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ABSTRACT

CH4-CO3 replacement has been considered as a method for methane production from hydrate-bearing sediments to maintain sediment stability. Sediment stability
has been studied at both the particle scale and mesoscale. However, the shear stiffness of sediments has not yet been explored. Moreover, the effects of CO5 and
CO,-N; mixtures as injection fluids on sediment stability remain unclear. Thus, this study aimed to determine the variations in shear wave velocity and electrical
resistivity during hydrate formation, CH4~CO; replacement, and hydrate dissociation using two types of injecting fluids (CO2 and CO2-N3 mixture). The results
demonstrated that hydrate-bearing sediment could maintain its stability during CH4—CO3 replacement by injecting CO3 or CO2—Ny mixture. Furthermore, injecting
CO,-N; mixture was more efficient for methane production than injecting CO2. The Results also revealed that injecting CO2-N; mixture could lead to higher stability
of sediments during CH4—CO> replacement than injecting CO», although the difference in sediment stability was small between the two cases.

1. Introduction

CH4 hydrate is a potential energy resource with worldwide reserves
on the order of 500-10,000 Gt of carbon (Collett, 2002; Kvenvolden,
1988; Milkov, 2004; Ruppel and Pohlman, 2008). Depressurization,
heating, and chemical injection have been used for methane production
from hydrate-bearing sediments. Injecting CO, into hydrate-bearing
sediments can produce methane. CO is not only a gas that can be
used for methane production but also a gas that causes global warming.
Fortunately, CO, can be sequestrated as CO, hydrate in sediments
(McGrail et al., 2007; Ota et al., 2005; Stevens et al., 2008; Svandal et al.,
2006; Zhou et al., 2008; Jung et al., 2010). Chemical potential difference
between COy and CHy4 hydrate can result in CH4~CO5 replacement in
hydrate (Seo and Lee, 2001; Svandal et al., 2006). CH4~CO4 replacement
is affected by pressure and temperature-dependent relative viscosity,
permeability, density, and solubilities of water, CH4, and CO2 (Jung
et al., 2010). Previous studies on the CH4—CO> replacement ratio or rate
demonstrate that the CH4~CO; replacement rate can increase close to
the CH4 hydrate phase boundary and with injected CO, gas pressure
until CO, is liquefied (McGrail et al., 2007; Ota et al., 2005, 2007). The
replacement ratio also increases when COy/Ny mixture is used as the
injecting fluid. This is because smaller N3 molecules can replace CHy in
small cages (Park et al., 2006). The chance of reaction between the CHy4
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hydrate and injected CO increases with slower injection of CO5 and
longer soaking time of CO2, which in turn increases the replacement
ratio (Seo et al., 2015, 2016).

CH4—CO> replacement by injecting CO; into hydrate-bearing sedi-
ments can maintain the stability of sediments during methane produc-
tion (Jung and Santamarina 2010; Espinoza and Santamarina, 2010).
Although the replacement ratio and rate have been well studied, the
stability of hydrate-bearing sediment during and after CH4-CO>
replacement has not been well understood yet. Previous studies have
shown no change in electrical conductivity and stiffness of hydrate
during CH4—CO», replacement in particle scale using electrodes and the
change in amplitude of P-waves (Jung and Santamarina 2010), constant
P-wave velocity during CH4—~CO» replacement in sediments (Espinoza
and Satamarina 2011), and decreased electrical conductivity in sedi-
ments (Lim et al., 2017). These results show that the stability of
hydrate-bearing sediments could be maintained during CH4-CO;
replacement. However, the extent to which stability could be main-
tained is unclear. Therefore, this limits the utilization of the CO5 injec-
tion method for the production of methane from hydrate-bearing
sediments in the field. Thus far, no study has considered the measure-
ment of S-wave velocity during CH4~CO- replacement. Also, no study
has reported the different effects of CO, and CO,-N, mixtures as an
injecting fluid on the stability and shear wave velocity during CH4~CO2
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replacement in hydrate-bearing sediments. Shear wave velocity has a
strong correlation with sediment shear stiffness and shear strength.
Thus, the objectives of this study were to determine the S-wave velocity
and electrical resistance of hydrate-bearing sediments during CH4-CO
replacement and to investigate the stability of hydrate-bearing sediment
using two types of injecting fluids (i.e., CO3 and CO>-N» mixture) at core
scales.

2. Experimental setup
2.1. Materials

Ottawa sand #20-30 was used as the host sediment (dsg = 0.72 mm,
deo/d10 = 1.2). CH4 gas with a purity of 99.95 mol % was used for CHy4
hydrate formation. CO, gas with a purity of 99.995 mol % and N2/CO»
mixed gas (20 mol % CO, with Ny balance, 99.995 mol % purity) were
used for comparison with the results. NaCl aqueous solution (3.35 wt %)
was used to synthesize CH4 hydrate formation to mimic the natural
environment.

2.2. Experimental setup

Fig. 1 shows a schematic diagram of the experimental setup. A high-
pressure system was designed for the CH4—CO3 replacement tests. (1) A
back-pressure regulator (BPR, TESCOM 26-1765-24, Emerson Electric
Co., Elk River, MN) was used to maintain the maximum internal pressure
during continuous CO injection. (2) A mass flow controller (MFC,
Brooks 5850E, Hatfield, PA) was used to maintain a constant flow rate
during CO; injection. (3) A wet gas meter (WGM, W-NK-1, Shinagawa
Co., Ltd., Japan) was used to measure the volume of CH4 and CO, gases
when the CH4—CO» mixture flowed out from the main chamber during
the tests. (4) A gas chromatograph (GC, YL-6100, Young Lin Instrument
Co., Ltd., Republic of Korea) was used for the quantitative analysis of
guest compositions of the synthesized gas hydrates. (5) A pressure
transducer (Omega PX303-GV) and (6) thermocouples (T-types) were
used to monitor pressure and temperature changes during the tests,
respectively. (7) A data logger recorded the variations in pressure and
temperature. (8) A syringe pump controlled the pressure in the entire
system. (9) Bender elements and electrodes were placed in the sediments
and were used to measure the shear wave velocity and electrical resis-
tance during the tests. (10) A Teflon spacer with epoxy resin was used for
electrical insulation of the system, and (11) the source bender element
was connected to a signal generator that sent a step function signal every
20 ms. The receiver bender element was connected to a pre-amplifier
and a digital storage oscilloscope.

2.3. Experimental procedures

Water-saturated (NaCl aqueous solution) sand was packed inside the
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Fig. 1. Schematic drawing of the experimental setup.
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sediment cell with a target initial porosity of 39% for both tests
(Table 1).

The sediment cell was placed inside the high-pressure chamber and
flushed five times with nitrogen gas to reach irreducible water satura-
tion conditions. Then, the temperature was lowered to 263 K for ice
formation (Fig. 2a) and maintained for 100-400 s. The temperature was
then increased to 276 K to melt the ice (Fig. 2b). Then, CH4 was intro-
duced into the sediments while keeping the pressure and temperature
constant at ~9 MPa and 276 K, respectively, within the CH4 hydrate
stability field (Fig. 2c). The CH4 hydrate started to nucleate. Pressure
and temperature were maintained constant for 24 h to allow CH4 hy-
drate formation and growth in the sediments. Then, the hydrate satu-
ration was calculated using Equation (1) [Sakamoto et al., 2005]. After
the CH4 hydrate formation was complete, liquid COy (or CO2-Nj
mixture) was injected into the pore space of the sediment at a constant
flow rate (100 sccm, standard cubic centimeters per minute) to displace
CH, in the pore space, while the pressure was maintained at 9 MPa using
a back pressure regulator (BPR) at the outlet (Fig. 2d). COy (CO2-Ng
mixture) and CH,4 gases were produced, and their composition was
measured using gas chromatography (GC). The injection of liquid CO»
(or COo-N5 mixture) into the sediment continued until the CHy4
composition of the outlet gas was less than 1 mol %. After completing
the CH4-CO; replacement, the pressure was decreased in three steps: (1)
from liquid CO; to gas COy (Fig. 2e), (2) between the CH4 and COg
stability fields (i.e., outside the CH4 hydrate stability field but within the
COq hydrate stability field) (Fig. 2f), and (3) outside the COy hydrate
stability field (Fig. 2g).
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where Vyq is the volume of water drained by the injected gas; Ap is the
pressure drop in the sediment cell during hydrate formation; T, is the
standard temperature; 172 is the ideal volume ratio of stored methane
per hydrate; p, is the standard pressure; Tf is the temperature during
hydrate formation; A is the cross-sectional area of the sediment; L is the
length of the sediment; and ¢ is the porosity of the porous media.

2.4. Measurement of electrical resistivity and shear wave velocity

Electrical resistance and shear wave velocity were measured for each
step of CH4 hydrate formation, CH4~CO, replacement, and the dissoci-
ation of COy hydrate during pressure decrease. The errors for electrical
resistivity and shear wave velocity were £0.001 Qm and +0.1 m/s,
respectively.

The electrical resistivity of the gas hydrate was measured using two
stainless steel plate electrodes. The cross-sectional area (A) of the elec-
trodes was 0.785 cm?, while the distance between the two electrodes
was 1.55 cm. Electrical resistivity was measured with an electrical
interface device (SI 1287 and SI 1260, Solartron Analytical, U.K.). The
voltage was 0.1 V to minimize electrode polarization and electro-
chemical reactions on the electrodes during measurement. The electrical
resistivity (p) was calculated using the measured electrical resistance,
according to Equation (2).

A
where  is the shape factor (f = 1 for a simple cylindrical shape), A is the

Table 1
Experimental conditions.

Porosity Irreducible water Hydrate saturation Injecting fluid
[%] saturation [%] [%] types

39 44 22 CO2/N2

39 43 21 CO,
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Fig. 2. Changes in pressure and temperature for CH, hydrate formation,
CH4—CO;, replacement, and hydrate dissociation. The labels in the figure denote
the following: (a) temperature decrease to form ice, (b) temperature increase in
melting the ice, (c) pressure increase to form methane hydrate, (d) CO, (or
CO,/N, mixture) injection for CH4~CO, replacement, (e) pressure decrease
from liquid CO, to gas CO, zone, (f) pressure decrease from CH, hydrate sta-
bility zone to CO; hydrate stability zone, and (g) pressure decrease out of CO,
hydrate stability zone.

cross-sectional area of the gas hydrate-bearing sediment in the sediment
cell, and L is the distance between the two electrodes.

Shear wave velocity was estimated from the arrival time of the first
signal and the distance between two bender elements. The source
bender element transmitted a step function signal every 20 ms. The
receiver bender element was connected to a pre-amplifier and a digital
storage oscilloscope to monitor the signal passing through the sediment.
The shear wave velocity was associated with hydrate saturation in
Equation (3) and the shear modulus, as shown in Equation (4).

; > P 2
2 _ (O1toL ViS;
Vs,/;bs*a( 2kPa ) + n 0, 3

where ¢’ is the effective stress in the direction of wave propagation, Sy, is
the hydrate saturation, V}, is the shear-wave velocity of pure hydrate,
and 0 is the hydrate formation type (e.g., cementing or pore-filling).
Parameter o is the shear-wave velocity at 1 kPa mean stress. Param-
eter f is the sensitivity of velocity to the state of stress, which can be
estimated from tests conducted on sediments without hydrates. The
presence of hydrates in sediments increased the stiffness of both the pore
fluid and sediment skeleton. As shown in Equation (4), skeletal stiff-
ening influenced the increase in shear modulus, thus increasing the
skeletal bulk modulus.

2(1 + vg)

Ky=——7%G.
T3 = 2vyg)

4

Moreover, the shear modulus is related to the S-wave velocity in
Equation (5), where p is the mass density of the medium.

3. Results and discussion

The multi-stage tests to explore the effects of injected gas (COy or
CO2-N; mixture) on the stability of hydrate-bearing sediments during
CH4—CO3 replacement yielded two results.
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3.1. Electrical resistivity and shear wave velocity during CH4 hydrate
formation

After the sediment cell inside the high-pressure chamber was flushed
with nitrogen, sediment reached irreducible water saturation (43-44%)
(Table 1). The results (Fig. 3) show the variations in electrical resistivity
and shear wave velocity at the irreducible water saturation condition of
the experiments as a function of CH, pressure before hydrate formation.
Both electrical resistivity and shear wave velocity exhibited relatively
constant values (i.e., electrical resistivity and shear wave velocity were
0.41-0.43 Q and 248-250 m/s, respectively). Note that the errors for
electrical resistivity and shear wave velocity were +0.001 Qm and +0.1
m/s, respectively. The results of shear wave velocity (i.e., 248-250 m/s)
without hydrates in sediment, in this study, are consistent with Santa-
marina (2001), implying that gas pressure does not influence the stiff-
ness of the sediments. Moreover, when water saturation was in the range
of 43-44%, the results of electrical resistivity (i.e., 0.41-0.43Q) in
sediments were consistent with those presented by Lim et al., (2017).

As shown in Fig. 4, CH4 hydrate formation resulted in a decrease in
pressure due to the consumption of methane during CH4 hydrate for-
mation. The estimated hydrate saturation was 21%—22% in the two
tests, as calculated based on the degree of pressure drop using Equation
(1). Table 1 provides a summary of all the experimental results. The
results (Fig. 4) also show that the electrical resistivity increased between
29.1 and 32.0 Q during CH4 hydrate formation, which is consistent with
Lim et al., (2017). Moreover, the results show that higher hydrate
saturation (i.e., 22%) caused higher electrical resistivity (i.e., 32.0 Q) in
the two tests. This is because more hydrate formation consumed more
water in the pores, thus causing water content to decrease.

In agreement with Jung et al., (2012), the results (Fig. 4) show that
shear wave velocity increased during CH4 hydrate formation. Moreover,
higher hydrate saturation resulted in a higher shear wave velocity.
Hydrate saturation, could also be estimated using Equation (4), which is
a function of the shear wave velocity for different effective stress levels
(Jung et al., 2012). The parameters, a = 80 m/s and = 0.25, were
selected for hydrate-free sand. In contrast, Vh = 1964 m/s was obtained
from the literature (Koh et al., 2012). According to Santamarina and
Ruppel (2008), the value of 0 ranges from 0.08 to 0.25. In this study, the
effective stress was close to zero. When the value of 6 was assumed to be
0.25, the estimated hydrate saturation, Sh, was 48%, which was higher
than the value obtained with Equation (1) (i.e., 21-22%). This finding
implies that the estimation of hydrate saturation using Equation (3) is
not accurate when the effective stress is zero.

05 400
o o
04 < <> > - O <> ~O— <O
= r 300
- £
& o3 ¢—O0—O0—0—0—0——0—C—0—0 =
03 >
Z R3]
Z 200 2
o >
= 02 3
Q <
3 %]
= F 100
0.1 1
~O-Electrical Resistivity [Qm]
-O-S-wave velocity [m/s]
0 T T T 0
0 2 4 6 8 10

Pressure [MPa]

Fig. 3. Electrical resistivity and shear wave velocity measurement of irreduc-
ible water saturation in sediments as a function of CH,4 pressure.
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Fig. 4. Pressure, electrical resistivity, and S-wave velocity change during CH4 hydrate formation. (a) Changes in pressure and electrical resistivity during hydrate
formation for CO,-N; injection; (b) Changes in pressure and S-wave velocity during hydrate formation for CO,-N; injection; (c) Changes in pressure and electrical
resistivity during hydrate formation for CO injection; and (d) Changes in pressure and S-wave velocity during hydrate formation for CO, injection.

3.2. Electrical resistivity and shear wave velocity during CH4~CO>
replacement

CO5 and CO2>—N5 mixtures (80 mol % N5 balanced with CO,) were
injected into the sediments containing CH,4 hydrate at a constant flow
rate of 100 sccm for a continuous replacement process. As soon as the
CO,/CO2-N; mixture was injected, the electrical resistivity decreased
(see Fig. 5). Momentary dissociation at the interface by contact between
the injected gas (CO2 or CO2-N2 mixture) and the hydrate surface may
result in an immediate change in electrical resistivity (Lim et al., 2017).
The electrical resistivity after COo-Ny mixture injection was approxi-
mately 12 Q. Note that the error of the electrical resistivity is +0.001
Qm. This finding implies that ~40% of CH4 was replaced with a CO2—Ny
mixture according to a previous study (Lim et al., 2017). The electrical
resistivity (i.e., ~10 Q) after CO; injection may also present less
CH4—CO3, replacement (i.e., less than 40%) relative to COo-Ny mixture
injection (Lim et al., 2017). These results are consistent with previous
studies that showed that the replacement ratio increased with increasing
CO2-N; mixture due to smaller Ny molecules that could replace CHy in
small cages (Park et al., 2006).

The shear wave velocity in both tests increased after CO3 (or CO2-Ny
mixture) injection (see Fig. 7). When the CO,-N» mixture was injected,

the shear wave velocity (i.e., ~640 m/s) was relatively faster when
compared to post CO; injection. Note that the error of the shear wave
velocity is +£0.1 m/s. In agreement with Park et al., (2006), this finding
implies that further CH4—CO5 replacement occurred after injection of the
CO2-N; mixture than when CO, was injected due to small N molecules.

3.3. Electrical resistivity and shear wave velocity during and after hydrate
dissociation

After completion of the CH4-CO; replacement, the pressure was
decreased through three steps. First, the pressure was decreased from
9.1-9.2 MPa-3.5 MPa, while the temperature was maintained at 276 K
(Fig. 6). The PT condition was located between the phase boundaries of
liquid CO4 and gas CO». During this step, no changes were observed in
the electrical resistivity or shear wave velocity. Second, the pressure was
decreased from 3.5 MPa to 2.5 MPa, while the temperature was main-
tained at 276 K (Fig. 6). The PT condition was located between the phase
boundaries of CO,- and CH4 hydrates, which was out of the CH4 hydrate
phase but inside the CO, hydrate phase. Thus, CH4 hydrate could not
remain in this PT condition (see Fig. 2e). The results showed that the
electrical resistivity increased, but the shear wave velocity decreased
during the second step because about 40% replacement occurred during
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Fig. 5. Pressure, electrical resistivity, and S-wave velocity change during CH4—CO; replacement. (a) Changes in pressure and electrical resistivity during hydrate
formation for CO>-N, injection; (b) Changes in pressure and S-wave velocity during hydrate formation for CO>-N, injection; (c) Changes in pressure and electrical
resistivity during hydrate formation for CO- injection; and (d) Changes in pressure and S-wave velocity during hydrate formation for CO, injection.

CO3 or CO2-N2 mixture, which caused CH4 hydrate to remain in the
sediments and the remaining CHy4 hydrate dissociated (Fig. 6). When the
CO2-N, mixture was injected, a smaller amount of CH4 hydrate
remained. Thus, variations in electrical resistivity and shear wave ve-
locity were lower with the injection of the CO2-Ny mixture than with
CO; injection. This finding implies that the injection of the CO2-Nj
mixture could be a more stable method when the pressure decreases
during and after CH4~CO3 replacement.

Third, the pressure decreased outside the CO, hydrate phase
boundary, while the temperature remained relatively constant (see
Fig. 2f). The pressure was decreased by less than 1.7 MPa, while the
temperature was maintained at 276 K (Fig. 6). During this step, the
electrical resistivity increased, but the shear wave velocity decreased to
initial values before hydrate formation. This finding implied that the
displaced CO; hydrate became dissociated in the sediment (Fig. 6).

4. Discussion

Two types of gases (i.e., pure CO3 and CO2-No mixture) were injected
into CH4 hydrate-bearing sediments for CH4—~CO> replacement. The re-
sults showed that when a CO,-N; mixture was injected, a higher
replacement ratio (i.e., a 38% replacement ratio with a CO2-Ny mixture

and 28% with pure COy) resulted in more CO; replacement in the small
cages in the hydrate due to the small molecule size of N. This finding
implies that injecting CO2-N» can produce more CH4 under the same
conditions. In both tests, the S-wave velocity increased while electrical
resistivity decreased during CH4—CO; replacement, implying that the
stability of sediments could be maintained. It is known that a CO5-Ny
mixture can result in higher replacement efficiency owing to the smaller
molecule size of N,. The results also indicated that sediments main-
tained higher stability when CO2-Ny mixture is injected because the S-
wave velocity is higher when CO3-Ny is injected. This finding implies
that using a CO2—N3 mixture could lead to better stability and replace-
ment efficiency than using only CO».

5. Conclusion

It is known that hydrate-bearing sediments can maintain their sta-
bility during and after CH4—CO» replacement. However, the effects of
injected fluids (i.e., CO3 or CO2-N3 mixture) on the stability of sedi-
ments remain unclear. Thus, this study investigated the effects of two
types of fluids on the stability of sediments during CH4~CO; replace-
ment. The following conclusions are drawn from this study:
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Fig. 7. S-wave velocity and electrical resistivity change in all procedures. (a) Changes in S-wave velocity during the whole procedures for CO>-N; and CO; injection;
and (b) changes in electrical resistivity during the whole procedures for CO>-N, and CO; injection.
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e Gas pressure does not influence the stiffness of the sediments.
Neither electrical resistivity nor shear wave velocity is influenced by
the change in pressure before hydrate formation in sediments.
Electrical resistivity increases with CH4 hydrate formation due to
increased stiffness of sediments and decreased water content.
Moreover, the shear wave velocity increases with CH4 hydrate for-
mation due to increased stiffness of sediments.

e As soon as the CO5/CO2-N5 mixture is injected into CH4 hydrate-
bearing sediments, momentary dissociation at the interface by con-
tact between the injected gas (CO2 or CO2-Nj mixture) and the hy-
drate surface occurs, which results in an immediate decrease in
electrical resistivity. However, the S-wave velocity increases during
CO5/CO2-Ny mixture injection. This implies that the stability of
sediments can be maintained during CH4—CO> replacement.

e When the pressure decreases from liquid CO; to the gaseous CO5 PT
zone, neither electrical resistivity nor shear wave velocity changes,
thus implying no change in sediment stiffness.
When the PT condition is located between the CH4 hydrate and CO»
hydrate phase boundary, the electrical resistivity increases. How-
ever, the shear wave velocity decreases because the remaining CHy4
hydrate dissociates. As PT conditions move outside the CO3 hydrate
phase boundaries, the electrical resistivity significantly increases
while the shear wave velocity decreases.

Injecting a CO2-N3 mixture can produce more CH4 under the same

conditions than injecting CO5 alone, thus leading to higher stability

during CH4—CO, replacement.
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