MRI insight on natural methane hydrate reservoir system with hy-
drate, water and gas layers: Development basis of higher—pressure
gas reservoir under hydrate layer
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Key points:

o First—time experimental visualization on the theoretic sealing effect of natural
gas hydrate on its lower gas by MRI.

e Further formation or dissociation of initial formed hydrate under excess water
is critical to whether the sealing effect works.

o At least 9.0 MPa pressure difference can exist on both sides of the manmade
methane hydrate—containing sealing layer.

Abstract: High—pressure methane gas generally exists stably under methane
hydrate stability zone at several hundred meters cutting through the marine
sedimentary strata. The usually employed bottom simulating reflector (BSR)
for hydrate recognition represents the interface between hydrate and fluid areas
in typical natural methane hydrate reservoir system with hydrate, water and gas
layers. In this study, the gas—seawater migration in hydrate reservoir was sim-
ulated through gas—seawater injection, and the existence of hydrate—containing
sealing layer was experimentally confirmed. The hydrate reformation was ob-
served by magnetic resonance imaging (MRI) during the gas—water injection
process above the methane hydrate phase equilibrium pressure and it is the fun-
damental reason that hydrate reservoir has sealing effect on free gas. As the
decrease of pore spaces in sediments, the interaction of seawater and hydrate in
the reservoir products capillary sealing in the narrow space, thus the free gas
and seawater migration are inhibited and the free gas exited stably underlying
the hydrate layer. However, low methane concentration in seawater caused by
high gas—water flow rate (4-1 ml/min) resulted in the hydrate dissociation, the
hydrate-bearing sediments can’t produce the sealing effect. Hydrate further
forms in the sealing layer and leads to seawater depletion until it is too salty
to form hydrate. Finally, the gas layer, water layer and hydrate layer coexist
under the seabed. In addition, the hydrate—containing sealing layer could be
broken through, and the breakthrough pressure is a significant parameter for
hydrate reservoir.
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Typical methane hydrate reservoir system in nature generally includes hydrate,
water and gas layers, and the already explored marine hydrate reservoir (rec-
ognized by bottom simulating reflector method) is just corresponding to this
geological reservoir distribution. In marine geology, real gas layer existing sta-
bly under the hydrate and water layers may be with higher pressure because of
the sealing effect of hydrate layer, and the accurate pressure condition of fully
developed gas layer is rarely investigated. We confirm this assumption of natu-
ral hydrate and gas reservoirs system accumulation and obtain an entire image
of the typical system visually by magnetic resonance imaging. We find that the
sealing effect is mainly due to the hydrate reformation and liquid water residue.
In order to evaluate the mechanical stability of the sealing effect, we increase
the gas pressure to 13 MPa and verify the permitted pressure difference between
the two sides of the sealing layer higher than 9.0 MPa. Future geological explo-
ration and joint exploitation project of hydrate and gas reservoirs should refer
to these results.
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1. Introduction

Vast quantities of energy that mankind craves hidden at the bottom of ocean,
natural gas hydrate (NGH) is a representative one (Huang et al., 2011). NGH
only form under low temperature and high pressure area with sufficient gas and
water (Zhong et al., 2016). Seismic reflection method is one the most effective
method to detect marine gas hydrate ( Tian and Liu, 2020). There are two chief
kinds of seismic waves: body waves and surface waves, body waves are mainly
used in geological survey. Body waves are divided into longitudinal waves (P
waves) and shear waves (S waves). For hydrate in sediments, S waves are more
sensitive than P waves, and seismic surveys take the advantage of this acoustic
property to detect NGH (Helgerud et al., 2011). The bottom simulating reflector



(BSR) on seismic profile is considered the mark of interface between gas hydrate
area and free gas area. Above the BSR, the natural gas exists in hydrate form,
and the natural gas exists in the form of free gas below (Petersen et al., 2007).
Well logging is another important geophysical method in gas hydrate detect
besides seismic reflection, mainly include resistivity log, spontaneous potential
log, caliper log, density log and so on (Ning et al., 2013).

According to preliminary statistics, the total amount of stored NGH is approxi-
mately 2.1x10'6 m3, nearly twice of the traditional fossil fuel (oil and natural
gas) reserves in the world, and the total NGH stored in deep sea sediment is
up to 99% (Makogon, 2010). In the South China Sea, the NGH resourced is up
to (64.35-77.22) x10° t of oil equivalent (Liu et al., 2019), amounting to about
half of the total resources of onshore and offshore oil and gas in China (Shi
et al., 2019). So far, two NGH production test were carried out in China. In
2017, the China Geological Survey conducted the first production test in Shenhu
area (Li et al., 2018). From October 2019 to April 2020, the second offshore
NGH production test was conducted in 1225 m deep Shenhu Area (Liang et al.,
2020). The success of second production test indicates that safe and effective
NGH exploitation is feasible in clayey silt NGH reservoirs (Qiang et al., 2020).
Meanwhile, multiple techniques have been tested in Shenhu drilling area. The
amplitude behaviors of gas hydrate from stacked seismic data were analyzed, the
result shown that free gas zone was accompanied below the gas hydrate zone
(Pibo et al., 2017). Through detailed logging data and core analysis from 2020
offshore production test, there was a 24.6 m thick layer consisting of hydrate,
free gas and water which was below the hydrate layer (Qin et al., 2020).

Not just in South China Sea, the free gas zone was found stably existed un-
derlain the hydrate reservoir in other areas (Flemings et al., 2003; Merey and
Longinos, 2018), and it was estimated that the free gas zone may contain from
1/6 to 2/3 of the total methane trapped in hydrate (Hornbach et al., 2004).
Moridis et al. (2007) also pointed the spatial structure of hydrate reservoir with
the free gas and water below the hydrate zone. Recent research had confirmed
that in the Hydrate Ridge in offshore Oregon, the hydrate, free gas and seawater
coexisted in the hydrate stability zone (Milkov et al., 2004). As for as the Green
Canyon in the Gulf in Mexico (Zhang. and Mcconnell, 2010) and the Nankai
Trough in Japan (Miyakawa et al., 2014). In 1967, the Messoyakha gas field
was discovered in Siberia permafrost, the gas zone was enclosed in an anticli-
nal tectonic circle, and the top of free gas zone was covered with gas hydrate
(Makogon et al., 2005). The impermeable boundary was the sedimentary layer
which between the gas hydrate zone and the free gas zone (Collett and Ginsbury,
1998). Simulation Study shown that the production intervals should be placed
far from the impermeable boundary to attain high gas production rates ( Graver
et al., 2008).

The mechanism of sealing effect for gas hydrate layer is the capillary force be-
tween water and hydrate (Dillon et al., 1980; Su et al., 2009). Early in 1999,
Clennell et al. (1999) systematically analyzed the effect of capillary pressure on
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the pore pressure, they explained the pressure of underlying free gas was higher
than the theoretical pressure of the formation fluid due to capillary pressure.
In recent years, the research of gas hydrates has been gradually developing
towards microscopic direction, and the influence of capillary force on gas hy-
drate has been paid more attention by scholars at home and abroad. Touil
et al. (Touwil et al., 2019) studied the formation of carbon dioxide hydrate in
thin glass tube, the capillary force constrained the direction of hydrate growth,
and hydrate grow along the front of the glass wall. Buleiko et al (2017) found
the change of propane hydrate formation pressure in porous media using micro
calorimeter, because the thermodynamic properties of propane was changed by
the capillary effect of pores, which affected propane hydrate.

The large amount of free gas underling the hydrate—containing sealing layer can-
not migrate upward because of the sealing effect of hydrate—containing sealing
layer (Dillon et al., 1980). Early, natural gas in the deep ocean floor moved
upward mainly through diffusion effect (Ming et al., 2017) and solid hydrate is
formed in the sedimentary layer that meets the conditions of hydrate formation
during this process. Thus, the porosity of the sediments is significantly reduced.
The residual water in the narrow pore space of the sedimentary layer creates
capillary forces, which pointed down the free gas layer with larger pores volume.
Thereby, the hydrate—containing sealing layer is formed to inhibit the upward
migration of underlying gas (Xu and Ruppel, 1999).

However, the hydrate—containing sealing layer is not unbreakable. There have
been cases of gas leakage under the seabed, such as along the Cascadia conti-
nental margin (Heeschen et al., 2005) and offshore Vancouver Island (He et al.,
2009). The cold fluids consisting water and hydrocarbon (mostly methane) be-
low the seafloor deposit interface migrate to the seabed by leakage, gushing, or
diffusion, this is the cold vent (Logan et al., 2010). The appearance of cold vent
is a typical breakthrough of hydrate—containing sealing layer. The gas and sea-
water generated by breakthrough of hydrate—containing sealing layer will lead
to sedimentary layer deformation above the hydrate layer, even cause marine
geological disaster (Yang et al., 2020). Therefore, the destruction of hydrate—
containing sealing layer must be considered during the hydrate exploitation
process.

Although the Marine geology theory has long proposed that hydrate—containing
sealing layer is the key for hydrate accumulation, there is no direct experimen-
tal evidence of hydrate—containing sealing layer. In this study, the formation
process and the existence mode of the hydrate—containing sealing layer were
investigated by simulating the process of gas—water migration, the effect of dif-
ferent gas—seawater flow rate and different reservoir pressure on the formation
of the hydrate—containing sealing layer was also investigated by MRI. MRI tec-
nique was widely used in hydrate investigations because it can distinguish the
solid hydrate and liquid water (Song et al., 2015). The research considerition
was quit novel, the findings has the significant practical application value to
ungerstand the characteristics of hydrate reservoir.


javascript:;
javascript:;

1. Experimental apparatus and procedure
(a) Apparatus

The experimental apparatus is shown in Fig.1. The core device was the MRI sys-
tem (Varian, Inc Palo Alto, CA, USA), which was used for visualizing methane
hydrate formation and dissociation process. And the MRI was operated at 400
MHZ with a magnetic field strength of 9.4 Tesla, the standard spin echo pulse to
obtain the two—dimensional proton density weighted image. MRI images were
constructed by a spin echo multi-slice pulse sequence (SEMS) (Wang et al.,
2017), and the experimental parameters were: echo time (TE) 4.39 ms, repeti-
tion time (TR) 1000 ms, image data matrix (RO x RE) 128 x 128, field of view
(FOV) 30 mm x 30 mm with 2.0 mm thickness. The sequence acquisition time
was 2.14 min for per vertical section image and 3.2 min for per cross section
image. A high—pressure polyimide tube with a maximum pressure limitation of
13.0 MPa as the reactor had an effective height of 200 mm and diameter of 16
mm. And the reactor was surrounded by a heat preservation jacket in which
the coolant circulates continually to keep the tube at required temperature.
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Fig. 1. Schematic of the MRI apparatus.

Three high—precision syringe pumps (260D, Teledyne ISCO Inc, Lincoln, NE,
USA) were used in the experiment to inject methane gas and deionized/seawater
into the reactor and control the back—pressure of the reactor. Two thermostatic
baths (FL300 and FL 25, JULABO, Seelbach, Germany) were used to control
the temperature of high precision pump and the reactor. The pressure sensors
(3510 CF, Emerson Electric Co., Ltd., St. Louis, USA) with an accuracy of



+ 0.05% were connected at the inlet and outlet of the reactor to measure the
pressure. According to the results from the core analysis of SHSC—4 (Shenhu
area of South China Sea), the mean effective porosity within interval “a” is 35%
(Li et al., 2018). Therefore, the glass beads (As—One Co., Ltd., Japan) with
a porosity of 35.4% (BZ02) was used to simulate the porous media of marine
environment, giving a diameter of 0.177~0.250 mm, so that the maximum of
hydrate saturation in theory is higher than 35%. The seawater (deionized water
with a salt mass fraction of 3.5%) was used during the flow process, which was
more closed to the actual marine environment. In addition, the methane gas
with a purity of 99% used in the experiments was produced by Dalian Special
Gases Company.

2.2 Procedures

Hydrate sample was made through sand filling, vacuum pumping, water sat-
uration, water displacement and pressurization. Firstly, the glass beads were
compacted into the reactor, and the reactor was vacuumed for an hour. Sec-
ondly, the outlet valve of the reactor was closed, and the reactor inlet was
connected with the water injection pump, the pressure and temperature were
constant at 6.0 MPa, 274.15 K, respectively. This was the water saturation
process and maintained for about 30 min. Thirdly, closed the water injection
pump and opened the reactor outlet value, the reactor pressure dropped to at-
mosphere. The water in the reactor was displaced to the initial water saturation
around 39% using gas injection pump, the initial pressure of gas injection pump
is 2.5 MPa. Finally, closed the reactor outlet value and maintained the pressure
at 6.0 MPa using gas injection pump, the hydrate formation process began at
this point. The entire process was recorded by MRI system and the hydrate
saturation (S},) could be calculated by mean intensity (MI) value through follow
equation (Chen et al., 2021):
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where I, Is,;; and I; were MI values of initial water saturation, complete water
saturation and water saturation at time i, respectively. S, represented initial
water saturation and can be calculated by equation (2). Additionally, the water
saturation at time i (S,,;) can be calculated as follow:
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Table 1. Conditions and resultes of hydrate sample in all cases.



Case 1 2 3 4 5 6 7

Hydrate saturation (%) 35.8 36.9 34.7 348 343 354 346
Water saturation (%) 49.2 50.8 52.8 49.8 57.3 54.9 55.8
Pressure (MPa) 6.0

Temperature (K) 274.15

The hydrate saturation in hydrate reservoir is usually very high, according to
the geological exploration results (Lpa et al., 2019). Thus, when the S, reached
about 35%, opened the outlet value of the reactor immediately, so the pressure
in the reactor was controlled by the back pressure pump, this was the prepa-
ration for the gas—seawater flow. At 274.15 K, the phase equilibrium pressure
of methane hydrate in seawater was 3.18 MPa (Lafond et al., 2012), the back
pressure in this study is 3.5 MPa or 4.0 MPa, which are all above the methane
hydrate phase equilibrium pressure. The hydrate reservoir was usually in the
state of water saturation (Almenningen et al., 2018; Chong et al., 2017). There-
fore, to better simulate the academician state of hydrate in marine environment,
the seawater was injected into the reactor using high—precision water injection
pump at the flow rate of 0.5 ml/min. The seawater flow rate was low enough
so that it can be considered that there was no hydrate decomposition during
this process (Chen et al., 2019c). After that, the gas and seawater were injected
into the reactor at the same time using pumps. The temperature of injected
methane gas and seawater was 273.95 K, which was slightly below the reser-
voir temperature, for the purpose to avoid the influence of heat injection on
hydrate dissociation. The hydrate formation datas are showns in Table 1, it
was obviously that all experimental conditions were inside the hydrate thermo-
dynamic stable area to avoid the dissociation of hydrate due to other reasons
(depressurization, temperature rise).

1. Results and discussion

Methane gas and seawater were injected into the hydrate-bearing sediments to
simulate the gas and seawater ascending in the seafloor sediments. Thus, gas—
water two phase flow is a method to verify the sealing effect of hydrate reservoir.
The water—saturated hydrate samples were made by injecting water into hydrate
samples, as shown in Fig. 2. Furthermore, the gas—seawater flow rate ratio was
constant at 4 for all Cases. The real-time characteristics of hydrate reservoir
state was investigated using MRI visualization technology.
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Fig. 2. Initial hydrate reservoir conditions in all cases.

3.1 Methane—containing fluid flow characteristics in hydrate—bearing
reservoirs

The free methane gas in the deep ocean floor is bound to migrate upward, and
the gas migration also drives the movement of seawater in the sediments (Su
et al., 2012). We simulate gas—water migration by injecting gas and water into
hydrate—bearing sediments, the experimental conditions of Cases 1-3 are shown
in Table 2. The inlet pressure is increasing at the beginning, and large gas—water
flow rate makes inlet pressure increase faster, as shown in Fig. 3, because the
injection velocity of gas—water is larger than the seepage velocity of hydrate—
bearing sediments. In Case 1, the methane gas and seawater were injected into
the hydrate-bearing reservoir at the flow rate of 4-1 ml/min. After 52 min,
the inlet pressure decreased, and the inlet pressure kept the same with outlet
pressure at 136 min, fluids flow through the reservoir smoothly. The outlet flux
curve of Case 1 increased and seawater flowed out of the reactor continually,
indicating the hydrate reservoir had no sealing effect during gas—water flow
process in Case.

Table 2. Experimental conditions and results of Cases 1-3.

Case Fluid flow conditions Maximum pressure increase Hydrate change

1 4 ml/min seawater & 1 ml/min methane 1.76 MPa dissociation

2 2 ml/min seawater & 0.5 ml/min methane  6.68 MPa reformation and dissociat
3 1 ml/min seawater & 0.25 ml/min methane 9.50 MPa reformation
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Fig. 3. Characteristics of pressure at reactor inlet and reactor outlet flux

In Case 2, the inlet pressure reached about 10.0 MPa twice at the gas—water
flow rate of 2-0.5 ml/min, and finally the inlet pressure dropped the same as
outlet pressure. The inlet pressure increased before 163 min (turning point
1), and the seawater accumulated in the reservoir because the slope of outlet
flux was decreased gradually. The inlet pressure increase indicating capillary
sealing effect (Liu, 2007) appeared in the hydrate reservoir, and the reservoir
permeability decreased which was caused by the hydrate saturation increase
in the sediments (Mahabadi et al., 2019). But the capillary sealing effect of
hydrate reservoir was not stable, the hydrate hydrate saturation was not high
enough, the hydrate—containing sealing layer was broken through at 163 and
194 min, respectively, and caused inlet pressure decrease, the whole process is
shown in Fig. 4. The break through (BT) pressure were 6.68 MPa, 6.46 MPa,
respectively, and the reason of this phenomenon are the large pressure difference
on both sides of hydrate reservoir (Liu, 2007) and the incompletely formation
of hydrate—containing sealing layer.
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Fig. 4. Breakthrough of hydrate—containing sealing layer in Case 2

In Case 3, the gas—water flow rate was 1-0.25 ml/min. It could be found the
inlet pressure kept increasing, so as the pressure difference between reactor inlet
and outlet. It was obvious there was a fluctuation in pressure increase rate
curve (231 min, and the inlet pressure was 5.98 MPa), and the curve tended
to be stable before 231 min, but it got larger after 231 min. After 231 min,
the seawater can’t flow through the reactor, the hydrate reservoir possessed
sealing effect to fluids after 231 min. The pressure increase rate at ¢ min can be
calculated by Eq. (4):

P.—P
Ri = %Hf.%

(4)

The inlet pressure increased to 13.0 MPa at last, due to the limitation of exper-
imental, thus, at least 9.0 MPa pressure difference existed on both sides of the
hydrate reservoir. It’s important to emphasize this pressure difference was not
caused by gravity, and the sealing effect of hydrate—bearing reservoir, which is
shown as pressure difference, represents the ability of hydrate reservoir to trap
underlying gas. In addition, this pressure difference providing the development
condition of higher—pressure gas reservoir under hydrate layer, and the pressure
difference between hydrate zone and gas zone must be considered during hydrate
exploitation process.

The reservoir condition could be visually observed by MRI, because the MRI
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can only acquire images of the 1H cantained in liquid water ( Wang et al., 2020),
and the hydrate saturation could be calculated using Eq. (1). Fig. 5(a) shows
the characteristics of water distributions in FOV, and Fig. 5(b) reflects the
real-time characteristics of hydrate saturation. When the gas-water flow rate
was 4-1 ml/min (Case 1), the MRI images brightened gradually after 52 min,
and the hydrate saturation decreased, indicating the hydrate dissociated dur-
ing the gas—water flow process. The reservoir condition (274.15 K, 3.5 MPa)
was in hydrate thermodynamic stable area, thus, the driving force for hydrate
dissociation was the chemical potential difference between seawater phase and
hydrate phase (Chen et al., 2019a; Chen et al., 2019b). The chemical poten-
tial difference is caused by the inadequate dissolution of methane gas (Sun et
al., 2020b; Zheng, 2007). Hydrate dissociation is the reason that the inlet pres-
sure decreased after 52 min. Thus, hydrate dissociation will reduce or even
disappear the sealing effect of hydrate-bearing sediments. For Case 2, the MRI
images had no noticeable darkening area, and hydrate saturation curve fluctu-
ated, indicating small amount of hydrate forms. In the gas—water flow rate of
2-0.5 mi/min, hydrates were not always formed or decomposed, it was in an
approximate equilibrium state. Thus, the hydrate—containing sealing layer was
broken through under large pressure difference. For Case 3, it can be seen that
the MRI images going to darken gradually over time, and the hydrate satura-
tion curve presented an increasing trend. Hydrate formed during the gas—water
flow process at the flow rate of 1-0.25 ml/min. The inlet pressure was also
increased to 13.0 MPa, it could be concluded that hydrate formation enhanced
the sealing effect of hydrate-bearing sediments. Hydrate formed continuously
even though the sealing effect had been existed in hydrate reservoir. Further-
more, the continuously increasing inlet pressure provided larger driving force
for hydrate formation. The hydrate formation before the turning point formed
the hydrate—containing sealing layer; the hydrate formation before the turning
point further enhanced the hydrate—containing sealing layer. After the turning
point (231 min), the seawater can’t flow through the reactor, indicating the
reservoir had sealing effect. The mechanism of sealing effect is because that the
sediment pores were occupied by more hydrate and became smaller, the residual
water in the sediment created capillary forces in the narrow pore space, which
blocked the gas—water migration.
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Fig. 5. Micro—-images during the gas—seawater flow process in Cases 1-3: (a)

MRI images;

(b) hydrate saturation

In conclusion, the hydrate—containing sealing layer formed when the gas—water
flow rate is 1-0.25 ml/min. The seawater is full contact with the methane gas
in lower gas—water flow rate, methane saturation in seawater is high enough
to induce the hydrate reformation. The decrease of pore volume leads to the
increase of capillary force, thus, sealing layer formal formed, this is the formation
mechanism of hydrate—containing sealing layer. Then, the hydrate continued to
form in the reservoir which enhanced the sealing layer and makes it more difficult
to be destroyed.

3.2 Sealing characteristics of hydrate—bearing reservoir on external

fluids

Hydrate reformation is the reason that sealing effect exists in hydrate-bearing

sediments.

We increased the hydrate formation rate by increasing reservoir

pressure to 4.0 MPa, the characteristics of hydrate—containing sealing layer was
investigated, the experimental conditions of Cases 4 and 5 are shown in Table
3. Take the injection volume as the reference value, it was found that high flow
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rate (Case 5) has hysteresis phenomenon compared with low flow rate (Case 4),
but higher flow rate consumed less time.

Table 3. Experimental conditions and results of Cases 4 and 5.

Case Fluid flow conditions Maximum pressure increase Hydrate change Final flo
4 2 ml/min seawater & 0.5 ml/min methane 9.00 MPa reformation hinderec
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Fig. 6. Characteristics of pressure at reactor inlet and seawater increase in
reactor

As shown in Fig. 6, the turning points appeared at 94 and 54 min in Cases 4
and 5, respectively. After the turning point, the seawater won’t flow out of the
reservoir outlet, the hydrate reservoir had sealing effect. The gas—water flow
rates of Cases 4 and 5 were the same as Cases 2 and 1, respectively. However,
hydrate—containing sealing layer formed only in Cases 4 and 5, because higher
reservoir pressure provide larger driving force for hydrate formation (Ma et
al., 2020). It also indicated that higher pressure will promote the formation
of hydrate—containing sealing layer than low gas—water flow rate. Because the
higher pressure can enhance the mass transfer between the gas and seawater,
and enhance hydrate formation during gas—water flow process. Moreover, the
pressure increases rate curve had a fluctuation at the turning point, and increase
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rate of inlet pressure was decreased, this fluctuation also appeared in Case 3.
Furthermore, there is a certain regularity in the pressure difference between the
reactor inlet and outlet at the time of hydrate—containing sealing layer is formal
formed, as shown in Fig. 7. The mean value of pressure different is 2.47 MPa.
In this study, the pressure difference at turning point is independent of reservoir
pressure, it can be used as a marker to judge the formation of hydrate seal layer
during the experiment.
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Fig. 7. Pressure difference values at onset time of sealing layer formation

Fig. 8 shows the variation characteristics of hydrate saturation in FOV during
the gas—water injection process of cases 4 and 5. The MRI images is getting
darker in Case 5 and hydrate saturation present an increasing trend, thus, hy-
drate formed during the gas—water flow process and hydrate-bearing reservoir
had sealing effect. However, hydrate saturation didn’t show an obviously in-
creasing trend in Case 4, though the sealing effect existed after 94 min. It could
be found that there was a significant change in the lower left corner of FOV in
Case 4, so we analyzed the change in MI value of Line 1. The small distance
of MI value (0~4.2 mm) is obviously reduced, indicating that hydrate formed
in this area and consumed the pore water. The reason for sealing effect exists
in Case 4 was also caused by hydrate formation, but hydrate formation was
not concentrated in the FOV, and thought it was below the FOV. To further
analyze the reservoir state, multi-level MRI image (4 layers) was carried out by
adjusting the position of the reactor.
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Fig. 9. (a) multi-level MRI images in Case 4; (b) hydrate saturation in different
areas

Fig. 9(a) was the multi-level MRI images of reactor after 158 min in Case 4.
The camera on the MRI device remained stationary, and moved the reactor
30 mm upwards after each shot, for the reason the FOV was 30 mm x 30
mm, complete reservoir status is presented by this operation. The gas—water
injection was stopped and the inlet pressure was constant at 13.0 MPa during
the whole shooting process. Significant brightness differences could be found in
the hydrate reservoir. By comparing the hydrate saturation in different areas, as
shown in Fig. 9(b), the hydrate saturation was higher in farther area alone the
gas—water injection direction. The pore seawater in area C was almost consumed
up, tiny amount of seawater still remained in the hydrate reservoir and it is too
saline to form hydrate, it was hydrate zone. The brighter area (areas A and
B) compared with area C was water zone (seawater, hydrate, gas coexisted).
The free gas was hindered out of the reactor inlet. Thus, the hydrate reservoir
can be divided into three layers. This is very similar to the hydrate reservoir
with three structures in the South China Sea: gas hydrate layer; mixing layer
consisting of hydrates, free gas and seawater; free gas layer coexists from top
to bottom (Qin et al., 2020). And the experimental phenomenon is consistent
with the model for free gas migration presented by Liu et al (Liu and Flemings,
2006).

3.3 Effects of hydrate saturation change on the sealing layer formation
process

In Cases 3, 4, 5, the inlet pressure increased as soon as the gas—water flowed,
indicating the hydrate—containing sealing layer formed at the beginning. Thus,
we investigated the effects of hydrate saturation change on sealing layer by
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increasing seawater injection rate radio, the experimental conditions of Cases
6 and 7 are shown in Table 4. When seawater flow in hydrate reservoir was
enhanced, the reservoir won'’t produce sealing effect during flow process. The
gas—water process was divided into two stages (see Fig. 10): in the first stages
the gas—water flow rate was 1-2 ml/min, in the second stage, the gas—water flow
rate was 2-0.5 ml/min in Case 5 and 4-1 ml/min in Case 6, respectively.

Table 4. Experimental conditions and results of Cases 6 and 7.

Case Fluid flow conditions in step 1 Fluid flow conditions in step 2 Hydrate chan
6 1 ml/min seawater & 2 ml/min methane 2 ml/min seawater & 0.5 ml/min methane dissociation i1
7 1 ml/min seawater & 2 ml/min methane 4 ml/min seawater & 1 ml/min methane dissociation i1
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Fig. 10. Gas—water injection rates in Case 6 and Case 7
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Fig. 11. MRI images and inlet pressure and hydrate saturation changes in
Cases 6 and 7

Fig. 11 shows MRI images in FOV and the characteristics of hydrate saturation
during the whole flow process. In the stage 1 (S;), the inlet pressure of both
cases remained stable around 4.0 MPa. However, the inlet pressure is slightly
higher than the back pressure (about 4.2 MPa), because the contact of seawater
and hydrate causes the capillary force in the sediments. The MRI images of
S, brightened, indicating the hydrate dissociated during the gas—water flow
process with the flow rate of 1-2 ml/min. Because the large amounts of seawater
flow enhanced the mass transfer between hydrate phase and seawater phase,
the driving force is the chemical potential difference caused by low methane
concentration in seawater (Sun et al., 2020a; Yang et al., 2019). Meanwhile,
the random distribution of hydrate in porous media was the reason that the
seawater—hydrate interface in Case 6 and Case 7 was different (Zhang et al.,
2019). The hydrate dissociation areas in Fig. 11(a) could be considered the
chimney in the hydrate reservoir (Torres et al., 2004), the reservoir had no
sealing effect and showed well permeability characteristics.

In the stage 2, the gas—water flow in hydrate-bearing sediments with chimney
due to hydrate dissociation in stage 1, it was obvious that the reactor inlet pres-
sure was increasing, shown in Fig. 11(b), and the corresponding MRI images
went dimmed, hydrate saturation increased. As the seawater flow rate decreased
and methane gas flow rater increased, the methane dissolved more fully in sea-
water. Thus, the hydrate formed inside the hydrate thermodynamically stable
area, the gas—water flow process in S, was the formation process of hydrate—

19


javascript:;
javascript:;

containing sealing layer. In Case 6, no more seawater flowed out of the reactor
after 246 min, hydrate—containing sealing layer had sealing effect at this moment.
The inlet pressure fluctuated in 274~279 min, and seawater flowed into the FOV.
Under the driving of pressure difference, the hydrate—containing sealing layer
was partially destroyed and seawater migrated in the reservoir, but the seawater
did not break through the sealing layer. The hydrate continuously formed after
279 min, the pore volume is reduced, thus the inlet pressure increased faster.
In Case 6, the turning point appeared at 202 min, the pressure difference of
in and out is 2.34 MPa in Case 5 and 2.71 MPa in Case 6, respectively. They
were all close to the mean value of pressure different (2.47 MPa), the pressure
difference of in and out could be a marker to judge the formation of hydrate—
containing sealing layer. In hydrate—bearing sediments, the hydrate—containing
sealing layer can be formed when hydrate reforms in hydrate reservoir, even
though hydrate has dissociated before.

- water phase
100 - I L.y drate phase

Saturation [%)]

Case 3 Case 4 Case 5 Case 6 Case 7

Fig. 12. Saturations of hydrate and water phases below hydrate zone at sealing
onset in different cases.

The hydrate-containing sealing layer formed in cases 3, 4, 5, 6, 7 for the reason
that hydrate reformed in hydrate-bearing sediments. Hydrate saturation is
the most direct criterion to judge whether hydrate reservoir has sealing effect.
Seawater is almost consumed up of Area A in Fig. 9(a) and hydrate saturation
is close to 100%, thus, we choose Area B in Fig. 9(a) as reference. Hydrate
saturation at the turning point for cases 3, 4, 5, 6, 7 are shown in Fig. 12. It is
obvious that hydrate saturation is above 51.61%, we consider this is the lowest
hydrate saturation that reservoir has sealing effect, and the water saturation is
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between 32.08% and 37.27%. If the hydrate saturation is higher than 37.27%,
sealing effect of hydrate—containing sealing layer may not exist due to insufficient
conversion of water to hydrate, and the water saturation will decrease as the
hydrate continues to form in hydrate-containing sealing layer.

1. Conclusion

In this study, the existence of hydrate—containing sealing layer is firstly exper-
imentally confirmed using MRI visualization device by injecting methane gas
and seawater into hydrate reservoirs at 3.5 and 4.0 MPa and 274.15 K. The
reformation of hydrates at low gas—water flow rate or high reservoir pressure en-
vironment (hydrate saturation is higher than 51.61%) is confirmed contributed
to the occurrence of sealing effect that hinders the external fluids flowing through
the reservoir. Near all of pore water has been consumed to form hydrates in the
sealing layer. In addition, the same pressure difference of approximately 2.47
MPa between reactor inlet and outlet was found in the different experimental
cases that process sealing layers and could be a significant marker suitable for
hydrate reformation. This is also a novel method, put forward in this study,
to form hydrate—containing sealing layer in experimental condition. When the
hydrates dissociate by high-rate gas—water flow, the sealing effect does not exist
any longer. The entire natural gas hydrate reservoir, which includes three—layer
distribution of hydrate, water, and gas from top to bottom, recognized by BSR is
perfectly demonstrated by MRI images in this study, and A pressure difference
of at least 9.0 MPa is found existing on both sides of the sealing layer, providing
the development condition of higher—pressure gas reservoir under hydrate layer.
The results of this study reveal the key reason why free gas can exist stably
underling hydrate layer in nature and can guide the safe joint exploitation of
hydrate and gas reservoirs.
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