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Gas hydrates are solid crystalline compounds in which gas molecules are lodged in lattices of ice crystals.
Shenhu area is considered as one of the most promising fields on north continental slope of the South
China Sea (SCS). Drilling and sampling at the site has indicated occurrences of methane hydrate in clay
silty sediments. The thin Hydrate-Bearing Layer (HBL) is overlain and underlain by zones of mobile water,
and the layer does not appear to be bounded by low-permeability strata. In this study we assess by means
of numerical simulation the production potential of the laminar hydrate deposit at drilling site SH3 in the
Shenhu area. We simulate the hydrate dissociation and the gas production induced by depressurization at
a vertical well. To minimize gas losses through the overburden and excessive water production through prox-
imity to the permeable, water-saturated zones, a perforated interval is limited to the middle section of the
vertical well within the hydrate layer. The simulations show that productions from depressurization-induced
dissociation through a vertical well at constant well pressure do not appear to be a promising approach in the
deposits of low hydraulic diffusion. The production of hydrate-originating gas decreases at the beginning of
the production and then keep stable in the reference case and the average production is 211 m3/d. The deposit
permeability is considered as the most insensitive parameter to enhance the gas production. And the produc-
tion potential is much lower than that of deposits having an impermeable upper boundary as expectation.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Gas hydrates are crystalline substances composed of water and
gas, in which a solid water lattice accommodates gas molecules in a
cage-like structure (Sloan, 1998). The estimated amount of gas in
the hydrate accumulations of the world greatly exceeds the volume
of known conventional gas resources (Sloan, 1998). Because of their
potential importance as an energy resource, CH4-hydrates are cur-
rently attracting significant attention. However, the role that gas hy-
drates may play in contributing to the world's energy requirements
will depend ultimately on the availability of producible gas hydrate
resources and the cost to extract them (Moridis et al., 2004).

The three main methods of hydrate dissociation for producing gas
include (Makogon, 1987, 1997): (1) depressurization, in which the
pressure is lowered to a level lower than the hydration pressure PH at
the prevailing temperature (Moridis et al., 2007, 2009a); (2) thermal
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stimulation, in which the temperature is raised above the hydration
temperature TH at the prevailing pressure (Moridis et al., 2004); and
(3) the use of inhibitors (such as salts and alcohols), which causes
a shift in the PH–TH equilibrium through competition with the hy-
drate for guest and host molecules (Sloan, 1998). In gas production
from hydrate deposits depressurization and thermal stimulation are
considered as the relatively feasible method both economically and
technically (Moridis and Reagan, 2007a,b; Moridis et al., 2009a,b,
2011).

Shenhu area is near southeast of the Shenhu Underwater Sandy
Bench in the middle of the north slope of the SCS, between Xisha
Trough and Dongsha Islands (Fig. 1). Geological, geophysical, geo-
thermal, and geochemical investigations have suggested that Shenhu
area is a favorable place for natural gas hydrate formation (Wu et al.,
2008, 2010). Based on the indications of hydrate presence, five sites
were selected for deep drilling and sampling in Shenhu area
(Fig. 1), and core samples were collected chronologically from SH3,
SH1, SH2, SH7, and SH5 (Wu et al., 2008). Depressurization experi-
ments verified existences of methane gas hydrates in the clay-silty
cores sampled from SH2, SH3, and SH7 at the water depths of
1108–1245 m. Some simulations have provided the first insight into
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Fig. 1. Location of research field and drilling sites at Shenhu area on northern continental slope of South China Sea.

Fig. 2. Well design used in the gas production from SH3 hydrate deposit in Shenhu
area, Southern China Sea (modified from Moridis et al., 2009a; Su et al., 2010).
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the technical feasibility of gas production from the promising accu-
mulations at the very ideal conditions (Li et al., 2010; Su et al., 2010).

However, distributions of the Shenhu hydrate are extremely un-
even. The HBL is 40 m thick and the hydrate saturation ranges from
0 to 48% at drilling site SH2. The hydrate accumulation at site SH3 is
10 m thick and the thinnest in the small area. Hydrate saturation
are 12–25% and the average value is 20%. The main objective of this
study is to assess the production potential of the laminar hydrate de-
posit at Site SH3 by means of numerical simulation. Parameters used
in the reference cases are measured from the samples, such as satura-
tions, temperature and pressure, and deposit permeability is estimat-
ed based on the lithology. Because of possible imprecision of
measured data from the unconsolidated samples and uncertain geo-
logical structure, a large number of these parameters are treated as
perturbation variables in the ensuing sensitivity analysis. Previous re-
searches show that the Shenhu hydrate accumulations are Class 2 de-
posits that comprise a HBL overlain and underlain by zones of mobile
water (Li et al., 2010; Su et al., 2010). Therefore, this study focuses on
the hydrate deposit and addresses the issues that may affect produc-
tion from them.

In evaluating production potentials of hydrate deposits in Shenhu
area, we use two criteria, an absolute criterion and a relative criterion
(Moridis et al., 2007). To satisfy the absolute criterion, a large produc-
tion potential must be demonstrated, as quantified by a large gas pro-
duction rate QP, a large cumulative gas production volume VP over the
duration of the production. The relative criterion is satisfied when the
gas-to-water ratio RGW=VG/VW is high, indicating more gas pro-
duced relative to water production.

2. Production design

In this study we focused on the hydrate deposits of Class 2 that oc-
curs at the site, which is also one of the most common classes of hy-
drate accumulations in both the permafrost and oceans (Moridis and
Reagan, 2007a; Moridis et al., 2009a). Note that the reference case of
Class 2 accumulation is confined between a permeable overburden
and a permeable underburden. Without confining boundaries of im-
permeable strata, gas production can be disappointing because flow
through the boundaries limits the effectiveness of depressurization
and leads to large production volumes of undesirable water
(Moridis and Kowalsky, 2006; Moridis et al., 2009a). Lack of a confin-
ing overburden could lead to gas loss though the overburden toward
the surface (Moridis et al., 2009a).

A similar configuration of the well system is used in this study for
producing gas from the SH3 hydrate deposit. It is a modification of
well designs used in previous hydrate production researches
(Moridis et al., 2009a; Su et al., 2010). A perforated interval covers
the mid section of the well which is nested in the HBL (6 m) that is
overlain and underlain by the permeable water zones (WZs) as
shown in Fig. 2 schematically. This design has significant advantages:
the configuration impedes water in the WZs from the flow directly
into the well in the early stage of the production, thus it may effec-
tively reduce water production as well as production cost. This design
can cause significant dissociation around the well and yield the larg-
est production rates in a short run, but when the hydrate sealing
around the well is broken through, it may result in a sharp drop in hy-
drate dissociation and gas production rates, and a disappointing ele-
vation in water production (Moridis et al., 2009a; Su et al., 2010).

Earlier studies (Moridis and Sloan, 2007; Su et al., 2010) appear to
indicate that depressurization is the most promising dissociation
method (and possibly the only practical option) in the majority of hy-
drate deposits because of its simplicity, technical and economic effec-
tiveness, the fast response of hydrates to the rapidly propagating
pressure wave, the near-incompressibility of water, and the large
heat capacity of water. The latter plays a significant role in providing
part of the heat needed to support the strongly endothermic dissoci-
ation reaction as warmer water flows from the outer reaches of the
formation toward the well (Moridis et al., 2007). Numerical studies
have shown that the other dissociationmethods can enhance gas pro-
duction when used in conjunction with depressurization (Li et al.,
2010; Su et al., 2010), but tend to be ineffective when used as main
dissociation strategies. In this study, the depressurization with
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constant bottom-hole pressure is used to produce gas from the hy-
drate deposits in Shenhu area.

3. Numerical models and simulation approach

The numerical studies in this paper were conducted using the
TOUGH+HYDRATE simulator (Moridis et al., 2009b). This code can
model the non-isothermal hydration reaction, phase behavior, and
flow of fluids and heat under conditions typical of natural CH4-
hydrate deposits in complex geologic media. It includes both an equi-
librium and a kinetic model (Clarke and Bishnoi, 2000; Kim et al.,
1987) of hydrate formation and dissociation. The model accounts
for heat and up to four mass components (i.e., water, CH4, hydrate,
and water-soluble inhibitors such as salts or alcohols) that are parti-
tioned among four possible phases: gas, aqueous liquid, ice, and hy-
drate. A total of 15 states (phase combinations) can be described by
the code, which can handle any combination of hydrate dissociation
mechanisms and can describe the phase changes and steep solution
surfaces that are typical of hydrate problems (Moridis et al., 2009b).

The geologic system in this study corresponds to a location at the
drilling site of SH3 in the Shenhu area where the seafloor is at an el-
evation of z=−1245 m. The HBL is 10 m thick, and overlain by a per-
meable overburden of 190 m thick and underlain by a thick
permeable zone. Both the overburden and underburden are un-
bounded and typical of water zones (WZs).

A geometry and configuration of Class 2 system at the drilling site of
SH3 are shown in Fig. 3. The whole 190 m overlying sediment was con-
sidered as an overburden in simulations to allow heat exchange with
the laminar hydrate layer during a 3.5-year long production period.
Similarly, a 190 m underburden was sufficient to provide accurate esti-
mates of heat transfer compared to that in the gas production from hy-
drate accumulation in the Ulleung Basin of the Korean East Sea (Moridis
et al., 2009a). The well at the center of this cylindrical hydrate deposit
had a radius rw=0.1 m. A no-flow boundary (of fluids and heat) was
applied at the reservoir at radius rmax=100 m, the scale was enough
for thermal transfer and fluid flow in production duration of 3.5 years
by learning efficiency of heat transfer in marine sediment (Su et al.,
2011) and previous studies in the area (Li et al., 2010; Su et al., 2010).

The same grid and media properties were used in the simulations.
The cylindrical domain was discretized into 100×136=13,600
Fig. 3. A schematic depiction of the SH3 hydrate deposit simulated in this study.
Modified from Moridis et al., 2009a; Su et al., 2010).
gridblocks in (r, z), of which 13,400 were active (the remaining
being boundary cells). The uppermost boundary temperature is de-
fined by the seafloor temperature and the lowermost layer corre-
sponded to constant T calculated according to the geothermal
gradient. Because the vicinity of the wellbore had been shown to be
critically important to production (Moridis et al., 2009a; Su et al.,
2010), a very fine discretization was used, and the interval increased
exponentially along the r direction. The HBL was subdivided into seg-
ments of Δz=0.25 m each along the z-direction for accurate predic-
tions, but a coarser discretization along the z axis is permissible in the
WZ (Moridis et al., 2009a). We also assumed that the hydrate dissocia-
tion is an equilibrium reaction (Kim et al., 1987; Moridis et al., 2009a).
The well design and important parameters were referenced from the
early research of Shenhu hydrate production (Su et al., 2010).

Initial conditions in simulations were determined by following the
initialization process described by Moridis et al. (2007, 2009a).
Knowing (a) the elevation at the base of the HBL, and (b) some tem-
peratures (Table 1), we determined the local geothermal gradient GT

as 0.049 °C/m, and delineated the temperature profile at site SH3.
Then the pressure profile was obtained by means of a short simula-
tion with the temperature, salinity, and hydrate saturation.

4. Depressurization using a vertical well

Gas is produced from Class 2 hydrate deposits at site SH3 by re-
moving reservoir fluids from a well operating at a constant bottom-
hole pressure PW. A significant advantage of constant-P production
is the elimination of the possibility of ice formation (with its detri-
mental effects on permeability and QP) through the selection of an
appropriate pressure PW (Moridis et al., 2009a). This is ensured by
selecting a PW>PQ (=P at the quadruple point). Constant-P produc-
tion is the recommended depressurization method for gas production
from the SH3 hydrate accumulations because of the very low
permeability.

4.1. Production from the reference case

The properties and conditions pertaining to the reference case are
listed in Table 2. Because the mass fraction of CH4 was greater than
99% of hydrate gases at site SH3, the guest gas used in simulations
of this study was taken as pure methane. An average formation poros-
ity of 0.38 and a medium hydrate saturation of 0.20 were used. An in-
trinsic permeability of 1.0×10−14 m2 was used as the reference value
of the whole system based on the lithology of silt clay. For avoiding
ice plugging and enhancing production performance, the reference
bottom-hole pressure was assigned to be 3 MPa in the simulation
on gas production through depressurization. The gas and aqueous
phase production rates (QP and QW, respectively) are determined
from the phase mobilities.

Fig. 4 shows the evolution of the volumetric rates (a) QP of total
CH4 flow produced at the well and (b) QR of CH4 released from hy-
drates in the entire simulated domain. QP and QR decrease rapidly at
the very beginning of the production and then are almost kept stable
in a long run. Qp of gas production rate at the well is much greater
Table 1
Measured data of temperature at drilling site of SH3.

Site Sample Depth
(mbsf)

Temperature
(°C)

GT

(°C/m)

SH3 – 0 3.5 0.049
SH3B-TEMP1 76 9.29
SH3B-TEMP 2 135 12.50
SH3B-FPWS1 137 12.35
SH3B-TEMP 3 197 15.24
SH3B-FPWS 2 199 15.43
SH3B-TEMP 4 215 16.18
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Table 2
Reference hydrate deposit properties.

Parameter Value

Water zone (WZ) thickness
(overburden and underburden)

190 m

Hydrate zone (HBL) thickness 10 m
Radius of the simulation domain 100 m
Gas composition 100% CH4

Initial saturations in the HBL SH=0.20, SA=0.80
Water salinity (mass fraction) 0.0334
Intrinsic permeability kr=kz
(HBL and WZ)

1.0×10−14 m2

(=10 mD)
Grain density ρR (HBL and WZ) 2600 kg/m3

Porosity φ (HBL and WZ) 0.38
Hydraulic diffusion kg
(Cathles, 2007)

kg=k/φCgμg

Compressibility Cg

Dry thermal conductivity kΘRD
(all formations)

1.0 W/m/K

Wet thermal conductivity kΘRW
(all formations)

3.1 W/m/K

Composite thermal conductivity model
(Moridis et al., 2007)

kΘC=kΘRD
+(SA1/2+SH1/2) (kΘRW−kΘRD)+φSIkΘI

Capillary pressure model
(van Genuchten, 1980)

Pcap=−P0 [(S⁎)−1/λ−1]−λ

S⁎=(SA−SirA) /(SmxA−SirA)
SirA 1
λ 0.45
P0 105 Pa
Relative permeability model
(Moridis et al., 2009a)

krA=(SA⁎)n

krG=(SG⁎)n

SA⁎=(SA−SirA) /(1−SirA)
SG⁎=(SG−SirG) /(1−SirA)
OPM model

n (Moridis et al., 2009a) 5
SirG 0.03
SirA 0.30
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than QR of gas release rate from hydrates, which implies that most gas
produced at the well is not generated by hydrate dissociation but
from the dissolved gas in the reservoir, and thereby that the produc-
tivity of gas from hydrate by depressurization is considerably small.
Concretely speaking, QR drops rapidly at the beginning of the produc-
tion. This is attributed to a combination of (a) a decrease in the driv-
ing force of depressurization as the pressure differential between the
well and the HBL is reduced rapidly and (b) the resulting lower T,
which further slows dissociation. The drop of QP is relatively small be-
cause of (a) gas accumulation in the deposit, as the released gas at the
advancing dissociation fronts cannot yet be produced at the well
Fig. 4. Evolution of QP and QR during production from the vertical well.
because the hydraulic diffusion kg of the formation is too small, and
(b) the pressure gradient ∇p between the well and the reservoir in
addition to the gas release rate QR. The average gas production rate
�Q P over 3.5 years is merely 211 m3/d but still much greater than
the average gas release rate �Q R (11 m3/d) over the same period.
The production rate in the reference case is much less than the abso-
lute criterion for economical production (Moridis et al., 2009a).

Fig. 5 shows the cumulative volumes (a) VP of total produced CH4,
and (c) VR of CH4 released from hydrates in the entire simulated do-
main and (d) VG of free CH4 remained in the reservoir. The amount of
gas produced at the well VP is much bigger than that released from
hydrate deposits. VP and VR keep increasing obviously but VG always
keeps invariant as the production goes on. During the production du-
ration of 3.5 years, a total of VP=2.7×105 ST m3 of CH4 is produced
but practically only 1.4×104 ST m3 of CH4 is released from crystalline
hydrate. At the end of this simulation period, the hydrate is far from
exhausted, and VR=0.05 VP and VDG=VP−VR−VG=2.5×
105 ST m3 (VDG is cumulative volume of CH4 produced from dissolved
gas), which means 92% (=VDG/VPT) of produced gas is from dis-
solved gas in pore water.

Fig. 6 shows (a) QW of the water production rate and (b) RGW of
volumetric ratio of the cumulative gas VP to the cumulative water
VW (=MW/1030) produced at the well. QW increases slightly at the
first-half production period and then sustains its stability approxi-
mately, the average water production rate is 5.4×104 kg/d (=54 t/
d=52 m3/d). The high and stable water production rates are consis-
tent with the stable gas production rate and the small gas release rate,
and prove that most gas produced at the screened interval is evolved
fromwater solution. Fig. 6 also shows the economical efficiency of gas
production from the hydrate deposits. RGW (=VPT/VW) falls rapidly
from a higher initial value to ~4 at the end of the production. This
says that 4 ST m3 gas can be produced for producing 1 m3 water as
byproduct in the hydrate production. This quantity provides an addi-
tional criterion for the determination of the production potential for a
gas hydrate deposit. Fig. 6 implies that much money is wasted on
water elevation and disposal if a production is invested.

4.1.1. Spatial distributions of SH
Fig. 7 shows the evolution of the SH distribution over time in the

deposit near the wellbore (rb30 m). The dissociation pattern is
unique due to the hydrate deposit type and special well configuration.
These include (i) hydrate dissociation proceeding radially along the
perforated well, (ii) the evolution of the upper and lower dissociation
interfaces, and (iii) the evolution of the hydrate dissociation front.
Fig. 5. Evolution of VP, VR and VG during production from the vertical well.
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Fig. 6. Evolution of QW and RGW during production from the vertical well.
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The hydrate dissociation proceeds along the perforated well initially
and is more pronounced toward the top hydrate interface. The
quicker dissociation at the top hydrate interface is due to the milder
water pumping downward from the overlying water zone. The sur-
face area of dissociation front enlarges radially and the hydrate seal
restraining water from flooding into the perforated interval in the
early time was broken through. But the gas production rate in Fig. 4
does not have an evident drop, which implies that the contribution
of hydrate dissociation to gas production is small and thus the hy-
drate seal around the well appears useless. The dissociation radius is
~4 m in the whole production duration.

4.1.2. Spatial distributions of SG
The SG distributions in Fig. 8 indicate the contours of free gas be-

tween the production well and the hydrate dissociation front. Free
gas is enveloped in the hydrate-free zone, but gas zone becomes
smaller as the production proceeds. Its left end connects the produc-
tion well and its right end reaches the dissociation front. The gas tail
Fig. 7. Evolution of hydrate saturation SH du
is shifting down and points to the most intense dissociation zone at
the lower dissociation interface. The reasons for gas zone becoming
smaller are the declining hydrate dissociation and the continuing
gas recovery. The narrowing gas zone also implies a reduction in gas
production rate and gas mobility. These are consistent with the pro-
cess of hydrate dissociation in Fig. 7 and production performance in
Figs. 3 and 5. The SG distributions in Fig. 8 also indicate there is no
free gas loss that may be caused by the lack of an upper boundary
in the hydrate system during the production.

4.1.3. Spatial distributions of T and P
Temperature change happens in hydrate production because of

the endothermic reaction. The T distribution in Fig. 9 indicates contin-
uous cooling in the shallower zone and warming in the deeper zone
as the dissociation and production proceed. The changes are slight
in the contours but confirm expectations. The shallow cooling is be-
cause of endothermic process of hydrate dissociation and cool water
influx from the overlying sediment, the deeper warming is caused
by warm water influx from the underlying water zone (indicated in
Fig. 11). Generally the temperature change in the contours is unap-
parent because of the ineffective hydrate dissociation and thermal
diffusion in the sediment (Su et al., 2011).

The production of the laminar hydrate reservoir is operated with a
constant pressure of 3 MPa at the bottom-hole. The bottom-hole
pressure is much lower than the equilibrium pressure for hydrate sta-
bility and intact sediment pressure. The low pressure at the produc-
tion well can transmit in the sediment as fluids produce and
hydrate dissociates, therefore the pressure change in the contours is
related to hydrate dissociation rate and fluid production efficiency.
Fig. 10 shows the pressure change in the production system by the
depressurization. The color in the contours becoming weak as pro-
duction proceeds indicates the pressure decreasing and the extension
of the low-pressure zone in the sediment, but the slight change im-
plies that the hydrate dissociation and the fluid production are
inefficient.

4.1.4. Spatial distributions of XS

The distribution of the salt concentration (expressed as the mass
fraction of salt in the aqueous phase) in Fig. 11 shows the dilution ef-
fect of dissociation on salinity. Because salts cannot be included in the
ring production from the vertical well.
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Fig. 8. Evolution of gas saturation SG during production from the single vertical well.
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hydrate crystals, fresh water is released upon dissociation and re-
duces the water salinity. Thus, the locations of intense dissociation
were identified as the loci of low salinity. The blue loci shown as XS

reduction at the dissociation front in the early stage of the production
are because of intensive hydrate dissociation and dilution. The disap-
pearance of the blue spots in the late period is attributed to the inef-
ficient hydrate dissociation and the continuing removal (through
production), dilution, and drainage of the native saline water. The
Fig. 9. Evolution of temperature T durin
XS reduction shown as a long green zone in the lower HBL connecting
the dissociation front is caused by a combination of water pumping
and dilution. Fading of the green color in the late stages explicates
the feeble hydrate dissociation and water pumping through the sedi-
ment. The red zones denoting high salinity in the HBL represent water
invasion from the water zones and flooding pathways. The flooding
sustains the production of water and dissolved gas, but restrains the
hydrate dissociation.
g production from the vertical well.
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Fig. 10. Evolution of temperature P during production from the vertical well.
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4.2. Sensitivity analysis of gas production potential

In these deposits, we investigated the sensitivity of gas production
with the following conditions and parameters (Table 3):

(a) The bottom-hole pressure, PW
(b) The initial hydrate saturation, SH
(c) The intrinsic permeability, k
(d) The impermeable overburden, kOB.
Fig. 11. Evolution of salt-inhibitor mass fraction XS in aqueous phas
The reference case of researches in Figs. 12 through 23 is under-
lined in black line.

4.2.1. Sensitivity to PW
In these simulations, gas is produced from the SH3 hydrate deposit

by depressurization at a constant bottom-hole pressure PW. In the ref-
erence case, we use the well pressure of 3 MPa that is greater than the
quadruple point. By increasing PW to 4 MPa and 5 MPa, we observe
deterioration in production performance, as evaluated using the
e during production from the vertical well by depressurization.
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Table 3
Variables of the hydrate deposit used in the simulations.

Variables Value

Hydrate saturation SH in the HBL SH=0.10
SH=0.20 (reference value)
SH=0.30

Intrinsic permeability of the HBL k=10 mD (reference value)
k=50 mD
k=100 mD

Intrinsic permeability of the OB k=10 mD (reference value)
k=0.01 mD (as a boundary)

Bottom-hole pressure Pw=3 Ma (reference value)
Pw=4 Ma
Pw=5 Ma

Water salinity (mass fraction) Xin=0.0334
Sediment porosity ϕ=0.38

Fig. 13. Evolution of VP, VR, and VG during production and their sensitivity to the vari-
ations in bottom-hole pressure PW.

94 Z. Su et al. / Journal of Petroleum Science and Engineering 86–87 (2012) 87–98
absolute criterion and the results in Figs. 12 and 13. The effect of in-
creasing PW is negative on QP of total gas production rate and VP of
total volume gas produced, QR of gas release rate from hydrate and
VR of cumulative gas released from hydrate. Vp decreases by 7.8%
for 1 MPa elevation of PW and the total fall is 1.9×104 m3, Vr de-
creases by 10.7% and the total fall is 0.13×104 m3, meanwhile Vg of
free gas remained in the reservoir has a more pronounced decrease
for the pressure changes. A PW elevation results in a small decrease
in Vr, but big falls in Vp and Vg, which suggests that gas production
is mainly derived from dissolved gas rather than hydrate dissociation.

Water production is reduced evidently when the bottom-hole
pressure is elevated (see QW in Fig. 14), but this positive effect is ne-
gated by the gas production decrease. The falls in water production
are consistent with the feature of the gas production, which expli-
cates that the gas production is determined by water output and con-
firms the previous cognition. Performance against the relative
criterion of RGW (see RGW in Fig. 14) generally does not show an evi-
dent improvement. Thus increasing PW has an adverse effect on hy-
drate dissociation and gas production potential, but does not have
evident influence on RGW performance.

4.2.2. Sensitivity to SH
The hydrate saturation ranges from 0.12 to 0.26 and the average

value of 0.20 has been used as the reference value. So it is practical
to investigate the sensitivity of SH to gas production performance.
As shown in Fig. 15, gas production rate at the well QP and the gas
Fig. 12. Evolution of QP and QR during production and their sensitivity to the variations
in bottom-hole pressure PW.
release rate from hydrate QR depend on the initial hydrate saturation
SH. A high SH leads to a small QP and a big QR at the early period of the
production. But QP is less sensitive to SH in the early period since free
gas cannot be produced effectively from the sediment of low hydrau-
lic diffusion and is more insensitive to SH in the late period of the pro-
duction because of the pressure gradient decline and inefficient
hydrate dissociation. QR becomes inert for the higher SH at the late
period because of the reduced pressure gradient and displeasing
water flooding.

The behavior of SH3 hydrate production is also illustrated by the
evolution of the cumulative volume of produced gas VP, gas released
from hydrate VR, and free gas remaining in reservoir VG (Fig. 16). A
higher gas production is corresponding to a smaller hydrate satura-
tion, but the production differences are very slight in the production
duration. VR and VG depend on SH though the sensitive effect becomes
inconspicuous at the end of the productions. The abnormal relations
imply that the gas released from hydrate cannot be produced effi-
ciently, and that the higher water production at the smaller SH is at-
tributed to the increased water output, and suggest that a higher SH
could improve hydrate dissociation but reduce the hydraulic diffusion
Fig. 14. Evolution of QW and RGW during production and their sensitivity to the varia-
tions in bottom-hole pressure PW.
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Fig. 15. Effect of hydrate saturation SH on QP and QR.
Fig. 17. Effect of hydrate saturation SH on QW and RGW.
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of the sediment as well as the fluid production. The fact that VP ex-
ceeds VR in Fig. 16 shows that most of the gas production does not
originate from the hydrate but from gas dissolved in the water. Be-
cause of the very small solubility of CH4 in water, this would mean
a tremendous water production for a practical level of production,
and indicates that this is not a very promising deposit or approach.

Fig. 17 shows effect of SH on water production rate QW and gas ef-
ficiency relative to water production RGW. A lower SH results in a
higher QW but a lower RGW. The reason is obvious. More water can
be produced from a deposit of a low SH by depressurization because
of its high hydraulic diffusion. The produced dissolved gas is propor-
tional to the water amount. But less gas from the hydrate deposit can
be produced and thus a low SH leads to a reduced RGW. The sensitivity
becomes weak gradually as the production proceeds, which is attrib-
uted to the continuing decline in QR and ∇p.

It is obvious that the initial hydrate saturation does not have
strong effects on the gas production potential of the SH3 hydrate de-
posit in terms of both the absolute and the relative criteria. Hydrate
dissociation rate and gas production rate are associated with the ef-
fective transmission of depressurization, which depends on the effec-
tive porosity and permeability of sediment. A higher SH means a
Fig. 16. Effect of hydrate saturation SH on VP VR, and VG.
reduced transmission of depressurization and thus results in a small
elevation of gas production.

4.2.3. Sensitivity to k
Deposit permeability determines the effect of depressurization

transmitting in reservoirs and fluid productivity. The permeability of
SH3 hydrate-containing sediment used in the reference case is rela-
tively small and may undermine the gas production potential. By ele-
vating k to 50 mD (=5.0×10−14 m2, 5 times of the reference value)
and 100 mD (=1.0×10−13 m2, 100 times of the reference value), we
observe enhancement in performance, as evaluated using the abso-
lute criterion shown in Figs. 18 and 19. The effect of k on QP, VP, VR,
QR, and VG is huge, but the increment of gas production at the well
is much higher than that of gas released from hydrate. More released
gas can be produced in case of high permeability, while water produc-
tion can also be elevated (see QW in Fig. 20) because of the ameliora-
tive hydraulic diffusion. Performance against the relative criterion of
RGW (see RGW in Fig. 20) is lower than that in the reference case.
This shows that the increase rate of water output is higher than that
of gas production. So the positive effect of the sediment permeability
on producing gas is negated by the high water proportion in the
Fig. 18. Evolution of QP and QR during production and their sensitivity to variations in
the intrinsic permeability k.
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Fig. 19. Evolution of VP, VR, and VG during production and their sensitivity to variations
in the intrinsic permeability k.

Fig. 21. Effect of overburden and underburden permeabilities kOB and kUB on QP and QR.
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produced fluids. The obvious conclusion is that an increasing k has a
pronounced effect on the gas production potential but has to pay for
high water production.
4.2.4. Sensitivity to impermeable boundary
The overburden of HBL in the simulated domain may act as a

boundary that prevents free gas from escaping upward if its perme-
ability (kOB) is lower than that of the HBL (k). But the underburden
of HBL may not act as an impermeable barrier because formation of
a hydrate deposit necessitates a permeable underburden allowing
fluid passing flow. So an ideal hydrate deposit for quick gas production
is that of having an impermeable upper boundary. By reducing kOB
from the reference value of 10 mD to 0.01 mD, but k of HBL permeabil-
ity and kUB of underburden permeability are kept invariant, the gas
well performance is observed and shown in Figs. 21 through 23. The
effect of kOB on gas release is less than that on gas production. The fig-
ures suggest that the impermeable boundary can elevate the gas
Fig. 20. Evolution of QW and RGW during production and their sensitivity to variations
in the intrinsic permeability k.
release rate from the hydrate deposit and improve gas production
performance.

Figs. 21 and 22 show that an upper boundary has a slightly nega-
tive contribution in gas production and gas release from the hydrate
deposit. The reduction in gas release rate explicates that the imper-
meable overburden bates the transmission of depressurization in
the deposit. The decreasing water production depresses the hydrate
dissociation in a short period. An abrupt jump in gas release rate at
production time of 200 d is due to a sufficient pressure transmission
and a reduced pressure in the HBL. The slow increase in gas produc-
tion at the late period is mainly attributed to the high gas release
rate and efficient gas removal from the reservoir. In the new simula-
tion the gas release rate is much higher than the gas production rate
generally and thus leads to a result that the cumulative volume of gas
that remained in the reservoir is higher than the total volume of gas
produced. Gas volume increase in sediments improves the relative
permeability of gas in themedium and thus enhances gas productivity
and depresses the water output. Fig. 23 shows that QW in the upper-
boundary case is reduced substantially, and RGW is much higher than
Fig. 22. Effect of overburden and underburden permeabilities kOB and kUB on VP, VR and
VG.
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Fig. 23. Effect of overburden permeability kOB and underburden permeability kUB on
QW and RGW.
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that in the reference case especially at the end of the production dura-
tion. It is obvious to conclude that an impermeable boundary can ef-
fectively improve the gas production and depress the water
production.

5. Conclusion

We investigated gas production potential of the laminar hydrate
deposits at the drilling site of SH3 in Shenhu area on northern conti-
nental slope of SCS. A vertical well was designed to produce gas from
the perforated interval at middle section of the well in the HBL by de-
pressurization. In the reference case the average gas production rate
�Q P ~211 ST m3/d, the average water production rate �Q W=52 m3/d,
and the average ratio of gas to water production �RGW=4 (ST m3

CH4/m3H2O). Both the absolute criterion and the relative criterion
suggested that gas production from the laminar hydrate deposits
through a vertical well were not promising and of industrial potential.
A desirable production from the laminar hydrate deposit needs novel
production schemes and advanced well designs. Sensitivity analysis
indicated that a high reservoir permeability and an impermeable
boundary could substantially improve hydrate dissociation and gas
production. These should be the principal targets in future hydrate
survey.

Nomenclature
Δr Radial increment (m)
Δz Vertical discretization, i.e., in the z-direction (m)
C specific heat (J/kg/K)
k intrinsic permeability (m2)
kΘ thermal conductivity (W/m/K)
kΘRD thermal conductivity of dry porous medium (W/m/K)
kΘRW thermal conductivity of fully saturated porous medium

(W/m/K)
MW cumulative mass of water produced at the well (kg)
P pressure (Pa)
QP volumetric rate of CH4 production at the well (ST m3/s)
QR volumetric rate of CH4 release from hydrate dissociation

(ST m3/s)
QW mass rate of water produced at the well (kg/s)
r, z coordinates (m)
rw radius of the well assembly (m)
rmax maximum radius of the simulation domain (m)
RGW cumulative gas-to-water ratio (ST m3 CH4/m3 water)
S phase saturation
t time (days)
T temperature (K or °C)
VP Total volume of CH4 produced at the well (ST m3)
VR cumulative volume of CH4 released from hydrate (ST m3)
VG cumulative volume of CH4 remaining in the reservoir

(ST m3)
X mass fraction (kg/kg)

Greek symbols
λ van Genuchten exponent
φ porosity

Subscripts and superscripts
A aqueous phase
cap capillary
G gas phase
H solid hydrate phase
irG irreducible gas
irA irreducible aqueous phase
n permeability reduction exponent
OB overburden
UB underburden
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