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ABSTRACT

The hydrate formation and reformation reduce
mining efficiency and safety during natural gas hydrate
exploration and natural gas pipeline transportation. In
this paper, the methane hydrate formation and
reformation in partially water saturated consolidated
porous media were studied by low field MRI. The results
show that the change of water content was ununiform
both in time and space. The water content reduction
rate displayed as fast-slow-fast-slow periodic rhythm;
Hydrate formed prior in the bigger pores due to the
bigger contact area between water and gas and lower
pore water saturation; The formed hydrate made the
pore structure inside of porous media more
complicated; The rate of hydrate reformation was faster
than that of hydrate formation because the residual
hydrate microcrystalline structure after decomposition
provided the place of dendrites nucleated and grew.
This research can give some implications for delivering
natural gas safely and studying natural gas hydrate
reservoirs.
Keywords: methane hydrate, formation, reformation,
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NONMENCLATURE

Abbreviations

MRI Magnetic Resonance Imaging
T2 Transverse relaxation time
MH Methane hydrate

1. INTRODUCTION

At present, the world is facing enormous energy
challenges, less per capita resources, and traditional
energy is more destructive to the environment. As a
new type of energy, MH has the advantages of high
utilization efficiency and less pollution to the

environment, so it is considered a potential energy
source in the future [1, 2]. At the same time, the
formation of MH may lead to unsafe flow of natural gas
in pipelines. Therefore, it is of great significance to
study the characteristics of MH formation and
reformation. At the same time, there are many studies
shown that MRI technique is a powerful analytical tool
for noninvasive multidimensional quantitative analysis
of flow and transport in porous media, such as the
hydrate [3,4]. It provides a lot of technical support on
fluid characteristics and hydrate research in recent
years [5].

There are some researchers monitored MH
formation/ reformation process using MRI [6-11]. Song
at al. [6] investigated the effects of methane flow rate
and the initial water saturation on MH formation/
reformation. Zhao et al. [7] studied natural gas
production using the depressurization method in
porous media. They observed that hydrate reformation
always occurs in the interior of porous media near the
production well, which means that the hydrate
formation related to heat transfer. Wang at al. [8]
studied the effects of residual water, methane flow rate
and residual MHs on its reformation in a porous
medium. The methane flow affected the capillary force
distribution then further influenced the pore water
distribution in porous media. Taewoong et al. [9] found
that hydrate reformed during the process of hydrate
dissociation, and the temperature and salinity of water
had an impact on the regeneration. The higher the
salinity is, the easier it is to inhibit the reformation of
hydrate. But some researches show that low field MRI
technology has the advantages of more convenient and
faster than high field MRI technology [10,11]. It can
directly quantify the fluid content, which makes the
observation of MH change process more intuitive.
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In this study, MH formation and reformation in
partially water-saturated unconsolidated porous media
were studied using low-field MRI. Water content
change in time/space and the priority position of MH
formation in the porous media were monitored by
applying the pure phase encoding MRI technique. This
research can provide some experimental data for
delivering natural gas safely and studying natural gas
MH reservoirs.

2. EXPERIMENTAL MATERIAL AND METHODS
2.1 Experimental Apparatus

Fig. 1 shows the experimental system with a vertical
magnetic field strength of 0.9 tesla. Low-field MRI
system (Oxford Instruments, Witney, UK) was
performed at 5 MPa/0.5 °‘C . The self-designed MRI
vessel was made of polyimide to hold the sample, and
was placed vertically in the magnetic field. A gas
cylinder was full of CHs, which was used to supply
methane gas to the sample vessel using a gas injecting
ISCO pump (260D, Teledyne ISCO Inc., Lincoln, NE, USA).
The sample vessel was vacuumed using a vacuum pump
(E2M1.5, Edwards vacuum, Bolton, England) and was
saturated with water using another ISCO pump. The
temperature of the sample was controlled by a
circulator (Julabo, Seelbach, Germany) , employing the
Fluorinert FC-40 (US 3M) as the confining fluid. The
images of fluids containing *H proton were measured
using a NMR spectrometer, which would be displayed in
the data acquisition system (the Green Imaging

Technologies' advanced software).
®

Figure 1. Experimental system
2.2 Materials

The porous media was simulated using a ununiform
sand pack, with length 50mm, diameter 25 mm and a
porosity of 45.8%. Initial water saturation was 51.63%.
The methane gas (purity 99.99%) was supplied by Dalian
Date Gas Co., LTD. The deionized water was used to
saturate porous media.

2.3 MRI measuring methods

A Carr-Purcell-Meiboom-Gill (CPMG) method and
an inversion recovery method were utilized to
determine the bulk T, relaxation time of the sample
[12,13], respectively.

The bulk T, distribution acquired with two signal
averages evaluated the pore structure and the fluids
distribution change. T, Max was 300 ms, while the
recycle time was 2250 ms.

2.4 Experimental steps

Put the sample vessel into the central of the
magnetic field and connected the piping; Tested the
leakage of the whole system at 6 MPa for 12 h;
Vacuumed and saturated the porous media, and then
tested the parameters in the fully-saturated state when
the temperature was stable at 0.5 °C ; Drained some
water out of the sample until it reached a certain initial
water saturation; Injected gas to 5 MPa and used the
ISCO pump to maintain the pressure, then started the
sequence collection during the process of MH
formation; At the end of MH formation test, reduced
the pressure to 2 MPa and started the MH
decomposition test; Injected gas to 5 MPa again,
collected the sequence during the process of MH
reformation; Reduced the pressure to 0.1 MPa and
finished the test. Cleared the piping and prepared for
the next one test.

3. RESULTS AND DISCUSSION

In a series of tests, the effect of different initial
water saturation on MH formation and reformation
process were studied. The experimental results showed
that when the initial water saturation increased to
51.63%, the rate of MH formation and reformation both
started to display as a fast-slow-fast-slow rhythm until
the end of test. The specific causes need to be found
and verified by experimental data, so the process of MH
formation and reformation in the partially water
saturated sand-pack with initial water saturation of
51.63% was selected as the research object. The
experimental results are as follows:

3.1 Overall change in residual water saturation

Figure 2 shows the variation of the T, distribution in
the process of MH formation and reformation. The
transverse relaxation time represents the pore size,
while the integral area under the T, distribution
represents the water content [14]. According to the T,
transverse relaxation time, the pores could be divided
into two types: bigger pores (T > 10 ms) and smaller
pores (1ms < T, < 10 ms).
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Figure 2. The variation of the T, distribution in the process of MH
formation (Figure 2(a)) and reformation (Figure 2(b)).

Figure 2(a) shows the variation of the T, distribution
in the process of MH formation. T, distribution shifted
from the black points to the pink points, while
transverse relaxation time of water in the bigger pores
shifted from high to low and that of water in the smaller
pores shifted from low to high. And the signal
amplitude decreased significantly, which meant that the
formed MH changed the pore structure. Some smaller
pores were completely occupied by the formed MH,
while bigger pores were partially occupied.

Besides, the residual water saturation could be
calculated as the ratio of water content at different
times to that in the fully water saturated state. Within
initial 30 min of MH formation, the water saturation
decreased significantly from 51.63% to 42.26%. After
203 min of MH formation, the residual water saturation
decreased to 35.14%. After 331 min of MH formation,
the residual water saturation decreased to 26.90%.
After 2635 min of MH formation, the residual water
saturation decreased to 15.70%. After that, it barely
changed until the end of test. The results showed that
the MH formation process was ununiform in time and
space [2], while the same results could be seen in the
process of MH reformation (Figure 2(b)).

A —s— hydrate formation
A—0min

8
o
>

8——30 mi

R n
C—203 min
B’ D—331 min
i E—1099min ¢,
By

8

F—2635 min

F—2635 min

8
3
m®m

Residual water saturation (%)
8

3

T T T T T T
[ 500 1000 1500 2000 2500 3000
time (min)

Figure 3. The residual water saturation during the whole MH
formation/reformation process.

Figure 3 shows the residual water saturation during
the whole MH formation/reformation process. The
reduction rate of water saturation displayed as fast-
slow-fast-slow rhythm, so the process could be divided
into four sections.

Section A-B: 0-30min, 9.36% residual water was
consumed; Section A’-B’: 0-30min, 9.55% residual water
was consumed.

Section B-C: 30-203 min, 7.12% residual water was
consumed; Section B’-C’: 30-139 min, 7.79% residual
water was consumed.

Section C-D: 203-331 min, 8.24% residual water was
consumed; Section C’-D’: 139-203 min, 7.57% residual
water was consumed.

Section D-E: 331-1099 min, 6.93% residual water
was consumed; Section D’-E’: 203-1099 min, 8.56%
residual water was consumed.

Section E-F: 1099-2635 min, 4.27% residual water
was consumed; Section E’-F’: 1099-2635 min, 3.94%
residual water was consumed.

It could be seen that in the first three sections, the
reduction rate of residual water saturation was faster
and it took less time in the MH reformation than that in
the MH formation. Except this, there was no significant
difference of total time required between MH
formation and reformation.

3.2 Pore structure and fluids occupancy change
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Figure 4. The variation of the T, peak and the residual water
saturation in the pores in the MH formation (Figure 4(a)) and
reformation (Figure 4(b)).

Figure 4 shows the variation of the T, peak and the
residual water saturation in both the bigger pores and
smaller pores. Water consumption and MH formation
mainly occurred in the bigger pores. There were about
two reasons: the first one was that the contact area of
water was bigger than that in the smaller pores after
draining some free water, which accelerated the MH
formation rate. The other one reason was that the pore
water saturation in the smaller pores was higher. The
only gas resource to form MH in the case of high pore
water saturation was the dissociated gas, which was not
conducive to MH formation.

Figure 5 shows the fractal dimension and
correlation coefficients at different time in the MH
formation and reformation, which were obtained by
linear regression analysis on the T, distribution curves.
The responding fractal dimension increased with the
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MH formed, which meant that the pore structure inside
of porous media became more complicated [15]. During
Omin to 2635min of MH formation, the fractal
dimension increased as a logarithmic growth trend from
2.3555 to 2.8125, while the residual water saturation
decreased from 51.63% to 15.70%. It meant that there
was always MH formation in the process of water
consumption to the end of MH formation; During Omin
to 1099min of MH reformation, the fractal dimension
increased as a logarithmic growth trend from 2.3749 to
2.8469, while the residual water saturation decreased
from 52.94% to 19.47%. During Omin to 1099min, the
fractal dimension basically unchanged, while the
residual water saturation still decreased from 19.475 to
15.53%. It meant that there were water consumption
and MH formation in the initial 1099min of MH
formation, but there was mainly the fractal growth from
1099min to 2635min, which has less effect on the pore
structure.

0o 00

ey 025231
D=2.4177 D=24339 R=0.9558
R=09773 R=0.9669
; -03-

034

D=23749

D=238555 g Re09774 D=27049
D=26210 R=09436

R=09584

R=0.9841 7
> >
& 06 & 06
= =
D=27399 D=2.8469
7 7. . . R=09600 7 R=0.9379
E . omi bt - Omin
0.9 Omin 0.9 LT « 30min

D=28125 +—30min
R=0.9281 203min D=28300 139min
v 331min . R=09442 +—203min

1099min . 1099min

< 2635min < 2635min

18 20 22 2.4 26 28 30 18 20 22 2.4 26 28 30
1gT2 1gT2

(a) (b)
Figure 5. The fractal dimension (D) and correlation coefficients (R)
during MH formation (Figure 5(a)) and reformation (Figure 5(b)).

Besides, it could be seen that there was residual
MH microcrystalline structure after MH decomposition.
When the MH formation conditions were reached
again, the MH dendrites first nucleated and grew in the
place with residual MH microcrystalline structure, which
made the rate of consuming water more rapidly than
that in the initial MH formation process.

4. CONCLUSIONS

In this paper, MH formation and reformation
process was studied in the partially water saturated
sand pack, using low-field MRI technique. The pure
phase encoding MRI technique, a bulk T, distribution
were used to monitor the change of fluids content, Pore
structure and fluids occupancy. The results are as
followed: In the MH formation and reformation, the
rate of water content reduction displayed as fast-slow-
fast-slow rhythm, which had significant stages. And the
reduction rate of residual water saturation was faster in
the MH reformation than that in the MH formation,
which was because that there was residual MH
microcrystalline structure remained in the porous

media after MH decomposition and they provided place
for the MH dendrites nucleated and grew again;
Besides, the T, distributions clearly reflected that MH
preferred forming in the bigger pores to smaller pores
due to the bigger contact area between water and gas,
and lower of pore water saturation; The formed MH
made the pore structure inside of porous media more
complicated.

ACKNOWLEDGEMENT

The authors are grateful for the support provided
by the National Science Foundation of China (Grant No.
51676025), the National Key Research and
Development Plan of China (2017YFC0307300,
2016YFC0304001), the National Science Foundation of
Liaoning Province (Grant No. 201602186), and the
Fundamental Research Funds for Central Universities.

REFERENCE

[1] SLOAN, E. Dendy; KOH, Carolyn A. Clathrate hydrates of natural gases
third edition. CHEMICAL INDUSTRIES-NEW YORK THEN BOCA RATON-
MARCEL DEKKER THEN CRC PRESS-, 2008, 119.

[2] YIN Z, MORIDIS G, TAN H K, et al. Numerical analysis of experimental
studies of methane hydrate formation in a sandy porous medium[J]. Applied
energy, 2018, 220: 681-704.

[3] LI, Ming, et al. A magnetic resonance study of low salinity waterflooding
for enhanced oil recovery. Energy & Fuels, 2017, 31.10: 10802-10811.

[4] SHAKERIAN, Mojtaba, et al. Monitoring gas hydrate formation with
magnetic resonance imaging in a metallic core holder. In: E3S Web of
Conferences. EDP Sciences, 2019. p. 02008.

[S] BAGHERZADEH, S. Alireza, et al. Magnetic resonance imaging of gas
hydrate formation in a bed of silica sand particles. Energy & Fuels, 2011,
25.7:3083-3092.

[6] SONG, Yongchen, et al. Methane hydrate formation/reformation in three
experimental modes: A preliminary investigation of blockage prevention
during exploitation. Journal of Natural Gas Science and Engineering, 2015,
27:1814-1820.

[7] ZHAO, Jiafei, et al. Analyzing the process of gas production for natural gas
hydrate using depressurization. Applied energy, 2015, 142: 125-134.

[8] WANG, Pengfei, et al. Methane hydrate reformation in porous media with
methane migration. Chemical Engineering Science, 2017, 168: 344-351.

[9] AHN, Taewoong, et al. Experimental investigation of methane hydrate
reformation under dissociation process. In: The Nineteenth International
Offshore and Polar Engineering Conference. International Society of Offshore
and Polar Engineers, 2009.

[10] MITCHELL, J., et al. Magnetic resonance imaging in laboratory
petrophysical core analysis. Physics Reports, 2013, 526.3: 165-225.

[11] CHEN, Quan; BALCOM, Bruce J. Measurement of rock-core capillary
pressure curves using a single-speed centrifuge and one-dimensional
magnetic-resonance imaging. The Journal of chemical physics, 2005, 122.21:
214720.

[12] CARR, Herman Y.; PURCELL, Edward M. Effects of diffusion on free
precession in nuclear magnetic resonance experiments. Physical review,
1954, 94.3: 630.

[13] MEIBOOM, Saul; GILL, David. Modified spin - echo method for
measuring nuclear relaxation times. Review of scientific instruments, 1958,
29.8: 688-691.

[14] JI Y, HOU J, CUI G, et al. Experimental study on methane hydrate
formation in a partially saturated sandstone using low-field NMR technique.
Fuel, 2019, 251: 82-90.

[15] YU B, LI J. Some fractal characters of porous media. Fractals, 2001, 9(03):
365-372.

Copyright © 2019 ICAE



