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a b s t r a c t

In this work, the decomposition behaviors of methane hydrate in the porous media are investigated in the
three-dimensional cubic hydrate simulator (CHS) using the huff and puff method with a single well with
the different injection temperatures and different injection time. The changes of the system pressure are
analyzed by using the biggest increasing degree of the system pressure during injection stage (PII) and
the biggest increasing degree of the system pressure during soaking stage (PIS), and the result shows that
the injection time has more obvious effect on the system pressure than the injection temperature. The
cumulative volume of the produced gas increases with the increases of the injection temperature and
injection time. The higher injection temperature results in the smaller volume of the produced water;
whereas the higher injection time results in the bigger volume of the produced water. In addition,
increasing the injection temperature and injection time may not enhance the thermal efficiency and
energy efficiency. The optimum period for the gas production is the first 4–5 cycles. The highest energy
efficiency can be obtained at the injection temperature of 130 �C and the injection time of 5 min. Further-
more, the experiment verifies that a moving decomposition boundary occurs in the hydrate decomposi-
tion process, and there is a maximum decomposition boundary with the thermal huff and puff cycle. In
addition, the injected heat does not diffuse isotropically.

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

Natural gas hydrates (NGHs) are crystalline solids composed of
water and gas. The gas molecules (guests) are trapped in water cav-
ities (host) that are composed of hydrogen-bonded water mole-
cules. Typical natural gas molecules include methane, ethane,
propane, and carbon dioxide, etc. Natural gas hydrate deposits in-
volve mainly CH4, and occur in the permafrost and in deep ocean
sediments, where the necessary conditions of low temperatures
and high pressures exist for hydrate stability [1]. Estimates of the
world hydrate reserves are very high, and vary from 0.2 � 1015 to
120 � 1015 m3 of methane at STP (Standard Temperature and Pres-
sure). However, even with the most conservative estimates, it is
clear that the energy in these hydrate deposits is likely to be signif-
ll rights reserved.
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icant compared to all other fossil fuel deposits, and was considered
to be a potential strategic energy resource [2–4].

In order to exploit this large energy resource, the researchers
have proposed many methods, such as: (1) the thermal stimulation
method [5–7], in which the hydrate reservoirs are heated above the
equilibrium hydrate decomposition temperature by using in situ
combustion or injecting hot water, steam or hot salt water to
decompose the hydrates; (2) the depressurization method [8], in
which the hydrate reservoir pressure is reduced below the equilib-
rium decomposition pressure to decompose the hydrates; (3) the
chemical injection method [9], in which the chemicals (such as
methanol or ethylene glycol) are injected to change the equilibrium
hydrate decomposition conditions, thus to decompose the hy-
drates. The other two recent ideas which need experimental and
field confirmation include: CO2 replacement [10], to inject liquid
CO2 into offshore hydrate reservoirs by forming CO2 hydrate and
replacing the methane gas, and gas lift [11], to lift the hydrate par-
ticle as a solid from the sea bottom. Gas production strategies often
involve the combinations of these dissociation methods [12], and it
is considered that the combination of the depressurization and
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thermal stimulation is a promising method [13]. The Mallik 2002
well demonstrated the proof of the concept that it is possible to re-
cover energy from permafrost hydrates combining the dissociation
techniques of the depressurization and the thermal stimulation
[14–16].

Till now, the experimental studies on methane hydrate produc-
tion has been limited to one-dimensional [5,6] and two-dimen-
sional [17] simulations. In fact, the actual natural gas hydrate
reservoir is a three-dimensional mine. Therefore, in order to
understand more realistic behavior of gas hydrate production,
three-dimensional experimental simulation of natural gas hydrate
production, especially three-dimensional investigation into the
decomposition behavior of gas hydrate, is significant. However, lit-
tle literature on this aspect has been reported so far.

In this work, the novel developed three-dimensional cubic hy-
drate simulator (CHS) for the production of gas hydrate is used
to investigate into the decomposition behaviors of methane hy-
drate during the thermal huff and puff experiments through a sin-
gle vertical well. The huff and puff method, also known as the
cyclic steam stimulation (CSS), was accidentally discovered by
Shell Oil Company in 1960 during a Venezuela recovery project,
and is widely used in the oil industry to enhance oil recovery
[18–20]. The hot water, hot brine or steam huff and puff method
is a special form of the thermal stimulation method in conjunction
with the depressurization for gas production from the hydrate de-
posit. The change characteristics of the temperature, pressure,
resistance ratio and other related parameters during the huff and
puff cycles are obtained, and the advantage and disadvantage of
the thermal huff and puff method are analyzed.

2. Experiment

2.1. Experimental apparatus

Fig. 1 shows the schematic of the experimental apparatus. The
experimental apparatus mainly consists of a reactor, a water bath,
a back pressure regulator and an aqueous solution injection sys-
tem, a gas injection system, a water/gas separator, some measure-
ment units and a data acquisition system. The core component of
the apparatus is a three-dimensional high-pressure reactor made
of stainless steel 316, with pressure range up to 25 MPa. The inside
Fig. 1. Schematic of three-dimensi
of the reactor is cubic, with the edge length of 180 mm, and effec-
tive volume of 5.8 L. The three-dimensional reactor, called as the
cubic hydrate simulator (CHS), is placed in a water bath with con-
stant temperature. The reactor is equipped with multiple sets of
the measuring points and wellheads, and the layout of the measur-
ing points and the wellheads is divided into three layers, namely
top (A), middle (B), and bottom (C), with each layer having a total
of 25 points. Fig. 2a and b shows the distributions of the tempera-
ture and resistance measuring points of the different layers and
production wellheads within the three-dimensional reactor. It
can be seen that there are a total of 25 � 3 temperature measuring
points, 12 � 3 resistance measuring points and 1 � 3 central verti-
cal wells along the centerline of the reactor, and the measuring
points are evenly distributed in the reactor. In this experiment,
the inlet for the heat injection is the B wellhead in middle layer
(B) along the centerline of the reactor, and the outlet for the gas
and water production is the A wellhead in top layer (A). Pressure
is measured by the Trafag NAT8251.7425 type pressure sensor,
with measuring range 0–25 MPa, and accuracy ±0.02 MPa. A pres-
sure transducer at the outlet for the gas and water production is
used to measure the outlet pressure, and the other pressure trans-
ducer at the center of the bottom of the reactor is used to measure
the pressure of the bottom of the hydrate-bearing layer. Tempera-
ture is measured by the Pt100 platinum resistor temperature sen-
sor, with measuring range �20 to 200 �C, and accuracy ±0.1 �C.
Resistance is measured by H28 resistivity meter. Two gas flow me-
ters, which are used to measure the cumulative gas injected into
the CHS, the gas production rate and the cumulative gas produced
from the vessel, are both of D07-11CM, 0–10 L/min, ±2% from ‘‘se-
ven star company’’. The thermometers, pressure transducers, gas
flow meters, were calibrated using a mercury thermometer with
the tolerance 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. A metering pump ‘‘Beijing Chuangxintongheng’’ HPLC
P3000A with the range of 50 ml/min can withstand pressures of up
to 30 MPa. An inlet liquid container with the inner volume 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, three 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,
onal experimental apparatus.
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Fig. 2. Distributions of temperature, resistance measuring points and production
wellhead of each layer within the three-dimensional reactor.
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±0.02 MPa) connected to the outlet of the CHS is used to control the
pressure of the production well. A gas cylinder is used to provide
the driving force of the back-pressure regulator. A balance, used
to measure the mass of liquid produced from the CHS, is Sartorius
BS 2202S, 0–2200 g, ±0.01 g. The data acquisition system records
the temperature, pressure, amount of the cumulative gas produced
from the vessel, gas production rate and liquid production rate. The
liquid injection rate can be controlled by the metering pump,
which is connected to the data acquisition system. In this work,
the methane gas with its purity of 99.99% is used.
2.2. Experimental methods

Quartz sand with the quality of 8162 g, the particle size from
300 to 450 lm and the porosity of approximately 48% is tightly
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Fig. 3. Schematic of huff and puff method for
packed in the CHS as the porous media. Deionized water of
1537 ml is injected to the CHS by the metering pump. The temper-
ature of the water bath is set to a predetermined temperature re-
quired for the gas hydrate synthesis, which is 8.0 �C in the
current research [21]. The 13.4 mol of methane is then injected
to pressurize the CHS to 20 MPa. The inlet and outlet valves of
the CHS are closed to keep the system in a constant volume condi-
tion. There is a certain amount of the methane and water in the
CHS in each hydrate formation experimental run. When the hy-
drate formation starts, the pressure inside the CHS decreases. The
hydrate formation process lasts for 10–14 days, and then the pres-
sure in the vessel is decreased to 13.5 MPa. Using the model of Li
et al. [9], the hydrate saturation (the volume ratio of the hydrate
and available pore space) is calculated as approximately 33.5% be-
fore the hydrate dissociation. By controlling the pressure decreases
in the formation process, the different hydrate saturations could be
obtained. In this work, all of the production experiments are car-
ried out under a same saturation condition. The water in the pre-
heater is heated up to the initial temperature of the hot water
(Tinj), and then the bypass valve is opened to preheat the pipelines
with hot water. After preheating, the bypass valve is closed. Subse-
quently, the inlet valve is opened for the heat injection. The gas
production pressure controlled by the back-pressure regulator is
set as 6.5 MPa. Before the heat injection starts, the system temper-
ature is 8.0 �C. Using the fugacity model of Li et al. [22], the equi-
librium hydrate dissociation pressure in the sediment at the
working temperature of 8.0 �C is calculated, and the calculated va-
lue is 5.7 MPa. Therefore, the set production pressure is higher than
the equilibrium pressure, and the hydrate could not dissociate at
this time. Then, the huff and puff cycles are carried out for hydrate
dissociation.

The huff and puff method is a special method of the combina-
tion of depressurization and thermal stimulation for gas produc-
tion from hydrate deposit [23,24]. Fig. 3 is a schematic of the
huff and puff method for gas production from a hydrate reservoir,
the typical huff and puff method consists of three stages: injection,
soaking and production [25]. In the work, firstly, the heat injection
starts by injecting hot water at 40 ml/min for some time. The inlet
valve is closed after the heat injection, and the soaking starts, dur-
ing which the system pressure rises slowly. When the pressure
stops rising, the soaking stage comes to an end, and the gas pro-
duction stage starts. The outlet valve of the well is opened, and
when the system pressure drops to the set production pressure,
the outlet valve is turned off. At this point, the current cycle of
the gas production finishes, and the next cycle of thermal huff
and puff experiment starts. When the pressure increase during
soaking stage approaches 0 during the thermal huff and puff exper-
iments, we believe that no more hydrate decomposition in the CHS.
The system is closed for more than 2 h and then the system pres-
sure is gradually released to atmospheric pressure. During the hy-
drate dissociation, the temperatures and pressure in the vessel, the
gas production rate, the water injection and production rates are
recorded at 10 s intervals.

In this work, a total of seven experimental runs were carried out
to investigate the production behavior of methane hydrate in the
d Dissociation 
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Table 1
Experimental conditions of methane hydrate production by hot water huff and puff.

Items Water bath
temperature
(�C)

Production
pressure
(MPa)

Temperature of
water injected (�C)

Rate of water
injected (ml/
min)

Time of water injected in each
huff and puff cycle (min)

Saturation of
hydrate (%)

Number of huff
and puff cycles

Run 1 8.0 6.5 8.0 40.0 5.0 0 1
Run 2 8.0 6.5 130.0 40.0 5.0 0 1
Run 3 8.0 6.5 130.0 40.0 5.0 33.5 15
Run 4 8.0 6.5 160.0 40.0 5.0 33.5 14
Run 5 8.0 6.5 190.0 40.0 5.0 33.5 10
Run 6 8.0 6.5 130.0 40.0 7.5 33.5 13
Run 7 8.0 6.5 130.0 40.0 10.0 33.5 11
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porous media by using the hot water huff and puff method with
the central vertical wells. The experimental arrangement is shown
in Table 1.
3. Results and discussion

3.1. Production process

3.1.1. Pressure change
Fig. 4 shows the changes of the system pressures for run 1, run 2

and the 3rd cycle of run 3 with time. In runs 1 and 2, the methane
is injected to pressurize the CHS to 6.5 MPa at 8 �C. Because the
time of methane injection is short, little hydrate forms in CHS in
this case. Actually, the two experiments are the blank experiments
without hydrate formation. The 3rd cycle of run 3 is a reference
case. The other huff and puff cycles in each experiment show sim-
ilar behaviors. The purpose of the blank experiments is to investi-
gate the impact of the hot water injection in CHS, and provide a
judgment of the end of the hot water huff and puff experiment.

In the injection stage (0–250 s) for run 1, the system pressure
increases approximately from 6.50 MPa to 7.05 MPa with the injec-
tion of the cold water of 200 ml with 8 �C. It is due to the fact that
the cold water injected takes gradually up the space in the CHS
with a fixed volume, resulting in the methane gas compressed in
the system. In the work, the biggest increasing degree of the sys-
tem pressure during injection stage is called as PII. In the soaking
stage (250–850 s) for run 1, the pressure maintains at 7.05 MPa.
This illustrates that the system has little mass transfer in the soak-
ing process for run 1. In the production stage (850–1250 s), the sys-
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Fig. 4. Changes of system pressures for runs 1, 2, and the 3rd cycle of 3.
tem pressure decreases rapidly to the set production pressure
(6.5 MPa).

In the injection stage (0–250 s) for run 2, with the injection of
the hot water of 200 ml with 130 �C, the system pressure increases
from 6.50 MPa to 7.25 MPa. It is attributed to the fact that the gas
in the CHS is compressed by the injected hot water, and the in-
jected heat causes the raise of the free gas temperature in the
CHS, resulting in the increase of the system pressure. In the soaking
stage (250–850 s) for run 2, the pressure maintains at 7.25 MPa. In
the production stage (850–1250 s), the system pressure decreases
rapidly to the set production pressure. The 3rd cycle huff and puff
for the run 3 is carried out under the condition of the hydrate exist-
ing in the CHS. In the injection stage (0–250 s), the hot water of
200 ml with 130 �C is injected into CHS, and the system pressure
increases from 6.50 MPa to 7.30 MPa. The reason for the increase
of the system pressure is that the gas is compassed, the tempera-
ture is raised and the amount of gas increases on account of the hy-
drate dissociation in the CHS under the effect of the hot water
injection. During the soaking stage (250–850 s), the pressure
slowly increases from 7.30 MPa to 7.40 MPa. It is because the con-
tinuous decomposition of the hydrate as a result of continuous
heat diffusion in the soaking process causes gas production and
the increase in the system pressure. The system pressure stops
increasing at 850 s, which indicates that the hydrate stops decom-
posing. The soaking stage is ended at this time. The biggest increas-
ing degree of the system pressure during soaking stage is called as
PIS. In the production stage (850–1250 s), the system pressure de-
creases rapidly to the set production pressure (6.5 MPa).

The PII for runs 1 and 2 are 0.55 MPa and 0.75 MPa, respectively.
The PII for run 1 is caused by the water injection, while the PII for
run 2 is as a result of water injection and heat injection. It can be
found in Fig. 4 that the difference of the PII for runs 1 and 2 is only
0.2 MPa, which indicates that the pressure increase during injec-
tion stage is mainly attributed to the contribution of the water
injection other than that of the heat injection. Compared with
run 2, the PII of the 3rd cycle of the huff and puff process for run
3 are similar with that for run 2. It illustrates that little hydrate
is decomposed in the injection stage of the 3rd cycle for run 3.

The PISs for runs 1 and 2 are 0, because there are no hydrate for
dissociation in the CHS, Thus, the system pressure has no change.
However, the PIS of the 3rd cycle of the huff and puff for the run
3 is 0.1 MPa. This is because continuous decomposition of the hy-
drate and the gas production in the process result in the pressure
increasing. As the number of cycles increases, the PIS approaches
0 at a certain cycle, which indicates that little hydrate decomposes
during the soaking stage of this cycle. Therefore, it can be consid-
ered that the decomposition experiment with the huff and puff
process has been completed when the PIS trends to zero at the cer-
tain cycle. This can be a criterion for determining the end of the
decomposition experiment in the work.

As shown in Table 1, the injection temperature and the injection
time (the duration of the hot water injection in each huff and puff)
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in run 3 are Tinj = 130 �C and tinj = 5 min, respectively. The run 3 in-
cludes 15 cycles of the huff and puff process under this condition.
The injection time for runs 4 and 5 is the same with that for run 3.
However, the injection temperatures are 160 �C and 190 �C, respec-
tively, and the runs 4 and 5 include 14 and 10 cycles of the huff and
puff process, respectively. The injection temperature for runs 6 and
7 is the same with that for run 3. However, the injection time is
7.5 min and 10 min, respectively, and the runs 6 and 7 include
13 and 11 cycles, respectively. Thus, it can be found that the num-
ber of cycles of the huff and puff process decreases with the in-
crease of the injection temperature. It is due to the fact that the
higher injection temperature leads to the higher driving force for
the hydrate dissociation, which enhances the hydrate dissociation
rate. In addition, it can be also found that the higher injection time
results in the smaller number of cycles of the huff and puff process,
because the increase of the injection time means the increase of
the amount of the heat injection, leading to the enlarging of the re-
gion impacted by the heat diffusion and the increase of the hydrate
dissociation rate.

Fig. 5 shows the change of the PII and the PIS with the huff and
puff cycles for runs 3–7. As seen in Fig. 5a, the values of the PII of
the runs 3–5 are between 0.7 MPa and 0.8 MPa, indicating that the
injection temperature change has little effect on the PII. In addi-
tion, as the number of the cycles for each run increases, The PIS
firstly increases, and then decreases. It may be because in the first
few cycles of thermal huff and puff, the injected heat diffuses grad-
ually from the production wellhead at the center to the surround-
ings, and the region in the CHS affected by the heat diffusion
gradually increases and the spreading rate of the dissociation re-
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Fig. 5. Changes of PII and PIS with the huff and puff cycles for runs 3–7.
gion also gradually increases with the heat injection, and thus,
the amount of gas released from the hydrate dissociation and the
gas production rate also gradually increases, resulting in the in-
crease of the PIS. Afterwards, as the number of the cycles increases,
the spreading rate of the dissociation region gradually decreases,
resulting in the reductions of gas production rate and the amount
of gas produced in the soaking stage, which leads to the decrease of
the PIS. Eventually, the PIS approaches 0, and the gas production is
completed. It can be also seen from Fig. 5a that the higher injection
temperature can cause the faster increase and decrease of the PIS.
It is due to the higher injection temperature makes the bigger tem-
perature driving force for the hydrate decomposition, resulting in
the higher gas production rate and the amount of gas produced.

Fig. 5b shows the change of the PII and PIS vs. the number of the
huff and puff cycles for runs 3, 6, and 7 with the different injection
time, which is 5 min, 7.5 min, and 10 min, respectively. As shown
in Fig. 5b, the longer injection time leads to the higher PII at the
fixed cycle. The longer injection time means the increase of the lar-
ger amount of the water injection. Thus, the injection of more fluid
causes the gas in the CHS compressed more intensively, resulting
in the system pressure increases. In addition, as seen in Fig. 5b,
the change characteristics of the PISs for runs 3, 6 and 7 with the
different injection time are similar those for runs 3–5 with the dif-
ferent injection temperatures. The higher injection time can lead to
the faster increase and decrease of the PIS. Because the increase of
the injection time means the increase of the amount of the heat
injection, which makes the increase of the spreading region for dis-
sociation impacted by the heat diffusion, and thus results in the in-
crease of the amount of gas produced and the hydrate dissociation
rate.

It is noted from Fig. 5a and b that the injection temperature has
little effect on the PII while the injection time has an obvious effect
on the PII, and the injection time has a bigger effect on the PIS than
the injection temperature.
3.1.2. Gas and water production
The gas production from the hydrate reservoir has to accom-

pany the water production. The water production requires to con-
sume the energy under the field condition [26]. Thus, the volume
of the produced gas as large as possible and the volume of the pro-
duced water as small as possible are expected to meet the require-
ment of the valuable commercial production.

Fig. 6a shows the changes of the cumulative volume of the pro-
duced gas and water with the huff and puff cycles for runs 3–5
with the different injection temperatures. As seen in Fig. 6a, there
is the high gas production rate during the first 4–5 huff and puff
cycles for each run. After that, the gas production rate gradually
decreases as the number of cycle increasing. This is because that
most of the injected heat quickly contacts with the hydrate reser-
voir in near-well region in the first few huff and puff cycles, mainly
used for the hydrate decomposition in the near-well region. Thus
the gas production rate is high. As the number of cycle increasing,
the hydrate located around the central well completely decom-
poses. The hydrate in far-from-well region is also gradually decom-
posed because the heat continues to decompose the hydrate in the
surroundings. However, the rate of hydrate decomposition also de-
creases, because of the heat loss through the boundary of the reac-
tor, which leaves less capability to progress to the surroundings
and to decompose hydrate, thus the rate of the gas production de-
creases. As the injection temperature increasing, the cumulative
volume of the produced gas has increased accordingly. The reason
is that the injection temperature increase leads to the enlarging of
region impacted by heat diffusion, thus the region for gas hydrate
decomposition enlarging results the cumulative volume of the pro-
duced gas increases.



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

50

100

150

200

Injection cycles

C
um

ul
at

iv
e 

ga
s 

(L
)

(a)

0

1000

2000

3000

4000

 Run3
 Run4
 Run5

C
um

ulative w
ater (g)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

50

100

150

200

Injection cycles

C
um

ul
at

iv
e 

ga
s 

(L
)

(b)

0

1000

2000

3000

4000
 Run3
 Run6
 Run7

C
um

ulative w
ater (g)

Fig. 6. Changes of cumulative volumes of produced gas and water with the cycles
for runs 3–7.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
5

10

15

20

Therm
al efficiencyEn

er
gy

 e
ffi

ci
en

cy

Injection cycles

Run3
Run4
Run5
Run6
Run7

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

Fig. 7. Changes of thermal efficiency and energy efficiency with the cycles for runs
3–7.

X.-S. Li et al. / Applied Energy 94 (2012) 48–57 53
There is the low water production rate during the first 4–5 huff
and puff cycles for each run. However, after that, the water produc-
tion rate gradually increases and tends towards stability. Finally,
the volume of the produced water is similar with the volume of
the injection water in each cycle. This is probably because that
there are a lot of free pores in the CHS before the experiment be-
gins, and the hydrate decomposed in the CHS during the first 4–5
huff and puff cycles led the free porosity increasing. Thus some
of the injection water remains in the CHS. However, after this per-
iod, the free pores in the CHS are filled by injection water gradually
and the amount of hydrate decomposition gradually decreases, and
thus the injection water is equal to the production water during
the remaining huff and puff cycles. Meanwhile, the higher injection
temperature leads to the lower cumulative volume of the produced
water, because the higher injection temperature causes the larger
region for hydrate decomposition and higher rate of hydrate disso-
ciation, which leads to the more free pores in the CHS. Therefore,
the hot water remaining in the CHS increases.

Fig. 6b shows the changes of the cumulative volume of the pro-
duced gas and water for runs 3, 6, and 7 with the different injection
time. The changes of the cumulative volume of the produced gas in
these three experiments are similar with the changes in Fig. 6a: the
cumulative volume of the produced gas increases rapidly in the
first 4–5 huff and puff cycles, and then it gradually decreases. As
the injection time increasing, the cumulative volume of the pro-
duced gas has increased accordingly, because the injection time in-
crease causes the region impacted by heat diffusion enlarging,
resulting in more hydrate decomposition.

Similar with Fig. 6a, in the first 4–5 huff and puff cycles for each
run, the water production rate is low. After that, the water produc-
tion rate gradually increases and tends towards stability. Finally,
the volume of the produced water is almost equal to the volume
of the injection water in the remaining cycles. The reason is the
same with that described as Fig. 6a. However, the higher injection
time leads to the higher cumulative volume of the produced water,
because the higher injection time means the more water injected
into the CHS, causing more water removed out of the CHS.

3.1.3. Thermal efficiency and energy efficiency
In the work, the thermal efficiency and energy efficiency are

employed to evaluate the efficiency of producing gas from the
gas hydrate reservoir [27]. The thermal efficiency is defined as
the ratio of the heat used for the hydrate dissociation to the total
input heat. The energy efficiency is defined as the ratio of the com-
bustion heat of the produced gas to the total input heat.

The energy efficiency can be calculated with the following
equation:

n ¼ Q �Mgas

Cw �Mw � ðT0 � tÞ ð1Þ

where Q is the cumulative volume of the produced gas; Mw is the
mass of the injected hot water; T0 is the temperature of the well-
head; t is the ambient temperature (8 �C); the combustion heat of
natural gas (Mgas) is 37.6 MJ/m3; the specific heat of water (Cw) is
4.2 � 103 J/(kg K).

The thermal efficiency can be calculated with the following
equation:

g ¼ mdiss �Mhyd

Cw �Mw � ðT0 � tÞ ¼
n �Mhyd

22:4 �Mgas
¼ 0:064n ð2Þ

where mdiss is the mole of the hydrate which has dissociated; the
dissociation heat of the hydrate, Mhyd, is taken as 54.1 kJ/mol.

Fig. 7 shows the changes of the thermal efficiency and energy effi-
ciency with the cycle number for runs 3–7. As seen in Fig. 7, there are
the high thermal efficiencies and energy efficiencies for all runs in
the first 4–5 cycles, and then they gradually decrease as the number
of the remaining cycle increases. In other words, the optimum peri-
od for the gas production by using the thermal huff and puff method
is during the first 4–5 cycles. It can be suggested that other method
for hydrate decomposition after the period should be employed to
enhance the thermal efficiency and energy efficiency. In addition,
it is noted from Fig. 7 that after the second cycle, both the thermal
efficiency and the energy efficiency with each cycle for other runs,
whether with the higher injection temperature (runs 4 and 5) or
with the longer injection time (runs 6 and 7), are lower than those
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(c) 10th cycle (d) 15th cycle

Fig. 8. Decomposition boundaries at the ends of the 1st, 5th, 10th, and 15th soaking stages for run 3.

Fig. 9. Three-dimensional spatial resistance ratio distributions at the ends of the 1st, 5th, 10th, and 15th soaking stages for run 3.

54 X.-S. Li et al. / Applied Energy 94 (2012) 48–57
for run 3. It is probably due to the fact that although the higher injec-
tion temperature and the longer injection time can trigger more
amount of the produced gas and the shorter time for the gas produc-
tion, the larger heat loss also occurs through the boundary of the
CHS, resulting in the reduction of the thermal efficiencies and the en-
ergy efficiencies. Thus, in the work, the highest thermal efficiency
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and energy efficiency can be obtained under the condition of the
injection temperature of 130 �C and injection time of 5 min, based
on the thermal huff and puff method.
3.2. Moving boundary

The hydrate decomposition is considered to exist a moving
dissociation boundary [28]. The moving boundary separates the
decomposed zone containing gas and water from the un-
decomposed zone containing the hydrate. During the huff and puff
cycles, the moving boundary rapidly expands in the process of the
heat injection, and is continuously expanding in the soaking stage
[13].

The system pressure changes with time during the huff and puff
process. The change of equilibrium hydrate decomposition temper-
ature corresponding to the system pressure can be calculated with
the fugacity model given by Li et al. [22]. Based on the equilibrium
hydrate decomposition temperature at the certain time, a three-
dimensional isothermal surface can be given. Thus, we can approx-
imately consider that the isothermal surface is a moving decompo-
sition boundary. The temperatures of the region surrounded by the
isothermal surface are higher than the equilibrium temperature,
Fig. 10. Maximum decompositio
and this region is one for gas hydrate decomposition. The region
outside the isothermal surface is not the hydrate decomposition
region, in which the system temperature is lower than the equilib-
rium temperature.

Fig. 8 shows the decomposition boundaries at the ends of the
soaking stages of the 1st, 5th, 10th, and 15th huff and puff cycles
for run 3. It can be seen from Fig. 8 that the decomposition
boundary rapidly expands from the 1st to the 5th cycle, indicat-
ing that the heat flow is quickly spreading outward in the period,
making the hydrate decomposition region expand rapidly. This is
consistent with what discussed in Figs. 5 and 6. The expansion of
the hydrate decomposition region progresses slowly from the 5th
to the 10th cycle. Eventually, the hydrate decomposition region
reaches its maximum influence in the 15th cycle. At this time,
the hydrate surrounded by the decomposition boundary has been
dissociated completely, the pressure stops increasing. Even if the
heat huff and puff process continuously progresses, the hydrate
decomposition region no longer further spreads out. Thus, the
decomposition boundary at this time is ‘‘the maximum decompo-
sition boundary’’. The region surrounded by the maximum
decomposition boundary is the largest region for gas hydrate
decomposition.
n boundaries for runs 3–7.
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The resistance can be used to characterize the change of the gas
hydrate reservoir. Since the resistivity of gas hydrate is greater
than water, generally the resistance decreases as the hydrate
decomposes. In the work, we use the ratio between the real-time
resistance during the experiment and the resistance before the
experiment (referred to as the resistance ratio) as a characteriza-
tion parameter. Fig. 9 shows the three-dimensional spatial resis-
tance ratio distributions at the ends of the 1st, 5th, 10th, and
15th soaking stages for run 3. As seen in Fig. 9, the resistance ratios
decrease dramatically in most regions in the hydrate reservoir
from the 1st to the 5th cycle, indicating that the hydrate decom-
posing regions rapidly expands from the 1st to the 5th cycle. The
resistance ratios decrease slowly in some region from the 5th to
10th cycle. That is to say, the hydrate decomposition region pro-
gress slowly in the process. The resistance ratio distribution in
the reservoir has little change from the 10th to 15th cycle, indicat-
ing the hydrate decomposition region in the process make little
progress. This also means that the hydrate decomposition region
has reached its maximum range at the 10th and 15th cycles, and
the hydrate outside the region no longer decomposes. Compare
with Fig. 8, the change characteristics of resistance ratio distribu-
tions is similar with that of the decomposition boundary, verifying
the existence of the decomposition boundary in thermal huff and
puff process. In addition, the decomposition boundaries and the
resistance ratio distributions in other experiments are similar with
run 3.

Fig. 10 shows the maximum decomposition boundary for runs
3–7. As shown in Fig. 10a–c, the maximum decomposition bound-
ary increases with the increase of the injection temperature at the
fixed injection time for runs 3–5. In addition, it can be seen from
Fig. 10a, d, and e that the maximum decomposition boundary in-
creases with the increase of injection time at the fixed injection
temperature for runs 3, 6 and7. Thus, it is concluded that the hy-
drate decomposition region spreads out with the increase of the
injection temperature and the injection time. It is well agreement
with the result achieved in Fig. 6. Meanwhile, Fig. 10 also shows
that the decomposition boundary is not completely symmetrical,
indicating that the diffusion of the injected heat is not completely
isotropic when the heat flux is transferred from the center well to
the surroundings via the flow and conduction through the porous
media, which may be as a result of the differences in the hydrate
saturation, the porosity of the sediment or the permeability of
the sediment in the local region.

4. Conclusions

In this work, the novel developed three-dimensional cubic hy-
drate simulator (CHS) for the production of gas hydrate is used
to investigate into the decomposition behaviors of methane hy-
drate during the thermal huff and puff experiments through a sin-
gle vertical well. The following conclusions are obtained:

(1) The system pressures are analyzed by using the PII and PIS,
indicating that the injection time have more remarkable
effect on the system pressure than the injection
temperature.

(2) As the number of cycle increasing, the rate of gas produc-
tion decreases, whereas the rate of water production
increases at the initial stage, and then tends to be constant.
The increases of injection temperature and injection time
both can enhance the cumulative volume of the produced
gas. Meanwhile, the higher injection temperature leads to
the smaller volume of the produced water, whereas the
higher injection time leads to the bigger volume of the
produced water.
(3) The injection temperature and injection time increasing may
not obtain a better economic effectiveness during hydrate
dissociation by using the thermal huff and puff method.
The optimum period for gas production in each experimen-
tal run is the first 4–5 huff and puff cycles. The highest ther-
mal efficiency and energy efficiency can be obtained with
the injection temperature of 130 �C and injection time of
5 min.

(4) The hydrate decomposition is an expanding process of the
moving decomposition boundary, and there is a maximum
decomposition boundary in the process. Meanwhile, the
injected heat does not diffuse isotropically in the hydrate
reservoir.
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