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The gas production behavior from methane hydrate in the sediment by depressurization was investigated
in a novel pilot-scale hydrate simulator (PHS), a three-dimensional pressure vessel of 117.8 L. Experimen-
tal results are compared with those in a cubic hydrate simulator (CHS) with the effective volume of 5.8 L
to reveal the dependence of the production behavior on the size of the hydrate reservoir. Results show
that the gas production processes in the two simulators consist of three periods: the free gas production,
mixed gas (free gas and gas dissociated from the hydrate) production and gas production from hydrate
dissociation. The first and second periods are mainly controlled by the pressure reduction rate. The heat
conduction from the ambient is main driving force to dissociate the hydrate in the third period. The
cumulative gas production in the third period with the PHS and CHS is much higher than those in the first
and second periods. However, the gas production rate in the period is low. The duration for gas produc-
tion with the PHS is approximately 20 times as many as that with the CHS. Water production behavior
with the PHS is different with that with the CHS during the gas production. The system temperature
change tendency with the PHS is the same with that with the CHS during the gas production. The unique
difference is that there is also a temperature rise period with the CHS.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil fuels currently provide about 85% of the world’s commer-
cial energy needs [1]. On a relative basis, natural gas (NG) is the
fastest growing energy source in the world [2]. Gas hydrates are
ice-like inclusion compounds formed from water and gas mole-
cules at high pressures and low temperatures. Over the last decade,
there has been a dramatic increase in gas hydrate research, such as
natural gas production, carbon dioxide sequestration and separa-
tion [3,4]. 1 m3 of methane hydrate will release approximately
170 m3 of methane gas at standard temperature and pressure.
Natural gas hydrate (NGH) is being recognized as a potential
strategic energy resource [5], it is because NGH is vastly distrib-
uted throughout both the marine and permafrost areas [6,7]. A
variety of methods have been proposed to exploit this energy
resource: (a) thermal stimulation; (b) depressurization; (c) injec-
tion of inhibitors [8]. Depressurization is a gas recovery method
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to dissociate methane hydrate (MH) through altering the pressure
value in the reservoir to a point below the equilibrium value corre-
sponding to the reservoir temperature [9]. Depressurization meth-
od is used most commonly because of its highest energy profit
ratio. Unlike the thermal stimulation or the inhibitor injection
method, the depressurization method does not require any addi-
tional costs. Thus, it has been applied for gas production from
the Messoyakha hydrate gas reservoir in Russia [10]. Earlier studies
indicated that the depressurization method is the most promising
dissociation method in the majority of hydrate deposits because of
its simplicity, its technical and economic effectiveness, the fast re-
sponse of hydrates to the rapidly propagating pressure wave, the
near-incompressibility of water, and the large heat capacity of
water [11–13].

Recently, a variety of the mathematic and experimental investi-
gations into the hydrate production behaviors by depressurization
have been undertaken. Sun et al. [14] developed a one-dimensional
numerical model to simulate two regimes of gas production from
the sediments containing methane hydrates by depressurization.
Song and Liang [15] developed a two-dimensional axisymmetric
simulator for gas production from hydrate reservoirs and simu-
lated the process of laboratory-scale hydrate decomposition by
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depressurization and found the high surrounding temperature and
low outlet valve pressure may increase the rate of hydrate dissoci-
ation. Tang et al. [16] carried out the experimental work on the
methane gas production from an experimental-scale hydrate reser-
voir by depressurization and used the hydrate reservoir simulator,
Tough-Fx/Hydrate, to simulate the gas production behavior. The
results suggested that the hydrate dissociation kinetics has a great
effect on the gas production behavior for the laboratory-scale hy-
drate-bearing core. However for a field-scale hydrate reservoir,
the flow ability dominates the gas production behavior and the ef-
fect of hydrate dissociation kinetics on the gas production behavior
can be neglected. Oyama et al. [17] used an artificial sedimentary
core and performed several depressurization experiments under
various production pressure conditions and developed a numerical
model for methane hydrate dissociation process in the porous
media to analyze the physical phenomena in a methane hydrate
reservoir. Lee et al. [18] designed and set up an experimental appa-
ratus to analyze the dissociating phenomena of the hydrate in the
porous rock. Depressurization experiments were carried to investi-
gate into the dissociation characteristics and the productivity of
the dissociated gas. The results verify that the degree of depressur-
ization is a significant factor influencing the gas production rate in
a hydrate reservoir. Haligave et al. [19] reported the recovery of
methane from a variable-volume bed of silica sand and hydrate
by depressurization. They found that the gas production consists
of the two periods. The rate of gas recovery is strongly dependent
on the silica sand bed size during the first stage, and depends
weakly on the size during the second stage. Sakamoto et al. [20]
conducted the experimental studies on the dissociation of methane
hydrate and gas production behaviors by depressurization in the
sediments. They investigated into the horizontal radial flows in
the porous media during methane hydrate dissociation under a
variety of vertical loads in order to reproduce field conditions in
the real methane hydrate sediments. It was found that the meth-
ane hydrate dissociation consisted of two stages due to the latent
heat of sediments and thermal conduction. Kono et al. [21] mea-
sured the dissociation rates of methane gas hydrate in various cus-
tom-designed porous sediments by the depressurizing method,
and derived the kinetic dissociation rate equation. They reported
that the dissociation rate can be adjusted by controlling the sedi-
ment properties. So far, the experimental studies on methane dis-
sociation and gas production by depressurization are carried out
using the small one-dimensional or two-dimensional experimental
apparatuses [14–21].

Because there are some differences of the control mechanisms
for gas hydrate production with the lab-scale hydrate reservoir
and the field-scale hydrate reservoir [16], it is difficult to test the
validity of numerical simulation schemes for hydrate dissociation
using the experimental data with a small one-dimensional or
two-dimensional experimental apparatus. Thus, it is significant
to investigate into the potential influence of the size of the exper-
imental reservoir on the production behavior of the hydrate by
depressurization. On the other hand, the real hydrate reservoir is
a three dimensional (3D) reservoir. In order to investigate into
the gas production characteristics in a 3D reservoir, it is very signif-
icant to simulate the hydrate dissociation behaviors in the 3-D
experimental apparatus. Recently, we have reported the investiga-
tion into the gas production behavior from methane hydrate in the
porous sediment by depressurization in a three-dimensional cubic
hydrate simulator (CHS) with the effective volume of 5.8 L [22].
The results show that the gas production process consists of three
periods: the free gas production, mixed gas (free gas and gas disso-
ciated from the hydrate) production and gas production from the
hydrate dissociation. The temperature changes in the near-well re-
gion and the far-from-well region in the 3D hydrate reservoir dur-
ing gas production contain the five stages and four stages,
respectively. In the gas production process, the resistances in the
hydrate reservoir change with the hydrate dissociation and the
gas and water flows. The gas hydrate dissociation in the gas pro-
duction process is mainly controlled by the rate of the pressure
reduction in the system and the heat supplied from the ambient.
The water production has been almost completed in the free gas
production process.

In this work, the pilot-scale hydrate simulator (PHS), a novel
three-dimensional 117.8-L pressure vessel, has been developed
for the investigation into the gas production behavior of the meth-
ane hydrate in the sediment by using depressurization method.
The experiments were performed at the hydrate saturation of
30% and environmental temperature of 281.15 K. These conditions
simulate the ones of the hydrate reservoir in the Shenhu Area,
South China Sea. The gas production pressure is 4.7 MPa. In addi-
tion, the investigation into the potential dependence of the produc-
tion behavior on the size of the hydrate reservoir was carried out
by comparison with the results obtained from using a three-
dimensional medium-size cubic hydrate simulator (CHS) with the
effective volume of 5.8 L [22].
2. Experimental section

2.1. Experimental apparatus

The schematic of the experimental apparatus used in this work
is shown in Fig. 1. The PHS, a novel 117.8-L pressure vessel, is made
of stainless steel. The PHS can withstand pressures of up to 30 MPa.
The low temperatures required for the experiments are obtained
by placing the whole apparatus encircling a water jacket (�15–
30 �C, ±0.1 �C) inside the walk-in cold room (�8 �C–30 �C, ±2 �C).
Fig. 2 shows the schematic of the layers and the well design of
the PHS. As shown in Figs. 1 and 2, there are three horizontal layers
named Layers A–A, B–B and C–C inside the vessel, which equally
divide the vessel into four regions. The distance between Layer
A–A and Layer B–B is 150 mm, a quarter of the internal length of
the PHS, which is the same with that between Layer B–B and Layer
C–C, while Layer B–B is in the middle of the PHS. As shown in Fig. 2,
a 9-spot distribution of the vertical wells is fixed in the top flange
(the Top Surface) of the PHS, and there are three vertical wells at
each spot (V1, V2, . . . ,V9), which extend into the vessel to Layers
A–A, B–B, and C–C, respectively. As a typical example, it is shown
in Fig. 2 that Wells V5A, V5B and V5C are all placed on Spot V5,
and the bottoms of these wells are on Layers A–A, B–B and C–C,
respectively. Wells V5A, V5B and V5C are at the axis of the PHS.
In general, a total of 27 vertical wells are distributed in the PHS,
and the wells on Spots V1, V3, V7 and V9 are all immediately close
to the inside edge of the PHS, and the bottom of each well is right
on the corresponding layer.

As shown in Fig. 2, in the Right Surface of the PHS, 3 horizontal
wells, Wells HA, HB and HC, are inserted into Spots H1, H2 and H3
on Layers A–A, B–B and C–C, respectively. Each horizontal well is
extended to the inside surface of the Left Surface of the PHS.
Fig. 3 shows the schematic of the distribution of the thermometers
(the temperature measuring spots) in the PHS. There are 49 ther-
mometers evenly distributed on each layer, with a total of 147
spots in the PHS. In other words, on each layer (Layers A–A, B–B
and C–C), it is a 49-spot distribution of the thermometers (T1–
T49), with T25 at the center and T1, T7, T43, and T49 at the corner.
The thermometers at the same spots are distinguished by the dif-
ferent layers, for example, as shown in Fig. 3, the 43th thermome-
ter on Layer A–A is called T43A, and those on Layer B–B and Layer
C–C are T43B and T43C, respectively. The distribution of the resis-
tance ports is the same with that of the thermometers, with the
corresponding name of R1–R49. As shown in Fig. 3, the 43th



Fig. 1. Schematic of experimental apparatus.

Fig. 2. Schematic of layers and well design of PHS.
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resistance port on Layer A–A is called R43A, and those on Layer B–B
and Layer C–C are R43B and R43C, respectively.

A pressure transducer at the center of the bottom of the PHS
(the ‘‘Inlet Pressure’’) is used to measure the pressure of the base
of the Hydrate-Bearing Layer (HBL). And another pressure trans-
ducer (the ‘‘Outlet Pressure’’) is placed at the production well. A
sampling port is placed at on each layer. A safety valve and a vac-
uum pump are connected to the PHS.

The thermometers are Pt100 with the range of –20 to 200 �C,
±0.1 �C. The pressure transducers are TRAGAG NAT 8251.84.2517,
0–40 MPa, ±0.04 MPa. Two gas flow meters, which are used to
measure the cumulative gas injected into the PHS, the gas produc-
tion rate and the cumulative gas produced from the vessel, are
both of D08-8C and D07-9E, 0–100 L/min, ±2% from ‘‘Seven Star
Company’’. The thermometers, pressure transducers and gas flow
meters are calibrated using a mercury thermometer with the toler-
ance of ±0.01 �C, a pressure test gauge with the error of ±0.05%, and
a wet gas meter with the accuracy of ±10 ml/min, respectively.
Resistance is measured by TH2810B resistivity meter from ‘‘Ton-
ghui Company’’. A metering pump ‘‘Beijing Chuangxintongheng’’
HPLC P6000 with the range of 250 ml/min can withstand the pres-
sures of up to 20 MPa. An inlet liquid container with the inner vol-
ume of 10 L is used to contain the deionized water used in the
experiments. In order to protect the metering pump from corrosion
by the hot brine or the chemicals, 3 middle containers are used for
the solution injection, and the inner volume of each container is
4 L. A back-pressure regulator (the pressure range of 0–30 MPa,
±0.02 MPa) connected to the outlet of the PHS is used to control
the pressure of the production well. An electronic balance, used
to measure the mass of liquid produced from the production wells,
is ALH-30 from Guangzhou Zhicheng Electronic Scale company, 0–
30Kg, ±2 g, RS232 interface. The data acquisition system records
the temperature, the pressure, the amount of the cumulative gas
produced from the vessel, the gas production rate and the liquid
production rate. In this work, the methane gas with its purity of
99.9% is used.
2.2. Well design

Fig. 2 shows the design of the vertical and horizontal wells in
the PHS. As shown in Fig. 2, there are four grooves evenly distrib-
uted along the circumference of each vertical well, thus as Well
V5A, Well V5B, and Well V5C. The grooves on Well V5A extended
from the internal surface of the Top Surface of the PHS to Layer
A–A, while those on Well V5B is from Layer A–A to Layer B–B,
and the top and the bottom of the grooves on Well V5C are Layer
B–B and Layer C–C, respectively. The gas and water production
from the PHS are both through the grooves, as shown in Fig. 2. Pre-
vious numerical study has shown a similar well design [23], in
which there are eight grooves evenly distributed along the circum-
ference of the single horizontal well. Comparing with using the
single well with hot brine injection and gas production simulta-
neously [13] and the well with hot water circulating inside the
wellbore [23,24], this well design is much simpler and practically
feasible. Vertical wells at the axis of the PHS (Well V5A, Well
V5B, and Well V5C) are used simultaneously as Well V5, which is
the production well during gas production by depressurization in
this work.

2.3. Experimental procedure

During the experiment, the raw dry quartz sands with a size
range between 300 and 450 lm are tightly packed in the vessel,
and then the vessel is evacuated twice to remove air in it with a
vacuum pump. The quartz sand in the vessel is wetted to satura-
tion with distilled water at atmospheric pressure using a metering
pump. The sand sediment is considered as saturation when the
rate of water produced from the vessel is equal to that of the water
injected. By measurement, 32.20 L deionized water is injected into
the vessel. The temperature of the water bath is then set to the pre-
determined temperature required for the gas hydrate synthesis,
which is 281.15 K in the work. Then the methane gas is injected
into the vessel until the pressure in the vessel reaches
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approximately 20 MPa. The inlet and outlet valves of the PHS are
closed to keep the system in a constant volume condition. When
the hydrate formation starts, the pressure inside the PHS de-
creases. When the pressure drops to the desired value
(8.27 MPa), the production experiment is carried out by depressur-
ization. The hydrate saturation (the volume ratio of the hydrate
and available pore space) in the vessel is approximately 30%, which
is calculated by the method given by Li et al. [25]. The water and
gas saturations are 44% and 26% respectively.

The following procedure is used to investigate into the dissoci-
ation characteristics of methane hydrate by depressurization.
Firstly, the backpressure regulator is set to the desired pressure va-
lue, which is 4.7 MPa. Then the outlet valve is opened to make the
pressure in the vessel decrease to the desired value, which is the
gas production pressure. The pressure decreases gradually to the
set pressure value, and the gas hydrate begins to be decomposed
under this situation. The gas and water are produced from the ves-
sel through the outlet of the production well. The vertical wells of
V5A, V5B, and V5C at the axis of the PHS are used as the production
well. When there is little gas release, it is considered as the end of
the gas production. During the production experiment, the temper-
atures and pressures in the vessel, the gas and the water produc-
tion rates are recorded at 20 s intervals.
3. Results and discussion

In the work, we carried out the investigation into the gas pro-
duction behavior from methane hydrate in the sediment by
depressurization with the PHS, and the results were compared
with those with the CHS, which were obtained from our pervious
work [22]. The experimental conditions with the PHS and CHS
are similar, which are given in Table 1.
3.1. Pressure change

Fig. 4 shows the change of the system pressure along with the
average system temperature in the PHS during the experiment.
Due to the high porosity and permeability of the sediment, the
pressures at the different measuring points in the PHS have little
discrepancy. Thus, the pressure at any point in the PHS can be
taken as the system pressure. As shown in Fig. 4, the pressure
Table 1
Experimental conditions and results with the PHS and CHS.

PHS CHS

Effective volume (L) 117.8 5.8
Production pressure (MPa) 4.7 4.5
Hydrate saturation 30% 33%
Ambient temperature (�C) 8.0 8.0
Size of quartz sand (lm) 300–450 300–450

Gas production period
Free gas Rs (L min�1 L�1) 0.185 0.602
Mixed gas Rs (L min�1 L�1) 0.249 0.678
Dissociated gas x = 10% Rs (L min�1 L�1) 0.0709 0.2400

t (min) 21 3.3
x = 20% Rs (L min�1 L�1) 0.0238 0.1480

t (min) 125 10.8
x = 30% Rs (L min�1 L�1) 0.0161 0.1296

t (min) 278 18.5
x = 40% Rs (L min�1 L�1) 0.0086 0.0888

t (min) 692 36
x = 60% Rs (L min�1 L�1) 0.0045 0.0551

t (min) 1965 87
x = 80% Rs (L min�1 L�1) 0.0033 0.0405

t (min) 3544 158
Depressurizing period Mw (g L�1) 9.11 161.30
Steady pressure period Mw (g L�1) 3.07 1.22
change consists of three periods. The first period is between 0
and 0.33 h, which represents the process of the free gas release.
In this period, the free gas in the vessel is released, the pressure
in the vessel decreases rapidly, and it is still higher than the equi-
librium hydrate dissociation pressure. Thus, the average tempera-
ture in the vessel has no significant change and only decreases
slightly due to the Joule–Thomson effect [16]. The second stage
is between 0.33 and 0.67 h. In this stage, the system pressure con-
tinuously decreases, and is lower than the equilibrium hydrate dis-
sociation pressure. Therefore, the hydrate begins to be dissociated,
and the pressure reduction rate decreases during this period, com-
pared with that in the first period. Meanwhile, the average temper-
ature in the hydrate reservoir decreases remarkably on account of
the endothermic reaction of the hydrate dissociation. It is noted
that, as shown in Fig. 4, the initial point of the second stage is point
A. The system pressure and the average temperature correspond-
ing to point A are 6.10 MPa and 281.8 K, respectively. Using the
fugacity model of Li et al. [26], the equilibrium hydrate dissociation
pressure in the sediment at the temperature at point A is calcu-
lated. The calculated value is 6.12 MPa, which is found to be in
quite good agreement with the above experimental data. This illus-
trates that the pressure corresponding to point A is almost equal to
the equilibrium hydrate dissociation pressure at the corresponding
average temperature at point A. The third period is from approxi-
mately 0.67 h to the end of the experiment. In this period, the
pressure in the vessel remains constant, and is the same with the
set production pressure. The hydrate is dissociated continuously
until the dissociation is completed and the average temperature
gradually increases due to the heat transfer from the ambient.
The similar phenomena can be observed with the CHS.

3.2. Gas production

Fig. 5 shows the cumulative gas production during the experi-
ments with the PHS and CHS. The gas production processes with
the PHS and CHS are divided into the three periods, the free gas
release, the mixed gas production and the gas production from
hydrate dissociation [22]. As a typical example of the experiment
with the PHS, shown in Fig. 5, the rate of the gas production is
relatively high and almost constant in the first period correspond-
ing to the first period of the pressure change. In the second period
corresponding to the second period of the pressure change, the
pressure in the vessel has declined below the equilibrium hydrate
dissociation pressure and the hydrate begins to be dissociated. The
rates of the gas production remain steady. In the third period
corresponding to the third period of the pressure change, the pres-
sure remains constant, and is the same with the set production
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pressure. The hydrate is continuously dissociated, and the gas
production rate is remarkably lower than those in the free gas
production and the mixed gas production periods, and eventually
declines to zero. When the rate equals to zero, the dissociation is
completed.

It can be seen from Fig. 5 that, the gas production time with the
PHS is much longer than that with the CHS, which illustrates that
the size of the hydrate reservoir has a significant effect on the gas
production and gas production rate. The free gas and mixed gas
production processes, which are corresponding to the depressuriz-
ing period, last 40 min and 36.5 min with the PHS and the CHS,
respectively. The duration of this period with PHS is slightly longer
than that with CHS because the pressure reduction rate with the
PHS is lower than that with the CHS. In the gas production process
from hydrate dissociation, which is corresponding to the steady
pressure period, the durations with the PHS and CHS are
6081 min and 300 min, respectively. It can be found that the
duration with the PHS is approximately 20 times as many as that
with CHS in the period of gas production from the dissociation.
This illustrates that the size of the hydrate reservoir has a small
influence on the time required for the free gas and mixed gas
production, while it has a quite significant impact on the time
required for the dissociated gas production.

Fig. 6 shows the cumulative gas production and the average gas
production rates in the first, second and third gas production peri-
ods in the experiments with the PHS. It can be seen from Fig. 6 that
the cumulative gas production in the third period (the period of the
gas production from hydrate dissociation) is much higher than
those in the first and second periods (the periods of the free gas
production and the mixed gas production), which accounts for
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approximately 63% of the total gas production. However, the aver-
age gas production rate in the third period is low, which inhibits
the production efficiency in the whole production process. There-
fore, the enhancement of the production rate in the third period
is a key factor to obtain the high gas production efficiency from hy-
drate reservoir by depressurization. The similar behavior can be
observed by the experiments with the CHS. In order to analyze
the gas production change in the third period, we calculated the
gas production rates and the gas production time at the different
percentages of the total cumulative gas production in the third per-
iod in the experiments with each of the PHS and CHS, as shown in
Figs. 7a and 7b. It can be seen from Figs. 7a and 7b that the gas pro-
duction rate at the first 10% of the total cumulative gas production
in the third period with each of the vessel is very high. With the
hydrate dissociation progressing, the gas production rate dramati-
cally drops. Particularly, from 60% to 100% of the dissociated gas
production, the gas production rate is quite low and continuously
drops slowly, and the production time takes up approximately
70% of the whole time of the dissociated gas production. Therefore,
the production efficiency of the dissociated gas of the last 40% is
rather low. Thus, it is proposed that other methods should be used
to enhance the recovery efficiency for the production of the disso-
ciated gas of the last 40%.

In order to further figure out the effect of the size of the hydrate
reservoir on the gas production behavior, the gas production rates
and the production time at the different percentages of the total
cumulative dissociated gas production (x) in the dissociated gas
production period with the PHS and CHS are investigated. Because
the effective volumes of the PHS and CHS are different, the direct
comparison of the gas production rates for the experiments with
the two hydrate simulators is not reasonable. Therefore, we calcu-
lated the gas production rate per liter in the hydrate-bearing sed-
iment in the vessel (Rs) with each of the two hydrate simulators. As
shown in Table 1, the Rs decreases and the production time (t) in-
creases with the increase of the x in the experiments with each of
the two hydrate simulator. It can be also seen from Table 1 that the
Rs with PHS is much smaller than that with the CHS at the same x,
and thus the t with PHS is much longer than those with the CHS at
the same x. We also calculated the ratios of the Rs with the PHS to
the Rs with the CHS, RPC, and the ratios of the t with the PHS to the t
with the CHS, tPC, at the different x. The RPC is 0.295, 0.161, 0.124,
0.097, 0.082 and 0.081 when the x is 10%, 20%, 30%, 40%, 60%,
and 80%, respectively. The tPC, are 6.36, 11.57, 15.03, 19.22, 22.59
and 22.43 when the x is 10%, 20%, 30%, 40%, 60%, and 80%, respec-
tively. It can be found that the RPC decreases and the tPC increases
with the x increasing from 0% to 40%. As the x continuously in-
creases from 40% to 100%, the RPC and tPC remain almost constant.
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Fig. 7a. Gas production rates and production time at different percentages of total
cumulative gas production in dissociated gas production period in experiments
with PHS.
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Fig. 7b. Gas production rates and production time at different percentages of total
cumulative gas production in dissociated gas production period with experiments
with CHS.
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This illustrates that, in the dissociated gas production period, the
reduction magnitude of the Rs and the increase magnitude of the
t are higher with the bigger size of the reservoir with x increasing
from 0% to 40%. However, the values of the individual Rs and t with
either the large size of the hydrate reservoir or the small one re-
main almost constant with x increasing from 40% to 100%.
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Fig. 8. Temperature profiles at different measuring points during experiments with
PHS.
3.3. Water production

Fig. 5 also shows the cumulative water production during the
experiments with the PHS and CHS. As shown in Fig. 5, In the start-
ing stage (0.0–3.0 min) of the free gas release period (the first per-
iod of gas production), there is some water produced as the gas
releases for the experiment with the PHS, which is possibly from
the water inside the well in the vessel. Afterwards, there is no
water production from 3.0 min to 20.0 min. The water continues
to be produced after 20.0 min. The reason is that, in the depressur-
izing process, which is corresponding to the first and the second
periods of the gas production, the water moves from the surround-
ings toward the wellhead in the center of the vessel, and fills the
pores in the near-well region, and then is removed out from the
production well under the effect of a driving force for the water
movement (the discrepancy between the pressure in the vessel
and the set production pressure). In the mixed gas production per-
iod, the system pressure has declined below the equilibrium hy-
drate dissociation pressure and the hydrate begins to be
dissociated. The water continues to be produced with the steady
rate of the water production. In the third period of gas production,
the system pressure is equal to the set production pressure. The
water production rate also decreases dramatically. The water pro-
duction is the result from the effect of the gas entraining the water
in the process of the gas production other than the effect of the
driving force, the difference between the system pressure and
the set production pressure, which is equal to zero. As the hydrate
is continuously dissociated into gas and water in the period, the
water is slowly produced continuously, and the water production
rate is much low and decreases continuously with the gas produc-
tion rate reducing. However, in the experiment with the CHS, the
water production with the quite high rate mainly occurs in the first
and second periods of gas production. In the third of gas produc-
tion, little water is produced. Table 1 also gives the water produc-
tion per liter in the hydrate-bearing sediment in the vessel (Mw)
with each of the two hydrate simulators. In the depressurizing per-
iod corresponding to the first plus second periods of the gas pro-
duction or pressure change, the water is produced by the effect
of the driving force (the difference between the system pressure
and the set production pressure). It can be seen that the Mw in
the experiment with the PHS is obviously lower than that with
the CHS in the depressurizing period. It may be due to the fact that
the hydrate-bearing sediment with the larger size results in the
bigger flow resisting force per unit length at the fixed driving force,
and thus results in the reduction of the water flow ability. There-
fore, the water is more difficult to move to the wellhead with the
larger size hydrate reservoir. In the steady pressure period corre-
sponding to the third period of gas production or the pressure
change, the Mw in the individual experiment with the PHS and
CHS is remarkably lower than that in the depressurizing process.
However, the Mw in the experiment with the PHS is higher than
that with the CHS in the steady pressure period. It is due to the fact
that, on one hand, almost all the water has been produced in the
depressurization period with the CHS, as shown in Fig. 5; on the
other hand, small amount of water is produced in the depressur-
ization period with the PHS, and thus considerable water remain-
ing in the sediment is removed out of the well under the effect
of the gas entraining the water in the steady pressure period.
3.4. Temperature profiles and spatial distributions

Fig. 8 shows the temperature profiles of T25B, T17B, T9B, and
T1B during the experiment with the PHS. As a typical example,
the temperature change at point 9B in the vessel consists of the
four periods, as shown in Fig. 8. The first period of the temperature
change (0–0.33 h) corresponds to the first stage of the pressure
change and the stage of the free gas release in Figs. 4 and 5. Be-
cause there is no hydrate dissociation, the temperature does not
change significantly. The second period is between 0.33 and
0.67 h, which corresponds to the second stage of the pressure
change and the mixed gas production stage. In this period, the tem-
perature decreases dramatically. It is attributed to the fact that the
rapid hydrate dissociation requires to absorb immediately consid-
erable heat from the surroundings, causing the temperature in the
system to decline rapidly to the lowest point. The third plus forth
periods of the temperature change correspond to the third stage of
the pressure change and the stage of the dissociated gas produc-
tion in Figs. 4 and 5. The third period is between 0.67 and 50.6 h.
In this period, the hydrate dissociation process continues and the
temperature at 9B in the vessel basically keeps around this steady
lowest value. It illustrates that the heat needed for the hydrate dis-
sociation is equivalent to that supplied from the ambient in this
period. The forth period is from 50.6 h to the end of the experi-
ment. In the forth period, the hydrate dissociation at 9B becomes
slow and trends to end and the temperature gradually rises from
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the lowest temperature point to the environmental temperature.
In this period, the heat transferred from the ambient is more than
the heat required for hydrate dissociation. It can be seen from Fig. 8
that the temperatures at the different measuring points change
nearly in-step in the first two periods. However, in the third and
forth periods, the temperature from point 1B to point 25B succes-
sively increases gradually. The system temperature change is
caused by the hydrate dissociation. In the first and second periods,
the hydrate dissociation mainly results from the pressure reduc-
tion in the system. Because of the high porosity and permeability
of the sediment, the magnitude of the pressure reduction at each
measuring point is the same, and thus leads to the degree of the
temperature change at each measuring point being the same. How-
ever, in the third and forth periods, the temperature change re-
sulted from the hydrate dissociation is controlled by the heat
transfer from the ambient. The heat supplied from the ambient
(water bath) is successively transferred from the inner wall to
the center of the vessel. The similar phenomena can be seen from
other points in each layer from the surroundings to the center of
the vessel.

Fig. 9 shows the temperature spatial distribution over time in
hydrate reservoir during the experiment with PHS. In the work,
we use the temperature difference between the real-time temper-
ature in the production process and the temperature at the starting
time of the hydrate production experiment to describe the temper-
ature characteristics. Fig. 9a gives the temperature distribution at
the 7th min, which is during the free gas release process and the
first period of the temperature change. It can be seen from
Fig. 9a that the temperatures at various measuring points in the
vessel do not change obviously, which can also be seen in Fig. 8.
Fig. 9b gives the temperature spatial distribution at the 31st min,
which is in the second period of the temperature change (see
Fig. 8). As seen from Fig. 9b, generally, the temperatures decrease
compared with those at the starting time of the gas production be-
cause of the endothermic reaction of the hydrate dissociation in
the hydrate reservoir. The drop of temperature at different regions
is almost the same. It is as a result of the hydrate dissociation,
(a) 7min

(c) 1145min                    (d) 4500min 

Fig. 9. Temperature spatial distributions ov
which is caused by the pressure reduction, occurring in the whole
sediments in the vessel, as discussed above. Fig. 9c shows the spa-
tial distribution of the temperature at the time when the pressure
in the vessel has reached the set production pressure, the 1145th
min, which is within the third period of the temperature change.
At the 1145th min, the hydrate is dissociated continuously, and
the temperatures in the different regions reach their individual
lowest values. It can be seen that the lowest temperatures at the
different measuring points in the vessel are similar. Fig. 9d and e
give the temperature spatial distributions at the 4500th and
6000th min, respectively, which are within the forth period of
the temperature change. The temperatures in the various regions
have some discrepancies and the temperatures in the near-well re-
gion are lower than those in the far-from-well region. It is due to
the fact that the heat supplied from the circumstance is succes-
sively transferred from the inner wall to the center of the vessel.

In the experiment with the CHS [22], the temperature changes
at various measuring points have an increase period. However, in
this work, there is no such a temperature increase period. As
shown in Table 1, the water production per liter in the hydrate-
bearing sediment in the vessel in the PHS is significantly lower
than that in the CHS in the depressurizing period. In our previous
work [22] it has been illustrated that the hydrate reformation is
caused by the liberation of the water encased in the formerly form-
ing hydrate and the water flow under the effect of the driving force
(the discrepancy between the pressure in the vessel and the set
production pressure) when the system pressure is higher than
the equilibrium hydrate dissociation pressure. The flowing water
contacts methane gas in the sediment to form the hydrate again,
causing the rise of the system temperature as a result of the effect
of the heat released from the hydrate formation [22]. However, as
explained on the above, under the fixed driving force, the flow
resisting force per unit length is bigger with the increase of size
of the hydrate-bearing sediment, resulting in the reduction of the
water flow ability. This also means the decrease of the contact area
of the water and gas, resulting in the great reduction of the possi-
bility of the hydrate formation. Therefore, this is reason that there
(b) 31min  

    (e) 6000min                  

er time in hydrate reservoir with PHS.
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is no hydrate reformation and the temperature increase period in
the experiment with the PHS with the quite large effective volume
(the effective volume of the PHS is approximately 23 times as large
as that of the CHS).

The hydrate dissociation results in a remarkable decrease of the
temperature in the system, and furthermore causes the decrease of
the corresponding equilibrium dissociation pressure. Thus, the
effectiveness of the depressurizing dissociation is lowered. To
investigate into the effect of the temperature change on the gas
production by depressurization, we give the changes of the equilib-
rium dissociation pressure at the mean temperature, temperature
of 25B in the vessel and ambient temperature with time during
the experiment with the PHS, as shown in Fig. 10. As a comparison,
the system pressure change is also given in Fig. 10. In Fig. 10, TE is
the mean temperature in the system, TC is the ambient tempera-
ture and PE is the equilibrium hydrate dissociation pressure at
the corresponding temperature, which is calculated by the fugacity
equation given by Li et al. [26]. It can be seen from Fig. 10 that with
the decrease of the system pressure in the early stage of the
hydrate dissociation (the second section of the pressure change),
the equilibrium hydrate dissociation pressures at the mean
temperature in the system and the temperature at point 25B also
decrease, and the pressure values almost are equal to the system
pressure. Therefore, it is found that the driving force for the
hydrate dissociation (the difference between the equilibrium
hydrate dissociation pressure and the system pressure) is quite
small during this period and much less than the difference be-
tween the system pressure and the equilibrium pressure at the
ambient temperature. This demonstrates that the sensible heat of
the hydrate reservoir is spent by the hydrate dissociation, and
the hydrate dissociation is mainly controlled by the rate of the
pressure reduction during a very short period. Later, the equilib-
rium pressure corresponding to the mean temperature in the ves-
sel gradually increases. It is due to the fact that with the reduction
of the amount of the hydrate, the heat required for the hydrate dis-
sociation is gradually less than that supplied from the ambient. The
equilibrium pressure corresponding to the temperature at point
25B is consistent with the system pressure for a long time. It is be-
cause point 25B is at the center of the vessel, where the supplied
heat reaches last, and therefore the temperature rise is last. In
the third period of the gas production, the pressure in the vessel
decreases to the set production pressure. Because almost all the
sensible heat in the reservoir is spent in the second period of the
gas production, the gas production rate is low in the third period.
Actually, the heat conduction from the ambient is main driving
force to dissociate the hydrate in the period. The results are in
agreement with those of Kono et al. [27] and those with the CHS
[22]. The characteristics of the temperature change in the hydrate
reservoir with the CHS in the whole gas production process are
similar with those with PHS [22].

3.5. Reservoir resistance

Generally, the resistivity of the hydrate is higher than that of
water and is lower than that of gas in the hydrate/gas/water system
in the sediment. In the process of gas production from the hydrate
reservoir, the hydrate is gradually dissociated into water and gas,
causing the change of the resistance in the sediment with time.
Therefore, the resistance can be used to characterize the change of
the gas hydrate reservoir in the process of hydrate dissociation [28].

Fig. 11 shows the resistance ratio spatial distribution over time
during hydrate dissociation in the PHS. The resistance ratio is the
ratio of the resistance in the gas production process to the resis-
tance at the starting time of the hydrate dissociation experiment.
Fig. 11a gives the resistance ratio spatial distribution at the 7th
min, which is within the free gas release period and before the
water production. As seen, the resistance ratios at various measur-
ing points in the vessel are the same and have little change. It is be-
cause in the free gas release process, the hydrate is not dissociated,
and the water and hydrate saturation in the vessel does not change
remarkably. Fig. 11b gives the resistance ratio spatial distribution
at the 31st min, which is in the mixed gas production process. In
this period, the hydrate has begun to be dissociated, resulting in
the decrease of the resistances in the sediment. It can be also seen
from Fig. 11b that the resistance ratios in the bottom region are
higher than those in the upper region. The reason may be as fol-
lows: Before the gas production experiment, the hydrate formation
process lasts approximately 1451.5 h. In the formation process, the
water flows to the bottom region in the vessel because of the grav-
ity, causing the hydrate saturation in the bottom region is higher
than that in the upper region before the gas production experi-
ment. In the mixed gas production process, the hydrate in the ves-
sel is dissociated by absorbing the sensible heat of the sediment. As
shown in Fig. 9b, the temperatures in the different regions in the
vessel have the similar drop degree, illustrating that similar sensi-
ble heat is spent in the different regions. The similar sensible heat
causes the similar amount of the hydrate dissociation in the differ-
ent regions. Because the hydrate saturation in the bottom region is
higher than that in the upper region before the gas production
experiment, relatively, the percent of the hydrate dissociated in
the upper region is higher than that in the bottom region, causing
the degree of the resistance decrease is bigger in the upper region.
In the gas production experiment with the CHS, the resistance
changes in the reservoir are affected by the hydrate dissociation
and the flows of the water and gas [22]. In the depressurizing pro-
cess in the CHS, there are higher resistances in the bottom region
because the water flows upward the upper of the vessel, resulting
in the increase of the gas content and the decrease of the water
content in the bottom region [22]. In the experiment in the PHS,
the water production per liter in the hydrate-bearing sediment is
significantly lower than that in the CHS. Thus, the effect of the
water flow on the resistance change is quite weak, and the resis-
tances in the sediment mainly change with the decrease of the hy-
drate saturation as a result of the dissociation.

Fig. 11c and d give the resistance distributions at the 1145th
and 4500th min, respectively, which are within the dissociated
gas production period. It can be seen from Fig. 11c and d that the
resistances in the vessel continuously decrease and the resistance
ratios in the bottom region are also higher than those in the upper
region. Fig. 11e gives the resistance distribution at the 6000th min,
when the hydrate has been almost completely decomposed. At this
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Fig. 11. Resistance ratio spatial distributions over time in hydrate reservoir with PHS.
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time, the resistances in the different measuring points in the vessel
decline remarkably, compared with those at the beginning of the
gas production experiment, and generally, the resistance ratios in
the most regions are approximately the same. Similar to the phe-
nomenon in the depressurizing process, the resistances in the ves-
sel are also mainly affected by the hydrate dissociation. In the
experiment in the CHS, the resistance ratios in the bottom region
are still higher than those in the upper region in the hydrate disso-
ciation period. However, the differences of the resistance ratios be-
tween the bottom and upper regions reduce. It is because the
water production has been completed in the period, and thus some
water moving to the upper region of the vessel falls back to the
bottom region due to gravity. The resistance value at each measur-
ing point in the CHS in the steady pressure period is relatively low-
er than that in the depressurizing period [22].
4. Summary and conclusions

In this work, we investigate into the gas production behavior of
methane hydrate in the sediment by depressurization in a novel pi-
lot-scale hydrate simulator (PHS). By comparison with the results
obtained at the similar experimental condition by using a three-
dimensional cubic hydrate simulator (CHS) with the effective vol-
ume of 5.8 L, the investigation into the effect of the size of the hy-
drate reservoir on the gas production behavior are carried out. The
following conclusions are drawn:

(1) The gas production process from the hydrate reservoir in the
experiment with each of the two simulators consists of three
periods: the free gas production, mixed gas (free gas and gas
dissociated from the hydrate) production and gas production
from the hydrate dissociation. The free gas and mixed gas
production periods are mainly controlled by the pressure
reduction rate. The heat conduction from the ambient is
main driving force to dissociate the hydrate in the dissoci-
ated gas production period.

(2) The cumulative gas production in the period of the gas pro-
duction from hydrate dissociation with each of the PHS and
CHS is much higher than those in the periods of the free gas
production and the mixed gas production. However, the
average gas production rate in the period is low. Particularly,
from the 60% to 100% of the dissociated gas production, the
gas production rate is quite low, and the production time
takes up approximately 70% of the whole the time of the dis-
sociated gas production. Thus, it is proposed that other
methods should be used to enhance the recovery efficiency
for the production of the dissociated gas of the last 40%.

(3) In the dissociated gas production period, the reduction mag-
nitude of the gas production rate per liter and the increase
magnitude of the production time are higher with the bigger
size of the reservoir with the percentages of the total cumu-
lative dissociated gas production (x) increasing from 0% to
40%. However, both the gas production rate per liter and
production time remain almost constant with x increasing
from 40% to 100% with either the large-size hydrate reser-
voir or the small one.

(4) It is found that the time duration for gas production with the
PHS is approximately 20 times as many as that with CHS in
the dissociated gas production period, illustrating that the
size of the hydrate reservoir has a significant effect on the
gas production rate and time, which mainly shows in the
dissociated gas production period other than the free gas
and mixed gas production periods.

(5) With the CHS, the water production with the relative high
rate mainly occurs in the free gas production and mixed
gas production periods. In the dissociated gas production
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period, little water is produced. With the PHS, the water pro-
duction with the low rate occurs in the whole gas production
process. In the free gas production and mixed gas production
periods, the water production per liter with the PHS is much
lower than that with the CHS. In the dissociated gas produc-
tion period, the water production per liter with the PHS is
higher than that with the CHS.

(6) The temperature change at each measuring point in the
hydrate reservoir during the gas production from the
hydrate with the PHS consists of four periods. The first per-
iod represents the free gas releasing, which is practically iso-
thermal. In the second period corresponding to the mixed
gas production period, the temperatures in the vessel
decrease dramatically due to the hydrate dissociation. In
the third period corresponding to the dissociated gas pro-
duction period, the temperature at each measuring point
remains constant. In the forth period, which is also in the
dissociated gas production period, the hydrate has been
almost dissociated completely and the temperatures gradu-
ally increase to the environmental temperature. The temper-
ature change tendency with the CHS is the same with that
with the PHS except that there is also a period of the temper-
ature increase on account of the hydrate reformation in the
system in the free gas release period with the CHS.

(7) The resistances in the hydrate reservoirs decrease as the gas
production progressing with the PHS and CHS, and the resis-
tance ratios in the bottom region are higher than those in the
upper region in the hydrate dissociation processes. The
resistance changes in the reservoir with the PHS are mainly
affected by the hydrate dissociation, and those with the CHS
is mainly impacted by the hydrate dissociation and the flows
of the water and gas.
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