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Natural gas hydrate is considered as one of the best potential alternative resource to address the world’s energy demand. The
available geological data at the Mallik site of Canada indicates the vertical heterogeneities of hydrate reservoir petrophysical
properties. According to the logging data and sample analysis results at the Mallik 2L-38 well, a 2D model of geologically
descriptive hydrate-bearing sediments was established to investigate the multiphase flow behaviors in hydrate reservoir induced
by gas recovery and the effects of perforation interval on gas production performance. Firstly, the constructed model with
vertical heterogeneous structures of permeability, porosity, and hydrate saturation was validated by matching the measured data
in the Mallik 2007 test. The excessive residual methane in the hydrate reservoir observed in simulated results indicates
insufficient gas production efficiency. For more effective methane recovery from a hydrate reservoir, the effect of perforation
interval on long-term gas production performance was investigated based on the validated reservoir model. The simulation
results suggest that both the location and length of the perforation interval have significant impact on hydrate dissociation
behavior, while the gas production performance is mainly affected by the length of the perforation interval. To be specific, an
excellent gas release performance is found in situations where the perforation interval is set at the interface between a hydrate
reservoir and an underlying water-saturated zone. By increasing the perforation interval lengths of 5m, 8m, and 10m, the gas
release volumes from hydrate dissociation and gas production volumes from production wells are increased by 34%, 52%, and
57% and 37%, 58%, and 62%, respectively.

1. Introduction

Natural gas hydrate (NGH) is a crystalline solid, in which the
gas molecules are restricted in a water molecular structure
under befitting situations of low temperature and high pres-
sure [1]. A large volume of NGHs with high density occur
mainly in permafrost regions and deep marine sediments
[2, 3]. As one of the best potential alternative resources to
address the world’s energy demand, NGH has attracted quite
a lot of attention. Over the last few decades, a considerable
amount of research has been focused on extracting gas from
methane hydrate [4]. However, it has been proven that the
economical energy recovery from a hydrate reservoir is
extremely challenging [5, 6].

The natural gas exploitation from methane hydrate is a
process of dissociating solid hydrate into a fluid phase (e.g.,
gas and water), involving a complicated multiphase flow, an
endothermic reaction [7], and reservoir deformation [8]. At
present, in situ dissociation of hydrate is considered as an
efficient method for gas recovery from hydrate-bearing sedi-
ments (HBS). The popular techniques include depressuriza-
tion [9, 10], thermal stimulation [11], inhibitor injection
[12], gas replacement (such as CO2 and N2) [13], and their
combinations [14]. The comprehensive consideration of eco-
nomical factor, energy recovery efficiency, implementation
feasibility, and environmental impact infers that depressuri-
zation is accepted as the best potential method for utilizing
the gas hydrate resource. Consequently, depressurization-
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induced gas production has been widely investigated recently
[15–21]. The successful applications in field tests at the Mal-
lik site [22], the eastern Nankai Trough [23, 24], and the
South China Sea [25] indicated the feasibility and effective-
ness of depressurization both in terrestrial permafrost and
marine hydrate deposits. However, the gas production dura-
tions and rates of the above field tests are way below the com-
mercial production level. So the production method and
wellbore construction need to be further improved.

Numerical simulation is regarded as an economical and
valid way to investigate the long-term production perfor-
mance of a hydrate reservoir and to optimize the production
scheme. Moridis et al. [26–28] investigated the gas produc-
tion performance from Class 1, Class 2, and Class 3 hydrate
deposits with varying porosities, anisotropies, and bound-
aries by depressurization. They determined that conventional
technology could induce the dissociation of hydrates effec-
tively, and they obtained continuously high gas production
rates. In addition, they inferred that long-term production
was needed to realize the full potential of any HBS. For differ-
ent NGH sites, numerical simulation was used to evaluate the
production potential of hydrate reservoirs and to conduct
sensitivity analysis. Based on the geological data in the East-
ern Nankai Trough, Konno et al. [29], Yuan et al. [30], and
Sun et al. [31] investigated the long-term production perfor-
mance through depressurization from the hydrate-bearing
sediments. All of their results showed excessive simulated
water production. For the typical terrestrial permafrost
hydrate reservoir, Uddin et al. [32, 33] forecasted the long-
term gas and water production potential based on the geolog-
ical data and operational parameters of the Mallik 2008 test.
Moreover, they assessed the effects and relative importance
of reservoir heterogeneity, thermal conductivity, salinity,
and permeability. The simulation results indicated that
long-term gas production from the Mallik deposit appeared
feasible. In addition, numerical simulation was also used to
investigate the effects of different hydrate dissociation
methods and stimulation approaches on gas production per-
formance. Su et al. [34], Yang et al. [35], Jin et al. [36], and
Wang et al. [37, 38] numerically evaluated the methane pro-
duction performance frommultiple hydrate deposits by ther-
mal stimulation and depressurization. The results showed
that gas recovery can be improved significantly by combining
depressurization and thermal stimulation. Moreover, the
combination of hydraulic fracturing and depressurization
method was applied by Sun et al. [39, 40] and Feng et al.
[17] to enhance gas production. They indicated that hydrau-
lic fracturing could significantly enhance the production
potential at the early depressurization-induced production
stage, especially for silty hydrate reservoirs. Generally, the
significant importance of reservoir geological parameters
(e.g., permeability, porosity, and initial hydrate saturation)
on gas production performance could be indicated from the
above research results. In previous investigations, the sensi-
tivity analyses of gas production performance were mainly
focused on these intrinsic reservoir characteristics (e.g., per-
meability, porosity, and salinity) or production methods
(e.g., depressurization and thermal stimulation). However,
relatively few studies reflected the effects of the perforation

interval of a production well, which has been proven to have
a significant effect on gas production performance from a
hydrate reservoir induced by depressurization through a lab-
oratory test.

The drilling results indicate that almost all of the actual
hydrate deposits are distinctly complex and heterogeneous
by analyzing the well-logging data. Obviously, the behaviors
of gas hydrate dissociation, gas production, water produc-
tion, and spatial distributions of pressure, temperature, and
phase saturations are closely relevant to the geophysical
properties of a hydrate reservoir. However, in most of the
previous numerical simulation studies, the hydrate reservoir
has been described as a homogeneous model with a single
layer, leading to an inexact evaluation of gas production
potential. Recently, Yuan et al. [41] suggested that the homo-
geneous hydrate reservoir model with uniform values of
intrinsic permeability and hydrate saturation may underesti-
mate the gas productivity when compared with a reservoir
using layered heterogeneous descriptions. Earlier investiga-
tion of the Mount Elbert site also showed that the heteroge-
neity of hydrate deposits has a significant effect on gas
production over time [42]. Therefore, the precise depiction
of a hydrate reservoir is the foundation for ensuring the reli-
ability of the established numerical model, which is critical to
evaluating the gas production performance of a hydrate
reservoir.

In this paper, based on the detailed borehole geophysical
logging data at the Mallik site of the Mackenzie Delta, North-
west Territories of Canada, a more realistic reservoir model,
which considers the layered heterogeneous structure of per-
meability, porosity, and hydrate saturation, was constructed
to investigate the long-term hydrate production perfor-
mance. The availability of the model was validated by match-
ing the actual measured test data, including gas and water
production rates. On this basis, the main goal of this work
was to investigate the effects of the perforation interval of a
production well on the hydrate production performance
through the validated geologically descriptive hydrate-
bearing sediments. In addition, the changes of multiphase
flow behaviors and evolutions of reservoir pore pressure,
temperature, and phase saturations were analyzed in detail.
It is hoped that the results of this work may provide some
valuable references for future commercial production and
utilization of the hydrate reservoir with similar conditions.

2. Overview of Production Tests at the
Mallik Site

2.1. Geological Background. TheMallik production-test site is
located at the northern margin of the Mackenzie Delta,
Northwest Territories [43]. The gas hydrate deposits are
mainly concentrated in the Tertiary sediments of the Oligo-
cene Kugmallit Sequence and the Oligocene toMioceneMac-
kenzie Bay Sequence, which is capped by over 600m of
permafrost [44]. The reservoir consists of more than 10 dis-
crete hydrate layers, which can be roughly divided into three
main hydrate zones. The high hydrate saturation that exceeds
80% in some cases and the terrestrial convenience for
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engineering make the Mallik hydrate field one of the best
potential resource-rich fields of gas hydrate in the world [45].

2.2. Well Distribution and Field Tests. At the Mallik site, two
production wells (2L-38 and 5L-38) and three monitoring
wells (L-38, 3L-38, and 4L-38) were drilled to investigate
the distribution of the gas hydrate reservoir and collect per-
mafrost methane hydrate core samples during the 30-year
period from 1972 to 2002. The location of the Mallik site
and the distribution of these drilling wells are depicted in
Figure 1(a). In order to evaluate the gas production potential
and investigate the environmental response, a total of four
trial tests were implemented in the Mallik hydrate field from
2002 to 2008 [46, 47].

In 2002, the first 124-hour thermal stimulation trial test
and the second depressurization-induced gas production test
were carried out at the 5L-38 well, in which the production
intervals were set at the layers from 907m to 920m (Zone
C) and from 974m to 1106.5m (Zone B and Zone A) below
the land surface (Figure 1(b)), respectively [48]. Based on the
reentry and recompletion of the Mallik 2L-38 well, two trial
tests were conducted with a 12m perforation interval
(1093m~1105m, Zone A) on April in 2007 and March in
2008, respectively. In the 2007 test, the total gas and water
production volumes were about 830 ST m3 and 20m3 dur-
ing the 27-hour period. The gas production test lasted for
about 144 hours in 2008, and the production rates of gas
and water during the test were about 2000~3000 STm3/d
and 10~20m3/d, respectively [49]. Considering that the res-
ervoir structures of the 2008 test were damaged by sand
production in the 2007 test and the damaged situation is
hard to accurately depict, the measured data of the 2007
production test was selected for history matching in this
study.

2.3. Reservoir Petrophysical Properties. As mentioned above,
the 2007 test was conducted at the lower hydrate reservoir
named “Zone A” (1060m~1112m). The petrophysical prop-
erties such as absolute permeability, porosity, and hydrate
saturation were derived from the open logging data and core
sample analysis results of the Mallik 2L-38 well [51, 52]. As
depicted in Figure 2, the reservoir petrophysical properties
of Zone A present obvious layered heterogeneity in the vicin-
ity of the wellbore. The hydrate reservoir is composed of two
main parts, upper thin alternations of sand and mud layers
and a lower sand-dominant layer.

The absolute permeability (Figure 2(a)) was estimated
from the ECS logging data by the K-lambda model and
calibrated with the field core data. And the permeability
value of the lower part is larger, which ranges from
100mD to 1000mD. The porosities (Figure 2(b)) mainly
ranging from 0.30 to 0.60 were interpreted from well-log
and core sample analysis data. The hydrate saturation
(Figure 2(c)) is estimated from the resistivity log with
Archie relationships [53]. The saturation in the lower res-
ervoir of Zone A is relatively high, ranging from 0.6 to
0.85. Additionally, the hydrate reservoir is overlain by
silt-dominant layers and underlain by a thick water-
saturated sand layer.

3. Simulation Setup

3.1. Reservoir Conceptual Model

3.1.1. Construction of Reservoir Model. On the basis of the
borehole log information and core data of the Mallik 2L-38
well, a RZ2D conceptual reservoir model using a cylindrical
symmetry is established for later history-matching simula-
tion as Figure 3 depicts. The top floor of this model is at a
depth of 1040m below the land surface. The total thickness
of the entire model is 92m, which is composed of three layers
including the hydrate reservoir (52m), an overlying silt-
dominant zone (20m), and an underlying sand-dominant
zone (20m). The model size in R-direction is 1000m to avoid
the boundary effect. According to the 2007 field operational
data, the vertical production wellbore is set as a pseudopor-
ous medium with a radius of 0.1m. The production interval
with a length of 12m is located in the lower part (depth
53m~65m) of the hydrate reservoir, where the permeability
and hydrate saturation conditions are excellent.

Considering that the hydrate dissociation impacts mainly
occur in a limited area near the production well in the short-
term, thus the discretization around the wellbore is an
encryption for simulation precision, and the grid spacing
along the radial direction has a geometric increase. The dis-
cretization in the vertical direction is determined by varia-
tions of petrophysical properties, and the thickness of each
fine layer is 0.5m. As a result, the model domain has been
discretized into 130 × 184 (23920) unequally spaced grid
blocks.

3.1.2. Initial and Boundary Conditions. According to the data
measured by DTS at the Mallik 4L-38 well, the initial pres-
sure and temperature at the bottom of the methane hydrate
reservoir (depth = 1112:5m) are approximately 11.3MPa
and 12.55°C [48], respectively, with the condition of 0.05
salinity. Based on that, the initial pressure in this sediment
system is calculated according to the water depth under the
assumption of following a hydrostatic pore pressure distribu-
tion. The initial temperature distribution is assigned to vary
linearly as a function of depth with a geothermal gradient
of 0.030°C/m [22, 49].

The radial extension distance of the established model is
sufficient to avoid the boundary effects in a 27-hour produc-
tion duration, so the outside of this domain can be regarded
as the no-flow and no-heat exchange boundary. The top and
bottom floors are set at constant pressure and temperature
boundaries.

In addition, the depressurization method is utilized for
methane extraction in the 2007 test. The depressurization
process of simulation remains in accordance with that mea-
sured at a memory gauge in the 2007 test. The production
duration is about 27 hours, and the detailed variation of the
bottom-hole pressure is depicted as shown in Figure 4.

3.1.3. Model Parameters. Based on the reported logging data
and core sample analyses of the Mallik 2L-38 well, the main
modeling parameters and physical properties are depicted
as shown in Table 1. Considering the geological features of
the Mallik site, (a) the absolute permeability, (b) porosity,
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and (c) hydrate saturation show obvious layer heterogeneities
as Figure 5 illustrates. The properties are determined from
the actual well-logging data (Figure 2) and assumed to be
uniformly distributed in each fine layer with a thickness of
0.5m. The permeability, porosity, and hydrate saturation in

each layer are calculated by averaging the values in the fine
layer of logging data. It is worth mentioning that the perme-
ability profiles were slightly calibrated for the replication of a
field test process, and the calibrated results are shown in
Figure 5(a). In our model, hydrate is regarded as a pure
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Figure 1: Location of the Mallik hydrate field and distribution of drilling wells (modified from Fujii et al., 2012) [50].
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methane hydrate, and the water salinity is set to 0.05 accord-
ing to sample analysis.

In the multiphase flow system, each phase only takes up a
part of the whole pore space, thus its effective permeability
may be reduced due to the existence of other phases. In this
study, the modified version of Stone’s first three-phase rela-
tive permeability method was used:

krA = max 0, min
SA − SirA
1 − SirA

� �n
, 1

� �� �
, ð1Þ

krG = max 0, min
SG − SirG
1 − SirG

� �nG
, 1

� �� �
, ð2Þ

krH = 0, ð3Þ

where krA, krG, and krH are the relative permeabilities of the
aqueous, gas, and hydrate phases, respectively; SA and SG
are the saturation of the aqueous and gas phases; SirA and
SirG are the irreducible saturation of the aqueous and gas
phases, respectively; and n, nG are the relevant indices of
the aqueous and gas phases.

In addition, surface tension influences between different
phases can cause capillary pressures, which may be changed
due to solid evolution (e.g., hydrate and ice). The capillary
pressure functions used can be expressed as follows (van
Genuchten’s function):

Pcap = −P0 S∗ð Þ−1/λ − 1
h i1−λ

, ð4Þ

S∗ =
SA − SirAð Þ
SmxA − SirAð Þ , ð5Þ

where Pcap is capillary pressure, P0 is entry capillary pressure,
and λ is the porosity structure index.

The relevant parameters used in the functions mentioned
above were mainly determined by core sample analysis data
from multiple sites (e.g., the Mallik site, the North Slope of
Alaska, and the Nankai Trough site) [24, 42, 54] and cali-
brated through trial-and-error tests in a history-matching
process.
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3.2. Simulation Code. In order to model the complex multi-
component, multiphase fluid and heat flow processes
involved in gas production from hydrate deposits, several
widespread simulators have been proposed to solve the gov-
erning equations of hydrate dissociation, such as MH-21
HYDRES, TOUGH+HYDRATE, HydrateResSim, STOMP-

HYD, and CMG STARS [42]. In this work, TOUGH
+HYDRATE is employed to address the issues of hydrate dis-
sociation behavior and gas production evaluation. TOUGH
+HYDRATE is a member of the TOUGH+ family developed
by the Lawrence Berkeley National Laboratory. The model-
ing scenes include the nonisothermal gas release and the
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Figure 4: Depressurization process measured in the 2007 test and used in the simulation [48].

Table 1: Main parameters of hydrate deposits in the model [22, 33, 48, 54].

Parameter Value

Thickness of model, H 92m

Length of perforation interval 12m

Borehole radius, rw 0.1m

Initial pressure at the bottom of reservoir, Ps 11.3MPa

Initial temperature at the bottom of reservoir, Ts 12.55°C

Wet thermal conductivity, λW 3.1W/m/K

Dry thermal conductivity, λD 1.0W/m/K

Water salinity, Xi 5.00%

Gas composition 100% CH4

Absolute permeability of hydrate reservoir, kH Layered heterogeneous as shown in Figure 5(a)

Porosity, ϕ Layered heterogeneous as shown in Figure 5(b)

Hydrate saturation Layered heterogeneous as shown in Figure 5(c)

Pore compressibility, αp 1:0 × 10−9 Pa−1

Parameters in capillary pressure model

SmxA 1.0

λ 0.45 (sand), 0.15 (clay)

P0 104 Pa (sand), 105 Pa (clay)

Parameters in relative permeability model

nA 3.5 (sand), 5.0 (clay)

nG 2.5 (sand), 3.0 (clay)

SirA 0.20 (sand), 0.40 (clay)

SirG 0.02 (sand), 0.05 (clay)
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behavior of each possible phase under conditions of common
natural hydrate sediments. In this code, four components
(water, hydrate, CH4, and water-soluble inhibitor) parti-
tioned among possible solid hydrate, aqueous, gaseous, and
solid ice phases are considered, and two reaction models
[55] (the equilibrium model and the kinetic model) are
applied to describe hydrate dissociation and formation [20,
56]. The equilibrium model is utilized in this study because
it has less computing requirements and it is favorable for
long-term simulation.

4. Results and Discussion

4.1. History-Matching Results and Analysis. As introduced
above, the reservoir conceptual model was constructed based
primarily on the interpretation results of well log and core
analysis acquired in the 2007 test. Under the circumstance
that the depressurization processes of numerical simulation
and field tests were consistent, mainly two classes of reservoir
parameters were calibrated for the reproduction of the field
test process by the trial method. Firstly, we obtained the
approximate rates between the simulated and measured gas
production by slightly adjusting the permeability values in
the model, due to the crucial role of reservoir permeability
for fluxion. It is worth noting that the reservoir permeability
after adjustment remains in the data range of two logging
results (i.e., one is interpreted from ECS logging data by the
K-lambda model, and the other one is interpreted from
CMR logging data and gamma ray by the JOE model). More-
over, the value of absolute permeability in a vertical direction
was lowered by a factor of 1/5 compared to that in a radial
direction. This was mainly due to the reasonable consider-
ation of the existence of interbedded sand and mud layers

[7, 48]. Subsequently, the parameters involved in relative per-
meability and capillary pressure models were calibrated for
sand and clay layers, in order to realize the replication of a
measured gas and water production process in a field test.
Consequently, the calibrated reservoir model has been vali-
dated with history-matching results.

4.1.1. Gas and Water Production Behaviors. The decrease of
bottom-hole pressure (BHP) can be reflected in the reservoir
pressure gradient, which induces the dissociation of hydrate
and accompanying gas production. Figure 6(a) shows the
dynamic evolutions of test-measured gas production in a
wellbore (Qg1), simulated gas production in a wellbore (Qg2),
and simulated gas released from hydrate dissociation (Qd).
The gas was not measured in the field test during the first
16 hours, because the new round of pumping started at the
16th hour as a fact, while the simulated gas production rate
has a significant increase from about the 10th hour due to
the distinct depressurization of the hydrate reservoir. Gener-
ally, the simulated gas production rate matches reasonably
well with the measured data. Both the measured and simu-
lated gas production rates in a wellbore remain in the range
of 1000~2000 STm3/d. Figure 6(b) depicts the comparison
results of test-measured cumulative gas production volume
in a wellbore (Vg1), simulated cumulative gas production vol-
ume in a wellbore (Vg2), and simulated cumulative gas
released volume from hydrate dissociation (Vd). On the
whole, Vg2 is higher than Vg1 in the process of gas produc-
tion, because the gas has not been measured in the early stage
of the field test. By eliminating the difference between simu-
lated and measured cumulative gas production volumes in
the first 16 hours, the evolution of calibrated simulated
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cumulative gas production volume (Vg3) is shown in
Figure 6(b). And Vg3 is closed to Vg1 during the 27-hour
depressurization test. Moreover, the final high production
rate (approximately 8200 STm3/d) in the field test contrib-
uted to the leap of cumulative volume at the end of the test.
At the 27th hour of gas production, the predicted total cumu-
lative volume is about 849 STm3, which is roughly in accor-
dance with measured data (830 STm3) in the 2007 test. The
modest gas production performance is mainly caused by
the relatively thin perforation interval (only 12m). In addi-
tion, the released gas rate Qd (5000~6000 STm3/d) and
cumulative volume Vd (2703 STm3) are obviously higher
than the gas production rate Qg2 and cumulative production
volume Vg2 from a wellbore (Qg2) that indicates the excessive
residual methane in the hydrate reservoir. Consequently,
considering the modest recovered gas volume in the test,
the production strategies and well completion schemes need
to be further optimized to promote methane extraction.

Figure 7 displays the matching result of measured and
simulated water production (Figure 7(a) Qw1 and Qw2;
Figure 7(b) Vw1 and Vw2) in a wellbore during the 27-hour
depressurization test. The evolution trend of the predicted
water recovery rate is basically consistent with that of the
depressurization procedure. The simulated water production
rates have an obvious increase after the 4th hour due to a
decrease of reservoir pressure, and the water production rate
throughout the test period is about 20~ 30m3/d. In the first
half of water production, there are some slight differences
between Qw1 and Qw2. And the slight differences were
enlarged when they were reflected in the cumulative volume.
The simulated cumulative water production volume is higher
than the measured cumulative water volumeVw1. At the 27th

hour of production, Vw2 (38.4m
3) is about one times higher

than Vw2 (19m
3) at the end of test. And the calibrated water

cumulative volume of simulation Vw3 (obtained by eliminat-
ing the difference between simulated and measured cumula-
tive water production volumes in the first 10 hours) is about
32.7m3. The gaps between simulated and measured water
production may be the results of reservoir disturbance during
well recompletion, which was not considered in our model.
In addition, compared with gas, the transmission nature of
water is more closely related to the reservoir properties, so
the spatial heterogeneity of each thin layer and pore com-
pressibility caused by geomechanics may also affect the
water production performance. Consequently, a difference
between the measured and simulated cumulative water vol-
umes is considered acceptable, as long as it is not too large.
In general, the simulated water production rate matches
well with the measured data in a wellbore at the Mallik site.
Combined with the matching results of gas production, the
calibrated reservoir model has been validated for subse-
quent investigation.

4.1.2. Reservoir Responses. The dynamic evolutions of
reservoir parameters are the critical reference for the analysis
of hydrate dissociation behavior. Additionally, the geome-
chanical expressions (e.g., sand production and seafloor
subsidence) of hydrate deposits are closely related to the evo-
lution characteristics of temperature, pressure, hydrate satu-
ration, and gas saturation based on the relevant investigation
results. So the evolutions of these reservoir parameters are
analyzed in detail for giving the engineering reference.

Figure 8 depicts the dynamic evolution of pressure and
temperature in a gas hydrate deposit. In the early stage of
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Figure 6: Comparison of (a) measured and simulated gas production rates and (b) measured and simulated gas cumulative volumes during
the 27-hour depressurization test.
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gas production, the relatively low pressure was concen-
trated in the vicinity of a wellbore due to the low effective
permeability caused by high hydrate saturation. Because of
the dissociation of gas hydrate, the pressure gradient
extends more rapidly in the range of hydrate dissociation.
However, on account of the transmitted nature of pressure,
the region of depressurization was not confined by hydrate
dissociation. During the 27-hour production test, the pre-
dicted front of lower pressure in the reservoir exceeded
20m horizontal distance, while the radial region of
declined temperature is less than 5m. Due to the endother-
mic feature of hydrate dissociation, an apparent tempera-
ture decrease occurs near the wellbore with the lowest
temperature of about 8.4°C. In addition, both the fronts
of lower pressure and temperature extend more rapidly
and present as heterogeneous in a horizontal direction,
because the sand layers with high permeability are hydrau-
lically restricted by alternative silt layers with poor hydro-
dynamic conditions.

The depressurization in the production interval drives
the dissociation of hydrate and the release of methane gas
around the wellbore, as Figure 9 shows. The anisotropy con-
ditions of reservoir parameters induce more advantageous
dissociation in the horizontal direction. As the hydrate disso-
ciates, this status becomes more distinct due to the significant
increase of effective permeability. In addition, the heteroge-
neous dissociation front occurs in the reservoir, mainly
because of the vertical heterogeneous geophysical features.
Compared with the spatial distribution of hydrate saturation
in the early stage, the ultimate predicted front of the dissoci-
ation zone is at an approximately 5m distance from the pro-
duction well after the 27-hour production test. The spatial
distribution of gas saturation in the hydrate reservoir is
important for us to understand the gas release behavior. As

a sustainable depressurization, the occurrence region of free
gas gradually enlarges and reaches a distance 5m away from
the wellbore with the maximum gas saturation of 0.065.
Moreover, different with the homogeneous reservoir, the
buoyancy effects in the upward gas diffusion are restricted
by the clay layers with low permeability, while more free
gas occurs in the lower part of the production well due to
the concentration of high permeability and hydrate satura-
tion. This phenomenon reminds us to pay attention to the
influx of water from the underlying water-saturated sandy
zone due to the dissociation of blocked hydrate in long-
term gas production.

4.2. Effect of Perforation Interval on Gas Production
Performance. The perforation interval is regarded as a critical
factor for recovering methane from the hydrate reservoir. In
view of the high hydrate saturation and prominent perme-
ability conditions, the perforation interval with a length of
12m was located at the zone from 1093m to 1105m
(53m~65m in model) in the Mallik 2007 trial test. The lower
part of the hydrate reservoir with a thickness of 7.5m was
used to block the water influx from the underlying sand-
dominant zone, due to its low effective permeability caused
by high hydrate saturation. The availability of this design
has been validated by test data and by the simulated results
above. However, the long-term gas production performance
is ambiguous, because the barrier may disappear with the
hydrate dissociation and excessive water is likely to flow into
the production well. In addition, as mentioned above, the gas
from the hydrate dissociation in the reservoir could not be
produced completely, but it mainly accumulates around
and below the wellbore in the 2007 depressurization test.
These suggest the importance of well configuration optimiza-
tion in future gas production tests.
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4.2.1. Simulation Cases. In this study, we designed five cases
with different locations and lengths of perforation intervals
for investigating the effect of a perforation interval on long-
term gas production performance and hydrate dissociation
behaviors. As Table 2 shows, in Case 1 (base case), the perfo-
ration interval is located at the original site (i.e., Z = 53m~
65m) of the 2007 test with a length of 12m. In Case 2, the
perforation interval is lowered by 8m (i.e., Z = 61m~73m)
and stretches into the underlying water-saturated zone.
Therefore, Case 1 and Case 2 are designed to illustrate the
effect of the location of the perforation interval on gas pro-
duction performance. However, the other three cases are
designed to discuss the influence of perforation length. The
lengths of the perforation intervals in Case 3, Case 4, and
Case 5 are 17m, 20m, and 22m, respectively. As a conse-
quence, the distance between the bottom of the perforation
interval and the bottom of hydrate reservoir is 2.5m,
-0.5m, and -2.5m, respectively (“-” indicates that the bottom

of the perforation interval is lower than the bottom of the
hydrate reservoir).

Another thing worth mentioning is the depressuriza-
tion process in long-term gas production simulation. Based
on the validated hydrate reservoir model, the long-term
(more than 450 days) gas production performance of dif-
ferent cases are predicted. After the first 27-hour test, the
BHP remains at 7MPa until the 10th day. Considering
the feasible depressurization scheme in the Mallik 2008
test, the BHP gradually reduces from 7MPa to 4MPa in
the next 20 days. And then, the constant pressure of
4MPa is used to recover gas from the hydrate reservoir
throughout the simulation run. The anticipative simulated
gas production durations in all cases are 2 years (730 days).
However, in fact, the final simulated durations of these
cases are different (450 days~650 days), due to some com-
putational problems (nonconvergence, etc.). In addition,
the radial distance of the simulation reservoir model is
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Figure 8: Dynamic evolutions of (a) pressure and (b) temperature in a hydrate reservoir at 15th and 27th hours.
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extended to 10 km away from the production well for the
longer production period.

4.2.2. Gas Release from Hydrate Dissociation. The hydrate
dissociation characteristic reflects the methane-storing
capacity of the hydrate reservoir and the real effect of depres-
surization on the reservoir. Figure 10 indicates the evolutions
of (a) simulation-predicted gas release rates (QR) and (b)
cumulative gas release volumes (VR) from hydrate dissocia-

tion in different cases of perforation intervals. The QR of all
cases increases rapidly in the early days, while after that, all
the QR increases with a decreasing rate and gradually reaches
the maximum rate using a constant BHP of 4MPa. This is
mainly because (1) the depressurization results in a signifi-
cant increase of the hydraulic gradient between the produc-
tion well and the reservoir initially, which gradually builds
balance in the later depressurization stage; (2) there is a sig-
nificant increase of the dissociation area; and (3) there is a
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Figure 9: Dynamic evolutions of (a) hydrate saturation and (b) gas saturation in the hydrate reservoir at 15th and 27th hours.

Table 2: Different design simulation cases related to the location and length of a perforation interval.

Case number Case 1 Case 2 Case 3 Case 4 Case 5

Location of production interval (m) 53~65 61~73 53~70 53~73 53~75
Length of production interval (m) 12 12 17 20 22

Variable factor Base case Location Length Length Length
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decrease of reservoir temperature due to the endothermic
effect of hydrate dissociation, which inhibits the rapid disso-
ciation of the hydrate in the reservoir.

For the 450-day depressurization test, the average gas
release rates from hydrate dissociation in the five cases are
about 8:60 × 104, 1:02 × 105, 1:16 × 105, 1:31 × 105, and
1:35 × 105 STm3/d, and the cumulative gas release volumes
are 3:87 × 107, 4:60 × 107, 5:20 × 107, 5:90 × 107, and 6:06 ×
107 STm3, respectively. Compared to Case 1, the VR in Case
2, Case 3, Case 4, and Case 5 is increased by 19%, 34%, 52%,
and 57%.

Obviously, the gas release rate in Case 1 is lower than that
of the other cases. This can be explained from two aspects: (1)
A lower part of the perforation interval in Case 2 extends to
the lower water-saturated zone with high permeability, which
significantly enhances the propagation of depressurization in
the interface between the hydrate reservoir and the underly-
ing water-saturated zone (i.e., a dominant dissociation inter-
face in this study), and then enlarges the hydrate dissociation
zone in a radial direction. The comparison of gas release rates
in Case 2 and Case 3 also suggest the effect of a dominant dis-
sociation interface, because the longer perforation interval
(17m in the hydrate reservoir) in Case 3 did not cause more
hydrate dissociation than Case 2 (11.5m in the reservoir and
0.5m in the underlying aquifer) in the first 60 days. In addi-
tion, the higher temperature in the lower part of the reservoir
promotes the hydrate dissociation significantly. (2) The lon-
ger the perforation length, the larger the contact area between
the wellbore and the hydrate reservoir. As a consequence, the
area of the hydrate dissociation zone increases obviously with
the increase of the length of the perforation interval. It is
worth noting that the effective length of the perforation inter-

val (i.e., the length in the hydrate reservoir) is the main factor
affecting hydrate dissociation performance, which can be
inferred by the comparison results of the gas release rates in
Case 3, Case 4, and Case 5.

4.2.3. Gas and Water Production Behaviors. Figure 11 shows
evolutions of predicted gas production rates from the well-
bore (QG) under different locations of perforation intervals.
In general, the gas production rates increase rapidly in the
initial phase of gas production and then have a speedy
decrease. This is mainly due to the struggle between the
depressurization and temperature decline caused by the
endothermic effect of hydrate dissociation. With the develop-
ment of gas production, the QG tends to be stable gradually.
The final (650 days) gas production rates from the wellbore
in Case 1 and Case 2 are about 2:18 × 103 and 2:36 × 103 ST
m3/d, respectively. Additionally, the 650-day simulated
period can be divided into three stages: (1) at Stage 1 (day
0~day 257), the gas production rate of Case 1 is higher than
that of Case 2; (2) at Stage 2 (day 258~day 430), the gas pro-
duction rates of Case 1 and Case 2 are closed; and (3) at Stage
3 (day 431~day 650), the gas production performance of
Case 2 gradually surpasses that of Case 1. This is mainly
because of the following considerations: (1) In the early
depressurization stage, excessive water inflow reduces the
gas relative permeability and impedes the horizontal pressure
gradient propagation, which restricts gas recovery from the
hydrate reservoir in Case 2. However, the high hydrate sat-
uration layer with a thickness of 7.5m acts as a barrier to
the water influx from the underlying aquifer in Case 1. (2)
As the passage of time, the barrier sealing the water inflow
disappears due to hydrate dissociation, which brings a
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negative effect on the gas production rate in Case 1. Simul-
taneously, the advantageous hydrate dissociation amount in
Case 2 (as Figure 10 depicts) leads to a larger gas produc-
tion rate.

Figure 12 illustrates the evolutions of predicted gas pro-
duction rates from a wellbore (QG) with different lengths of
perforation intervals in a 450-day period. Obviously, the
gas production rate increases with the increase of the length
of the perforation interval because of the extension of the
hydrate dissociation front. In addition, the increment of gas
production rates between Case 4 and Case 3 is significantly
higher than that between Case 5 and Case 4. This suggests
that the overlong perforation interval in the aquifer will cause
more water to flow into the reservoir, which will affect the gas
production rate. The average (450 days) gas production rates
of Case 1, Case 3, Case 4, and Case 5 are about 3:47 × 103,
4:73 × 103, 5:44 × 103, and 5:62 × 103 STm3/d, respectively.

Figure 13 depicts the predicted cumulative gas produc-
tion volumes from a wellbore (VG) in five cases in 365 days
and 450 days. The comparison results indicated that VG
increases with the length of the perforation interval, while
the moving down of the perforation interval decreases the
gas production volume superficially. For the 450-day depres-
surization test, the length of the perforation interval increases
from 12m to 17m, 20m, and 22m, leading to theVG
increases from 1:56 × 106 to 2:13 × 106, 2:45 × 106, and 2:53
× 106 STm3, increased by 37%, 58%, and 62%, respectively.
Hence, the gas production performance can be effectively
improved by befittingly increasing the length of the perfora-
tion interval in the hydrate reservoir, while in Case 2, the VG
after the 450-day depressurization test is 1:47 × 106 STm3,
which is 0.945 times that in Case1. The modeling results indi-
cate that the insufficient gas production performance in Case

2 is mainly caused by the restriction of the water influx at the
earlier stage.

The ratio of gas production volume to gas release volume
is an important reference for evaluating the gas recovery effi-
ciency. Figure 14 depicts the predicted ratios (RGR) of gas
production volumes (VG) to gas release volumes (VR) in five
cases on 365 days and 450 days. Obviously, from 365 days to
450 days, all of the RGR decrease due to the increases of gas
release rates and the decreases of gas production rates. More-
over, the RGR in Case 2 is lower than those in others. The
comparison results indicated that the RGR slightly increases
with the lengthening of the perforation interval. The RGR
on 450 days in five cases are 4.01%, 3.19%, 4.10%, 4.15%,
and 4.16%, respectively.

Figure 15 depicts the predicted cumulative water produc-
tion volumes from a wellbore (VW) in five cases on 365 days
and 450 days, respectively. The effect of the perforation inter-
val on water production is similar to that on gas production,
except that the value of VW2 is larger than VW1. For the 450-
day depressurization test, compared to the VW1 with a value
of 4:81 × 105 m3, theVW in Case 2, Case 3, Case 4, and Case 5
are 5:64 × 105, 6:12 × 105, 6:79 × 105, and 6:93 × 105 m3,
increased by 19.9%, 28.8%, 43.4%, and 46.7%, respectively.
Obviously, the increased degree ofVW caused by the length-
ening of the perforation interval is lower than that of VG
(i.e., 37%, 58%, and 62% as Figure 13 shows). This is also
the evidence that the suitable lengthening of the perforation
interval can significantly improve the gas production effi-
ciency. Additionally, from 365 days to 450 days, the gas pro-
duction volumes in five cases increase with the values of
1:09 × 105, 1:17 × 105, 1:33 × 105, 1:45 × 105, and 1:47 × 105
m3 (i.e., increased by 29.2%, 26.3%, 27.7%, 27.2%, and
27.0%), respectively.

Stage 1 Stage 2

0
0

2000

4000

6000

8000

10000

200 400
Time (days)

600

G
as

 p
ro

du
ct

io
n 

ra
te

 (S
T 

m
3 /d

)

Case 1 (QG1)
Case 2 (QG2)

Stage 3

Figure 11: Evolutions of predicted gas production rates from a
wellbore under different locations of perforation intervals in a
650-day period.

0 100 200 300 400
0

4000

8000

12000

G
as

 p
ro

du
ct

io
n 

ra
te

 (S
T 

m
3 /d

)

Time (days)

Case 1 (QG1)

Case 3 (QG3)

Case 4 (QG4)

Case 5 (QG5)

Figure 12: Evolutions of predicted gas production rates from a
wellbore with different lengths of perforation intervals in a 450-
day period.

13Geofluids



Figure 16 indicates the evolutions of predicted ratios of
gas production volumes to water production volumes (RGW)
in different cases for a 450-day period. The significant
advantage of Case 1 can be observed in the first 257-day
period of gas production, due to the efficient water-sealing

barrier with high hydrate saturation. With the downward
extension of the hydrate dissociation front, the RGW in the
cases with the longer perforation interval are gradually
higher than that of Case 1. In addition, all of the RGW
decrease rapidly in the initial phase of gas production, with
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Figure 13: Predicted gas production volumes from a wellbore in different cases of perforation intervals on 365 days and 450 days.
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the similar causation to the gas production rate. For a 450-
day production period, the average values of RGW in five
cases are 12.01, 5.13, 10.47, 6.81, and 6.21.

Based on the comprehensive comparison and analysis of
Figures 10–16, the following results are suggested: (1) The

hydrate dissociation behavior can be improved by moving
the perforation interval to the interface between the hydrate
reservoir and the underlying water-saturated zone, while
the gas and water production behaviors are mainly affected
by the length of the perforation interval. (2) For short-time
gas production, the perforation interval should be set in the
high permeability zone of the reservoir with high hydrate sat-
uration, under the presence of a bottom barrier for water
influx. However, the advantages of high temperature and an
extensive hydrate dissociation front in the dominant dissoci-
ation interface should be considered in a long-term gas pro-
duction test. (3) In the later stage of production, the effect of
perforation length on gas production rate is greater than that
on water production, which indicates that the proper length-
ening of an effective perforation interval can enhance meth-
ane gas recovery in both absolute and relative terms.

4.2.4. Reservoir Responses. Figure 17 depicts the dynamic evo-
lutions of the spatial distribution of hydrate saturation in five
cases on 30, 100, and 365 days, respectively. In the earlier
stage of the depressurization test, the hydrate layer under-
neath the production interval acting as a barrier for blocking
water enters into the production well before being completely
dissociated in Case 1 and Case 3, inducing relatively higher
values of RGW in a short-time test. However, the area of the
hydrate dissociation zone in Case 2 is larger than that in Case
1 with the same length of the perforation interval, because the
excellent permeability conditions and rapid depressurization
in the interface between the reservoir and the underlying
aquifer have been utilized in Case 2. Moreover, the hydrate
dissociations are more likely to occur in the lower part of
the reservoir, due to the promotion of higher temperature
caused by a geothermal gradient. The predicted fronts (only

0.00E+00 2.00E+05 4.00E+05 6.00E+05
Water production volume (m3)

8.00E+05

365 days
450 days

Case 1 (VW1)

Case 2 (VW2)

Case 3 (VW3)

Case 4 (VW4)

Case 5 (VW5)

Figure 15: Predicted water production volumes from a wellbore in different cases of perforation intervals on 365 days and 450 days.
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consider the fronts paralleling to the production interval) of
the dissociation zone in five cases on 365 days are about
350m, 690m, 720m, 950m, and nearly 1000m. The spatial

distribution of hydrate saturation confirms the significant
impacts of location and length of the perforation interval
on hydrate dissociation behavior again.
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Figure 18 depicts the dynamic evolutions of the spatial
distribution of gas saturation in five cases on 30, 100, and
365 days, respectively. The occurrence region of free gas
gradually expands as the constant depressurization. Obvi-

ously, at the earlier stage of the depressurization test, the free
gas mainly concentrates around the production well in Case
1 and Case 3 before hydrates dissociate completely. However,
a direct connection between the hydrate reservoir and the
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Figure 18: Dynamic evolutions of spatial distribution of gas saturation in five cases on (a) 30 days, (b) 100 days, and (c) 365 days, respectively.
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underlying aquifer in Case 2, Case 4, and Case 5 leads to
more gas accumulations in the lower part of the reservoir,
because there occurs significant hydrate dissociation. More-
over, this situation also occurs in Case 1 and Case 3 after
the blocking hydrates dissociate. All the fronts of gas occur-
rence regions reach the distance of more than 1000m away
from the wellbore in five cases, while the area of the free
gas occurrence region is distinctly enlarged by increasing
the length of the perforation interval. This also suggests the
feasible method to enhance gas recovery by reasonably
increasing the length of the perforation interval. In addition,
the gas saturation in the upper layer of the production inter-
val is higher than that of the lower zone due to the buoyancy
effects.

5. Conclusions

According to the available geological data from the 2L-38
well at the Mallik site, a geologically descriptive hydrate-
reservoir model is constructed and validated by the field-
measured data in the 2007 test. The dynamic production
behaviors during the depressurization test are analyzed in
detail. In addition, the effects of the perforation interval
(e.g., length and location) on hydrate dissociation and multi-
phase flow behaviors have been investigated based on the val-
idated hydrate reservoir model. Some conclusions can be
drawn as follows:

(1) The simulated gas and water production rates from
the heterogeneous hydrate reservoir model based on
the geological description can match the measured
data in the field test considerably well

(2) The hydrate dissociation front in the reservoir pre-
sents a hackly profile due to the alternations of sandy
layers and silty layers. And the hydrate dissociation
front in the interface between the hydrate reservoir
and the underlying water-saturated zone shows
preponderance

(3) The hydrate dissociation behavior is strongly affected
by the location and length of the perforation interval.
More excellent gas release performance occurs in the
situation where the perforation interval is set at the
lower zone of the hydrate reservoir. In addition,
increasing the length of the perforation interval pro-
motes the hydrate dissociation to a large extent

(4) The perforation interval is suggested to set at the zone
with high hydrate saturation and high permeability
before the complete dissociation of hydrates serving
as the water blocking barrier. However, the gas pro-
duction performance in the case where the perfora-
tion interval is located at the dominant dissociation
interface is more excellent in the later stage of a
long-term production test

(5) The increase of the effective length of the perforation
interval can strongly enhance the gas recovery
(including the gas release rate and the production
rate) from the hydrate reservoir based on both abso-

lute and relative criterions. As the length of the perfo-
ration interval increases, compared to the gas release
volume, the gas production volume has a relatively
higher degree of increase. It indicates the improve-
ment of length increase on gas production efficiency.
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