ

The values of a and b parameters for methane gas and the
universal gas constant R are summarized in Table 1.

Figure 1. Pressure and temperature condition for worldwide hydrate reservoirs (to the left of the phase
boundary). Lines of equal hydrate‐to‐fluid expansion factor b = (Vg + Vw)/Vh are shown to the right (see
section 2 for the derivation of the expansion factor b). Plotted cases correspond to (solid circle) Blake
Ridge BR [Collett and Ladd, 2000; Shipboard Scientific Party, 1996a, 1996b, 1996c, 1998], (cross)
Nankai Trough NT [Expedition 314 Scientists, 2009; Expedition 316 Scientists, 2009; Shipboard
Scientific Party, 1991; Tobin et al., 2009a, 2009b], (green solid diamond) Sea of Japan (East Sea) JS(ES)
[Shipboard Scientific Party,1990a, 1990b; Moridis et al., 2009; Lee et al., 2010], (red solid square)
Northern Cascadia Margin CM [Shipboard Scientific Party, 1994a; Expedition 311 Scientists, 2006],
(open circle) Gulf of Mexico GM [McConnell et al., 2010a, 2010b], (green open diamond) Krishna‐
Godavari Basin (India) KG [Collett et al., 2007], (blue triangle) Hydrate Ridge HR [Shipboard Scientific
Party, 1994b, 2003a, 2003b], (plus) Eel River Basin (California) ER [Shipboard Scientific Party, 1997],
(open triangle) Mallik MA [Wright et al., 1999], and (blue open square) Mt. Elbert ME [Dai et al., 2011]
(Hydrate zone only below permafrost is considered here). The methane hydrate phase transformation
boundary is shown for 3.5% salinity water [Sloan and Koh, 2008]. The modified Peng‐Robinson equation
of state [Stryjek and Vera, 1986] is used to calculate fluid expansion. We assume no solubility of methane
gas in water, constant mass density for water, and no capillary effects, i.e., coarse grains.
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[9] Gas and water are at different pressures in a porous
medium. The capillary pressure Pc is the pressure difference
between gas Pg and water Pw pressures. It is a function of
surface tension Г, contact angle �, and pore throat radius
Rth:

Pc ¼ Pg � Pw ¼ 2G cos �ð Þ
Rth

ð2Þ

The volume of water Vw that results from hydrate dissoci-
ation is related to the initial volume of hydrate Vh as Vw/Vh

= (18c)/(16 + 18c) · rh/rw where c is the hydration
number; for a theoretical value of c = 5.75, then Vw =
0.79Vh. The molar concentration of methane in hydrate is
lVh where l is the amount of methane per unit volume of
hydrate (l = rh/(16 + 18c) and equals l = rh/(119.5 g/cm3)
[mol/cm3] when c = 5.75). Combining these expressions,
the fluid expansion factor b can be written as

� ¼ Vg þ Vw

Vh
¼ Vg

Vh
þ Vw

Vh
¼ f Pw; Pc; Tg

� � þ 18�

16þ 18�

�h
�w

ð3Þ

The full equation for b is used in subsequent computations
but it is not included in the text given its complexity (the
volume of gas Vg is obtained by solving a cubic equation
(equation (1)).

[10] A simple expression for the fluid expansion factor b
can be obtained using the “modified ideal gas law”:

� ¼ Vg þ Vw

Vh

¼ z�RTg
Pg

þ 18�

16þ 18�

�h
�w

¼ z�RTg

Pw þ 2G
Rth

cos �
þ 18�

16þ 18�

�h
�w

ð4Þ

where l is the amount of methane per unit volume of
hydrate and z is a “compression factor” added to the ideal
gas law to fit the PRSV equation within the P‐T range of
interest. For z = 0.7, the expansion factor calculated with
equation (4) closely matches the factor computed with the
modified Peng‐Robison equation of state (equation (3)).
This simple and explicit close form expression for the fluid
expansion factor b highlights the interplay between pres-
sure, temperature, surface tension, and pore throat radius.
[11] Lines of equal hydrate‐to‐fluid expansion factor b are

plotted in Figure 1 to the right of the phase boundary. There
is a significant volume increase across the phase boundary:
an initial hydrate volume V0 immediately inside the stability
field converts into bV0 immediately outside the stability
field. For example, the initial expansion is b∼1.3 near the
bottom of the gas hydrate stability zone in Blake Ridge
[Shipboard Scientific Party, 1996a, 1996b, 1996c], and
b∼2.8 for Mt. Elbert formation. No grain size‐dependent
capillary effect is assumed in this case, Pg = Pw, therefore,
trends apply to coarse, sandy sediments. The pore size
dependent expansion factor b = f(Pw, Pc, Tg) computed with
the PRSV‐based equation (3) is used in the following pore
network model simulations.

3. Pore Network Model Simulation

[12] Let us define a pore network model as a system
of pores connected by zero‐volume throats (Figure 2a).
Capillary pressure (equation (2)) develops at throats and
determines gas pressure and fluid movement.

Figure 2. Pore network model configuration and evolution of gas saturation during dissociation. (a) A
pore network model consists of pores interconnected by throats. Hydrate starts to dissociate and release
gas when b > 1. (b) Gas occupies the initially hydrate‐filled pore when b ≈ 1.8. (c) Gas expands into
neighboring pores as expansion increases beyond b > 1.8.

Table 1. Parameters Used in the Equation of Statea

Parameter Symbol Value

Universal gas constant R 83.15 [bar ··cm3/mol·K]
Attraction term parameter a (0.457235R2Tc

2/Pc)a
Repulsion term parameter b 0.077796RTc/Pc

a [1 + ĸ(1 − Tr
0.5)]2

Adjustable parameter ĸ ĸ0 + ĸ1(1 + Tr
0.5)(0.7 − Tr)

Adjustable parameter ĸ0 0.378893 + 1.4897153w
− 0.17131848w2 + 0.0196544w3

Adjustable parameter ĸ1 −0.00159 for methane
Acentric factor w 0.01045 for methane
Critical pressure Pc 4.595 MPa for methane
Critical temperature Tc 190.555 K for methane
Reduced temperature Tr T/Tc

aStryjek and Vera [1986].
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3.1. Model Parameters

[13] The size of pores is lognormally distributed with a
characteristic mean pore size m(Rp) and the standard devi-
ation defined in terms of the natural logarithm of pore radius
s(ln(Rp/[mm])). Compiled mercury intrusion porosimetry
data for a wide range of sediments suggest that s(ln(Rp/
[mm])) ≈ 0.4 ± 0.2 (H. S. Phadnis and J. C. Santamarina,
Pore size limited life in sediments, submitted toGeotechnique
Letters, 2011).
[14] The size of any given throat is determined by the size

of the two neighboring pores. The ratio of throat to pore size
a = Rth/Rp is a function of the sediment packing geometry.
For example, a = 0.565 for simple cubic, a = 0.374 for
face‐centered cubic, and a = 0.688 for tetrahedral mono size
packings [Kruyer, 1958]. Experimentally determined values
are a = 0.242∼0.698 for glass beads [Al‐Raoush and
Willson, 2005], a = 0.519 for Berea sandstone [Øren and
Bakke, 2003], a = 0.364∼0.520 for Fontainebleau sand-
stone [Sok et al., 2002]. In this simulation, we set the throat
size equal to half the size of the smaller of the two neigh-
boring pores, Rth = 0.5·min(Rp1, Rp2); the average value a =
0.5 is chosen from this compilation of theoretical and
experimental values. As a result, the throat size distribution
is inherently correlated with the pore size distribution.
[15] The hydration number c establishes the ratio between

water and gas in a hydrate mass CH4· cH2O. The theoretical
hydration number c in structure I methane hydrate is c =
5.75 (= 46/8) [Sloan and Koh, 2008]. Slightly higher values
(typically between 6.0 and 6.3) are found in natural and
laboratory‐made gas hydrates [Kida et al., 2009a, 2009b;
Kim et al., 2005; Lu et al., 2005; Uchida et al., 1999;
Ripmeester et al., 2005; Ripmeester and Ratcliffe, 1988;
Sum et al., 1997; Seo et al., 2002]. The mass density of
hydrates rh = 0.92g/cm3 used in this study assumes full cage
occupancy c = 5.75 (8CH4·· 46H2O) in the unit lattice
whose volume is (∼12Å)3.
[16] Capillary pressure is proportional to surface tension

(equation (2)). The water‐methane surface tension depends
on pressure and temperature [Ren et al., 2000]. At a tem-
perature of 25°C, it decreases from 0.07 N/m to 0.06 N/m as
the pressure increases from 1.0 MPa to 10 MPa [Sachs and
Meyn, 1995]. In this study, a constant surface tension Г =
0.07 N/m is used. The contact angle � is assumed to be zero
so that cos(�) = 1 to represent a water‐wet mineral surface.
[17] The spatially uncorrelated pore network is generated

with a preselected pore size distribution. Hydrates are dis-
seminated at random to satisfy a target initial hydrate satu-
ration Sh. Due to Ostwald ripening, we anticipate that
hydrates and water do not coexist in the same pore in natural
gas hydrate‐bearing sediments. Therefore, pores are fully
filled with either hydrate or water in these simulations (see
section 6 for a detailed discussion of this hypothesis).

3.2. Boundary Conditions

[18] A periodic boundary is used to effectively represent a
large hydrate‐bearing reservoir using a relatively small size
15 × 15 × 15 cubic pore network. Pores on two parallel
boundary faces are assumed to be connected to each other.
Gas in the pore on one boundary can expand into the pore
on the other parallel boundary face. Gas expansion con-
tinues with increasing expansion factor b until the gas

cluster percolates in the flow direction toward the drainage
boundary. Once a gas cluster percolates, it is no longer taken
into consideration for further gas expansion since it is
already connected to a drainage boundary. Gas production
starts when a gas cluster percolates to the boundary and
increases with gas expansion.
[19] The algorithm properly captures the hindered

expansion of fluids in pores due to the emergence of cap-
illary pressure at pore throats. Water drains during gas
expansion as long as water pores form a percolating path
connected to the drainage boundary. If an isolated water
pore develops during gas expansion, water remains in the
pore and is not displaced by further gas expansion.

3.3. Hydrate Dissociation and Gas Expansion

[20] The simulation is run by gradually lowering the
pressure at the boundary, i.e., pressure‐controlled boundary
conditions. The temperature is maintained constant during a
given simulation. However, all results are plotted in terms of
the expansion factor b. A given value of the expansion
factor b can be reached by changes in either pressure or
temperature, or both. Therefore, results in terms of b are
valid for production strategies using depressurization or
heating in the absence of secondary hydrate or ice forma-
tion, i.e., dissociation progresses slowly so that the rate of
heat transport is much higher than the rate of heat con-
sumption during hydrate dissociation. (Note that ice for-
mation during gas production would change the pore size
distribution and could alter results reported here.)
[21] Furthermore, we assume that there is no pressure

gradient across the network given its small length scale
(note the pressure gradient is considered in the work of
Tsimpanogiannis and Lichtner [2006]).
[22] These assumptions allow us to anticipate the evolu-

tion of the local gas‐water balance in a reservoir as a
function of the fluid expansion factor b only, within the
restrictions identical above. We emphasize that the gas
production algorithm using pore network models does not
consider dissociation kinetics and heat conduction, and
cannot provide gas production rates.
[23] During early stage of dissociation, gas remains in the

same pore and displaces the water produced from hydrate
dissociation. Then, gas expands to invade neighboring
water‐filled pores if the gas pressure Pg is higher than the
water pore pressure Pw in the neighboring pore plus the
capillary pressure Pc at the throat connecting the gas‐filled
pore and its neighboring water‐filled pore:

Pg > Pw þ Pc ð5Þ

The gas cluster expands into neighboring water‐filled pores
that have the smallest combined water and capillary pressure
Pw + Pc. As the gas expands, the gas pressure decreases.
[24] Figure 2 captures hydrate dissociation and gas

expansion stage discussed above as a function of the fluid
expansion factor b. Hydrates start to dissociate and release
gas when b > 1 (Figure 2a). When the gas expansion factor
is b ≈ 1.8, the gas dissociated from hydrates fully occupies
the pore which was initially filled with hydrates and has
displaced the water produced by hydrate dissociation
(Figure 2b). At this stage, gas saturation Sg is the same as the
initial hydrate saturation Sh. Additional water drains when
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the gas expands to invade a neighboring water‐filled pore
(Figure 2c). The assessment of water pore connectivity and
the identification of gas clusters are done using the Hoshen‐
Kopelman algorithm at every expansion step [Hoshen and
Kopelman, 1976; Al‐Futaisi and Patzek, 2003]. If two gas
clusters expand to occupy neighboring pores, the two gas
clusters coalesce and the pressure of the coalesced gas cluster
is calculated with new gas cluster volume and the gas mass
contained in two gas clusters.

3.4. Gas Production Evaluation

[25] Gas recovery efficiency is determined at each
expansion step. The gas in clusters is under high pressure
Pg1. As soon as the gas cluster percolates, gas is produced
and the pressure in the gas cluster equalizes to the external
fluid pressure Pg2. The recovered gas Dn = n1–n2 [mol] is
the difference between the gas n2 remaining in the perco-
lated gas cluster at pressure Pg2 and the gas n1 originally
contained in the gas cluster at pressure Pg1. Gas recovery
efficiency E is defined as the ratio of the recovered gasDn =

n1–n2 to the initial gas n1 which is the same as the mass of
methane contained in the initially available hydrate mass:

E ¼ n1 � n2
n1

ð6Þ

The gas in isolated gas clusters is not recovered and remains
within the network; the cluster gas pressure is higher than
the externally imposed fluid pressure.

3.5. Cluster Visualization (in 2D)

[26] Hydrate dissociation and gas production are simu-
lated by applying the rules and assumptions described
above. To facilitate visualization, results shown in Figure 3
were obtained for a two‐dimensional pore network (Note
the simulation parameters are listed in the caption). Dis-
tributed hydrates dissociate, release gas, and displace water.
The gas occupies the initially hydrate‐filled pores as soon
as hydrates dissociate (Figure 3a). Gradually, gas expands
into its neighboring water pores as the expansion factor b
increases (Figures 3b and 3c). Eventually, gas clusters
coalesce until they percolate the pore network horizontally
and gas is produced (Figure 3d). Some gas clusters cannot
overcome the capillary pressure and remain trapped.
[27] Isolated water pores may be found surrounded by gas

clusters. Gas clusters cannot expand into these isolated water
clusters because water cannot drain. Similarly, gas clusters do
not expand into neighboring water pores once gas percolates,
and gas production continues from these gas clusters with the
increasing expansion factor. In two‐dimensional pore net-
works with coordination number cn = 4, the expansion of gas
cluster is more often inhibited due to trapped water than in 3D
networks. Therefore, the gas recovery efficiency in 2D pore
networks is lower than in 3D simulation. In the rest of this
manuscript, three‐dimensional pore networks are used to
compute all results (simple cubic packing, cn = 6).

4. Numerical Results

[28] The following results are plotted in terms of the
expansion factor b to generalize their validity to gas pro-
duction by either thermal stimulation or depressurization in
the absence of secondary hydrate or ice formation.

4.1. Effect of Pore Network Size

[29] Pore networks of two different sizes (15 × 15 × 15
and 15 × 15 × 30) are used to assess the size effect on gas
recovery efficiency. The size of pore networks along the two
axes transverse to the flow direction are the same (15 × 15),
but the length along the flow direction is different (15 versus
30). Percolating gas clusters in the flow direction are con-
sidered to calculate the gas recovery efficiency. The gas
recovery efficiencies computed from both pore networks of
different sizes are very similar especially for higher hydrate
saturation (Figure 4). At low hydrate saturation (Sh ≤ 30%),
the efficiency obtained from long pore networks (15 × 15 ×
30) is slightly smaller than that of the short pore networks
(15 × 15 × 15).

4.2. Effect of Gas Expansion and Initial Hydrate
Saturation

[30] Gas recovery efficiency as a function of gas expan-
sion factor b is obtained from simulations using different

Figure 3. Initial hydrate distribution and evolution of gas
saturation during hydrate dissociation and gas expansion.
(a) Initial hydrate distribution for a hydrate saturation of
Sh = 15%; uncorrelated random distribution is assumed.
(b) and (c) Gas cluster formation during gas expansion;
the different colors indicate different gas clusters. (d) Perco-
lating gas cluster (blue) after the completion of gas expan-
sion (b = 8) is considered for the calculation of gas
recovery efficiency. Two‐dimensional pore network model
with periodic boundary condition: 20 × 20 pores, randomly
distributed pore radius with constant mean m(Rp) = 1 mm
and standard deviation s[ln(Rp)] = 0.4. The throat radius
Rth between two neighboring pores is equal to half of the
minimum of the two pore radii Rth = 0.5· min(Rp

1, Rp
2).
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initial hydrate saturations Sh. The initial hydrate saturation
varied from Sh = 5% to Sh = 40% (Figure 5; network para-
meters listed in the caption). Each data point in Figure 5a
represents the gas recovery efficiency averaged over 20
realizations. The gas recovery efficiency E increases as the
expansion factor increases at a given initial hydrate satura-
tion, and also increases with initial hydrate saturation at a
given gas expansion (Figure 5a).
[31] Figures 5b and 5c show residual and isolated gas

saturation. The residual gas saturation Sg
res is the same as

the initial hydrate saturation Sh when the gas expansion
factor is b ≈ 1.8 (Figure 5b, refer to Figure 2b). Gas
clusters start to interconnect and form percolating gas
clusters; both residual and isolated gas saturations
increase with increasing gas expansion. The isolated gas
saturation starts to decrease when the residual gas satu-
ration exceeds 30∼35% as most of the gas clusters are
interconnected (Note the percolation threshold of 3D
simple cubic arrangement cn = 6 is 25% [Sahimi,
1994]). Once most of the gas clusters are connected,
there is not much increase in the residual gas saturation
and the gas recovery efficiency markedly increases with
increasing gas expansion (Figure 5). At high expansion
b, the residual gas saturation converges at 40∼45% for
all initial Sh cases. On the other hand, the maximum
isolated gas saturation is less than 30%. Notice the low
isolated gas saturation when Sh = 40%, even at a low
expansion factor b ≈ 1.8 (Figure 5c) because most of the
hydrate pores are initially interconnected at such a high
initial hydrate saturation.

4.3. Effect of Pore and Throat Size

[32] Throat size Rth (dependent of pore size Rp) defines
capillary pressure (equation (2)), determines capillary gas
trapping (equation (5)), and affects the gas recovery effi-
ciency (equation (6)). Several mean pore radii m(Rp) =
0.05 mm, 0.1 mm, 1 mm, 10 mm, and 100 mm with constant
standard deviation in pore size s(ln(Rp/[mm])) = 0.4 are
simulated while maintaining the initial hydrate saturation
at Sh = 10% in all cases. Results show that the capillary
pressure Pc at throats inhibits gas expansion, but its effect
is not significant on recovery efficiency when the mean
pore radius is larger than 1 mm, m(Rp) > 1 mm (Figure 6a).

Likewise, residual and isolated gas saturations are similar
when m(Rp) > 1 mm (Figures 6b and 6c).
[33] When m(Rp) < 0.1 mm, small throats cause high

capillary pressure and inhibit gas expansion so that gas
clusters are smaller and less connected. For example,
the capillary pressure at a throat size Rth = 0.05 mm is Pc =
2.8 MPa compared to Pc = 0.14 MPa at the throat of radius
Rth = 1 mm (see equation (2) and section 3). Therefore,
simulations with small mean pore size m(Rp) show low gas
recovery efficiency even after pronounced expansion
(Figure 6a). Conversely, the isolated gas saturation remains
around 30% in the cases of m(Rp) = 0.05 and 0.1 mm while
the isolated gas saturation in the case of larger mean pore
m(Rp) ≥ 1 mm decreases as expansion increase (Figure 6c).

Figure 4. The effect of pore network size on computed
efficiency. Each point is an average of 10 realizations. Pore
network size: 15 × 15 × 30 (solid) and 15 × 15 × 15 (empty).

Figure 5. The effect of initial Shyd. Gas recovery efficiency
E, and evolution of residual and isolated gas saturation as a
function of expansion factor b for different initial hydrate
saturation Sh = 5%, 10%, 15%, 20%, 30% and 40%. (a) Effi-
ciency in gas recovery. (b) Residual gas saturation. (c) Iso-
lated gas saturation. Each point is an average of 20
realizations. Three‐dimensional pore network model: 15 ×
15 × 15 pores. Randomly distributed pore radius with con-
stant mean m(Rp) = 1 mm and standard deviation s[ln(Rp)] =
0.4. Pore throat Rth = 0.5 ·min(Rp

1, Rp
2). Symbols in

Figures 5a–5c are numerical results, thin and thick lines
in Figure 5a are the analytical model, and broken lines in
Figures 5b and 5c are trend added to facilitate the visualiza-
tion of numerical results.
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4.4. Effect of Pore Size Variability

[34] The effect of pore size variability in terms of stan-
dard deviation in pore size s(ln(Rp/[mm])) on the gas
recovery efficiency is shown in Figure 7. As the standard
deviation in pore size increases, the gas recovery efficiency
decreases (Figure 7a). Conversely, the residual gas satu-
ration when pore size is uniform s(ln(Rp/[mm]))→0 is
lower than when pore size is well distributed s(ln(Rp/
[mm])) > 0 (Figure 7b).
[35] These results can be understood by noting that: (1)

the number of small pores increases as the standard devia-
tion in pore size s(ln(Rp/[mm])) increases for a constant
mean pore size m(Rp); and (2) the throat size depends on the
smaller size of neighboring pores. Therefore, the mean
throat size m(Rth) decreases as the standard deviation in
pore size s(ln(Rp/[mm])) increases (from m(Rth) = 0.5 mm to
0.34 mm as the standard deviation changes from s(ln(Rp/

[mm])) = 0 to 0.6 even though the mean pore size remains
constant m(Rp) = 1 mm).

5. Analytical Solution for Gas Recovery
Efficiency

[36] Let’s derive an expression for gas recovery efficiency
based on macroscale concepts, but guided by pore‐scale
information gathered from the previous pore network simu-
lations. Figure 8a shows the initial pore volume Vp occupied
by hydrate and water in a gas‐limited hydrate‐bearing sedi-
ment. Figures 8b–8e show the volumes of gas and water for
several production scenarios. The volume of water Vw

dis that
results from hydrate dissociation is Vw

dis = 0.79Vh
ini where Vh

ini

is the initial hydrate volume (for a theoretical hydration
number c = 5.75; see section 2). The combined volume of
gas and water from dissociation is equal to Vg

dis + Vw
dis = bVh

ini.
The gas recovery efficiency E = Vg

rec/Vg
dis is a function of the

Figure 6. The effect of mean pore size. Gas recovery efficiency E, and evolution of residual and isolated
gas saturation as a function of expansion factor b for various mean pore size m(Rp) = 0.05, 0.1, 1, 10, and
100 mm. Initial hydrate saturation Sh = 15%. (a) Efficiency in gas recovery. (b) Residual gas saturation.
(c) Isolated gas saturation. Each point is an average of 20 realizations. Three‐dimensional pore network
model: 15 × 15 × 15 pores. Randomly distributed pore radius with constant mean m(Rp) = 1 mm and stan-
dard deviation s[ln(Rp)] = 0.4. Pore throat Rth = 0.5 ·min(Rp

1, Rp
2). Symbols in Figures 6a–6c are numerical

results; broken lines in Figures 6b and 6c are trend added to facilitate the visualization of numerical
results.
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gas expansion factor b = (Vg
dis + Vw

dis)/Vh
ini, the residual gas

saturation Sg
res = Vg

res/Vp, and initial hydrate saturation Sh =
Vh
ini/Vp. Several production cases are analyzed next:
[37] 1. Gas displaces water (both initial and from disso-

ciation; Figure 8b). Then, efficiency depends on residual
gas saturation Sg

res:

E1 ¼
Vrec
g

Vdis
g

¼ Vdis
g � Vres

g

V dis
g

¼ �V ini
h � 0:79V ini

h � Vres
g

�V ini
h � 0:79V ini

h

¼ � � 0:79� Sresg =Sh
� � 0:79

0:21Sh � Sresg � 1
� �

: ð7Þ

[38] 2. All the water (both initial Vw
ini and from dissocia-

tion Vw
dis) remain within the sediment (Figure 8c). In this

case, the residual gas saturation becomes Sg
res = 1–Sw = 1–

(Sw
ini + Sw

dis) = 1–(1–Sh)–0.79Sh = 0.21Sh. Then

E2 ¼
Vrec
g

V dis
g

¼ Vdis
g � 0:21V ini

h

V dis
g

¼ �V ini
h � V ini

h

�V ini
h � 0:79V ini

h

¼ � � 1

� � 0:79
ð8Þ

This case could apply to a water‐limited reservoir where gas
percolates. Then, high gas recovery efficiency could be
reached (equation (8)) because the dissociated gas is pro-
duced along the existing percolating gas path as soon as
hydrates dissociate.
[39] 3. Gas displaces only the water from dissociation Vw

dis

(Figure 8d). In this case, gas will occupy the space initially

Figure 7. The effect of pore size variability. Gas recovery efficiency E, and evolution of residual and
isolated gas saturation as a function of the pore size variability in terms of standard deviation for a log-
normal pore size distribution: s[ln(Rp/[mm])] = 0 (uniform distribution), 0.1, 0.2, 0.4, and 0.6. Initial
hydrate saturation Sh = 15%. (a) Efficiency in gas recovery. (b) Residual gas saturation. (c) Isolated
gas saturation. Each point is an average of 20 realizations. Three‐dimensional pore network model:
15 × 15 × 15 pores. Randomly distributed pore radius with constant mean m(Rp) = 1 mm. Pore throat
Rth = 0.5 ·min(Rp

1, Rp
2). Symbols in Figures 7a–7c are numerical results, thin and thick lines in Figure 7a

are the analytical model, and broken lines in Figures 7b and 7c are trend added to facilitate the visualization
of numerical results.
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filled with hydrate and the residual gas saturation becomes
Sg
res = Sh. Then, the gas recovery efficiency is

E3 ¼
Vrec
g

Vdis
g

¼ Vdis
g � V ini

h

V dis
g

¼ �V ini
h � 1:79V ini

h

�V ini
h � 0:79V ini

h

¼ � � 1:79

� � 0:79
: ð9Þ

[40] 4. Gas displaces all water, both initial and from
dissociation Vw

ini + Vw
dis, before gas recovery begins so that

Sg
res = 1 (Figure 8e). Then

E4 ¼
Vrec
g

Vdis
g

¼ Vdis
g � Vv

Vdis
g

¼ �V ini
h � Vdis

w � Vv

�V ini
h � Vdis

w

¼ �V ini
h � 0:79V ini

h � Vv

�V ini
h � 0:79V ini

h

¼ � � 0:79� 1=Sh
� � 0:79

ð10Þ

From a gas production point of view, this is the worst
scenario.
[41] Numerical simulations presented in Figures 4–7

assumed that all the water that resulted from hydrate dis-
sociation is displaced from the pore and that water in ini-
tially water‐filled pores can be also displaced during gas
expansion. Therefore, simulation results show an interme-
diate efficiency between the values obtained by case 3
(equation (9)) and case 4 (equation (10)). The thin lines in
Figures 5a and 7a show the gas recovery efficiency obtained
by the general analytical solution (case 1, equation (7))
using the numerically predicted residual gas saturation
for each hydrate saturation (Figures 5b and 7b). Analytical
results are consistent with the numerical results (There is
some discrepancy for the case of low hydrate saturations
Sh < 10% in Figure 5a).

[42] When the initial hydrate saturation exceeds Sh > 40%,
gas recovery efficiencies from numerical simulations are
similar to case 3 (Figure 8d). In fact, the thick line in Figure 5a
is obtained using equation (9). This result shows that when
the initial hydrate saturation is high, hydrate‐filled pores are
interconnected and eventually become a percolating path for
gas production. Therefore, gas is produced without the need
to invade neighboring water‐filled pores during gas expan-
sion, resulting in high gas recovery efficiency.

6. Discussion

6.1. Hydrate Habit in Pores: Ostwald Ripening

[43] We assumed full hydrate occupancy as a starting
point for our simulations, in apparent contradiction to some
laboratory observations. However, we note that hydrate
formation experiments in the laboratory are conducted
within relatively short times compared to the long geologi-
cal time involved in hydrate formation in natural sediments
[Tohidi et al., 2001; Katsuki et al., 2006, 2007, 2008]. In
fact, pore‐scale experiments clearly show a pronounced
transient behavior during early hydrate formation, involving
formation/dissolution cycles within stability P‐T conditions
[Jung, 2010].
[44] In long‐time conditions, the higher saturation around

smaller nuclei promotes diffusion from small nuclei toward
larger ones. Therefore a large crystal will tend to grow at the
expense of smaller neighboring nuclei (Ostwald ripening).
This diffusion‐controlled aging process alters the crystal
size distribution with time [Myerson, 2002; Salamatin et al.,
2003]. For example, data gathered for in situ N2 and O2

hydrates in polar ice show the change in crystal size dis-
tribution through Ostwald ripening [Pauer et al., 1999;

Figure 8. Macroscale analysis. Several cases of gas and water production during hydrate dissociation
and gas expansion. (a) Initial hydrate and water saturation. (b) Gas displaces water and fills the pores
in sediments. (c) All water remains in sediments (Sg

res = 0.21Sh). (d) Gas displaces the water from hydrate
dissociation (Sg

res = Sh). (e) Gas displaces all water (Sg
res = 1).
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Uchida et al., 1994; Salamatin et al., 2003]. Our assumption
of full pore occupancy reflects Ostwald ripening.

6.2. Macroscale Versus Pore‐Scale Analyses

[45] At the macroscale, gas production is determined by
the “characteristic curve” of the sediment, i.e., the (ug–uw)‐
vs‐Sg trend. This curve depends on pore size distribution
and connectivity. Pore‐scale models inherently capture this
behavior and naturally produce the residual water and gas
saturation as a function of pore size distribution, initial
hydrate saturation and pore connectivity.

6.3. Field Situations

[46] Our simulations are pressure controlled. Yet, results
plotted in terms of the expansion factor b are relevant to gas
production by either thermal stimulation or depressurization
in the absence of secondary hydrate or ice formation.
Likewise, the analytical solution for the recovered gas vol-
ume is applicable to both depressurization and thermal
stimulation (equations (7)–(10), Figure 8). Note that iso-
expansion lines superimpose on the phase boundary, i.e., P‐
T conditions remain on the phase boundary during volume
expansion until all the hydrate mass has dissociated. This
study does not capture endothermic dissociation and heat
conduction. Therefore, results provide recoverable gas but
cannot be used to predict rate.
[47] Results show that fluid expansion factor b determines

gas recovery efficiency (all else being constant). Deeper
reservoirs will have a higher initial P0 and will require a
higher depressurization DP = P0–Pf to attain the same fluid
expansion b and gas recovery efficiency. (Note that higher
temperatures at depth may support higher production rates.)
[48] Gas recovery efficiency away from the production

well should consider the fluid expansion factor as a function
of pressure during depressurization, i.e., the distance from
the production well in depressurization‐based production.
Therefore, gas recovery efficiency E is inversely propor-
tional to the distance from the borehole.

6.4. Sediment Internal Stability During Gas Production

[49] Hydrate dissociation in clayey sediments can induce
gas‐driven fracture formation due to high capillary entry
pressures compared to the in situ effective stress s3′ [Shin
and Santamarina, 2010]. Let’s make an order of magni-
tude estimation of this condition.
[50] The pore size or separation d between clay particles

can be estimated from the sediment specific surface Ss [m
2/g]

and porosity n as d = 2n/[(1–n)·Ss· rm] where rm [g/m3] is
the mineral mass density. Then, the Laplacian capillary
pressure Pc = 2Г/d can be written as

Pc ¼ 2G
d

¼ GSs�m
1� n

n
ð11Þ

For example, the sediment in the Krishna‐Godavari basin
in India has a porosity n ≈ 0.62 and specific surface SS ≈
90 m2/g (see sediment data of Yun et al. [2010]), so the
capillary entry pressure is Pc ≈ 10 MPa.
[51] An estimate of the effective stress s3′ starts by rec-

ognizing that typical depths for the gas hydrate stability
zone in the ocean are shallower than 800 mbsf [MacDonald,
1990] (see P‐T data compiled in Figure 1). This implies a

maximum horizontal effective stress s3′ ≤ 0.5 × 8 MPa =
4 MPa expected in marine hydrate‐bearing sediments.
[52] These results suggest that hydrate dissociation will

induce gas‐driven fracture s3′ < Pc even at slow dissociation
rates in fine‐grained sediments. Gas recovery efficiency in
the fracturing regime is beyond the scope of the analysis
presented in this manuscript.

6.5. Gas Migration

[53] Let’s analyze the gas migration in a single pore due to
buoyancy. The ratio between the buoyant force and the
capillary resistance is (Bond number ‐ Pennell et al. [1996]):

B ¼ Fbuoyancy

Fcapillary
¼ D�gVp

2�RthG
¼ 4D�gR2

p

3G
ð12Þ

whereDr is the density difference between gas and fluid, Vp

is the volume of pore Vp = 4pRp
3/3, and the throat radius Rth

is half of the pore radius Rth = 0.5Rp. Buoyancy and cap-
illary resistance are equal, i.e., B = 1, when Rp ≈ 2.3 mm
(assumed that Dr ≈ rw). Therefore, gas in a single pore will
not migrate even in coarse clean sand. However, tall gas
clusters can create the buoyancy drive required to allow
them to migrate through intermediate grain size sediments
without causing sediment instability [Geistlinger et al.,
2006; Santamarina and Jang, 2010].

7. Conclusions

[54] Proper pressure and temperature, and the availability
of methane are required for hydrate formation. Yet, hydrate
distribution and saturation in hydrate‐bearing sediments are
determined by the sediment pore size distribution, connec-
tivity, and spatial variability. These sediment characteristics
also affect recoverable gas, the evolution of gas saturation,
and the sediment internal stability during production.
[55] Pore network models permit the study of recoverable

gas using a minimal set of pore‐scale parameters. Pore net-
work simulation results can guide the selection of physically
meaningful parameters for capillary pressure functions and
relative permeability equations adopted in FEM simulations.
[56] There is a pronounced hydrate‐to‐fluid volume

expansion across the hydrate phase boundary. Additional
expansion occurs during heating and depressurization
after dissociation. Gas expansion is hindered in fine‐grained
sediments due to capillarity in small pores.
[57] A simple close form approximation can be derived

for the expansion factor b using the modified ideal gas law.
The hydrate‐to‐fluid volume expansion is primarily deter-
mined by the final fluid pressure imposed on the boundary
Pf. A given depressurization DP = Po–Pf will cause higher
fluid volume expansion in shallower reservoirs with lower
initial pressure Po.
[58] The recoverable gas increases with gas expansion and

with hydrate saturation. There is very low gas recovery in
hydrate‐bearing sediments with low hydrate saturation (Sh <
∼5∼10%), even when high gas expansion conditions are
imposed.
[59] The effect of pore size on gas recovery efficiency

vanishes when the mean pore size is larger than 1 mm. A
mean pore size smaller than 1 mm limits the gas recovery
efficiency because small pore throats cause high capillary
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pressures, limit gas expansion, and lead to capillary trap-
ping. However, highly conductive gas‐driven fractures may
form in fine‐grained sediments and facilitate gas migration.
[60] Gas recovery efficiency, defined as the ratio between

the recovered and the initial mass of gas, can be estimated
using macroscale analytical solutions verified against
numerical results:

� � 0:79� 1=Shyd
� � 0:79

� E � � � 1:79

� � 0:79

where b is the fluid expansion factor and Sh is the initial
hydrate saturation. The gas recovery efficiency approaches
the upper estimate when the hydrate saturation exceeds
Shyd > 40. In water limited systems, the recoverable gas
approaches

E ¼ � � 1

� � 0:79
:
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