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Abstract: The acoustic characteristics of hydrates are important parameters in geophysical hydrate
exploration and hydrate resource estimation. The microscale distribution of hydrate has an important
influence on the acoustic response of a hydrate-bearing reservoir. Although microscale hydrate distri-
butions can be determined using means such as X-ray computed tomography (X-CT), it is difficult
to obtain acoustic parameters for the same sample. In this study, we developed an experimental
system that integrated pore-scale visualization and an ultrasonic testing system for methane-hydrate-
bearing sediments. Simultaneous X-CT observation and acoustic detection could be achieved in
the same hydrate sample, which provided a new method for synchronously monitoring microscale
distributions during acoustic testing of natural gas hydrate samples. Hydrate formation experiments
were carried out in sandy sediments, during which the acoustic characteristics of hydrate-bearing
sediments were detected, while X-ray computed tomography was performed simultaneously. This
study found that hydrates formed mainly at the gas–water interface in the early stage, mainly in
the pore fluid in the middle stage, and came into contact with sediments in the later stage. The
development of this experimental device solved the difficult problem of determining the quantitative
relationship between the microscale hydrate distribution and the acoustic properties of the reservoir.

Keywords: gas hydrate; X-ray computed tomography; micro-distribution; acoustic property; porous media

1. Introduction

Natural gas hydrates are naturally occurring clathrates that are crystalline, non-
stoichiometric masses in which a host lattice of water surrounds guest molecules of natural
gas [1]. Natural gas hydrate deposits are widespread and contain a large quantity of
resources [2]. Even the most conservative estimates suggest that hydrate deposits contain
at least twice as much natural gas as conventional global estimates of natural gas [3]. It
is an internationally recognized clean energy source with high potential [4–6]. Marine
gas hydrates are found on almost all continental margins, such as the Black Ridge [7],
the southern Hydrate Ridge [8], the northern Cascadia margin [9], the eastern Nankai
Trough [10], offshore India [11], the Gulf of Mexico [12], the Ulleung Basin in the Southeast
Seas of South Korea [13], and the K-G Basin on the Indian continental margin [14]. In
addition, methane-producing gas was also found in deep-sea environments, including
the Caspian Sea and the Black Sea [15–19]. Currently, the increasing demand for natural
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gas hydrates has led to a gradual development of exploration methods for natural gas
hydrate resources [20]. Geophysical exploration techniques are an important means of
marine natural gas hydrate exploration and monitoring [21–24]; however, research into
the basic physical properties of hydrates requires laboratory investigation. To conduct
hydrate simulation experiments, researchers developed a series of experimental simulation
devices [25–29], carried out relevant laboratory simulation studies, and obtained a rich
collection of basic research results. In recent years, we also conducted a series of acoustic
detection simulation experiments for hydrate-bearing sediment reservoirs in a laboratory
setting [30–34]. In a hydrate-bearing deposition system, the relationship between the com-
ponents affects the acoustic properties. The microscale distribution of hydrates can be
studied by observing the acoustic properties [35,36]. The microscale hydrate distribution
in sedimentary reservoirs has a strong influence on the acoustic characteristics of hydrate-
bearing units, and different hydrate occurrence states produce different acoustic response
characteristics [32,33].

X-ray computed tomography (X-CT) technology allows for the direct observation
of the spatial distribution of hydrates, directly revealing the microscale characteristics of
hydrates. The successful application of X-CT technology makes it possible to observe the mi-
croscale distribution of hydrates in sediment pore spaces. Researchers directly observed the
microscale distribution of hydrates through X-CT technology in previous studies [37–44].
Ma et al. reviewed the important role of X-ray CT in hydrate research from the aspects
of analyzing the basic physical properties of hydrate-bearing sediments and identifying
the occurrence mode of hydrates in sediments [45]. Li et al. synthesized hydrates in
sediments of the Shenhu Area of the South China Sea and achieved online observation of
the hydrate formation and decomposition processes using X-CT techniques [46,47]. Lei
et al. conducted a series of studies on the formation and decomposition of hydrate with
X-CT and determined the 3D pore habit of methane hydrates and their evolution in the
sediment matrix [48–50]. In addition to microscale observations of hydrates using X-CT
techniques, researchers also developed a series of experimental devices combined with
X-CT techniques to study the physical properties of hydrates. Konno et al. proposed a
new method to measure the effective gas–water permeability of methane-hydrate-bearing
sediments, which performs a gas–water displacement process during X-CT scanning [51].
Li et al. developed a triaxial testing device that is suitable for X-ray computed tomography,
which can capture the hydrate saturation, effective stress, strain rate, hydrate decomposi-
tion characteristics in hydrate-containing sediment, and cementation failure behavior [52].
Seol et al. also developed an assembly for the pore-scale visualization and triaxial testing of
methane-hydrate-bearing sediments, which can be used to assess the geomechanical prop-
erties of methane-hydrate-bearing sediments [53]. Zhang et al. developed a new testing
assembly that combines micro-X-ray computed tomography scans and low-field nuclear
magnetic resonance tests to determine pore-scale characteristics, where the obtained test
results can be used to evaluate the pore structure of hydrate-containing sediments [54].
Zhao et al. combined X-ray computed tomography and resistivity measurement techniques
to simultaneously derive the three-dimensional spatial structure and resistivity of hydrate-
bearing sediments [55]. Similarly, some scientists combined X-CT detection techniques with
ultrasonic testing technology, such as the high-pressure multi-property characterization
chamber (MPCC) developed by Seol et al. Such systems provide insight into the total
characteristics of hydrate-bearing sediments in the laboratory, as well as in the field of
pressure core technology [56]. Their apparatus has an inner diameter of 50.8 mm, and the
X-CT scan results yield information about the general morphology of the sample but cannot
clearly show the microscale distribution of hydrate. Jin et al. developed a novel X-ray
computed tomography system and an attenuated total reflection infrared (ATR-IR) probe
for use in an Instrumented Pressure Testing Chamber (IPTC), which is a system that can
measure the sediment structure, primary wave velocity, density, and shear strength under
pressurized conditions [57]. The core diameter is 5.36 cm and the scan results have poor
resolution. Sahoo et al. conducted X-ray synchrotron time-lapse 4-D imaging of methane



Energies 2022, 15, 4938 3 of 14

hydrate evolution in sand, and measured ultrasonic P and S wave velocities and electrical
resistivity, but X-CT scanning and physical property testing were not performed by the
same system [58]. Yang et al. developed a novel Pressure Core Ultrasonic Test System
(PCUTS) for the onboard analysis of sediment cores containing gas hydrates at in situ pres-
sures. However, this system cannot perform simultaneous X-CT scans [59]. In summary,
there are various problems with comprehensive experimental devices for acoustic detection
and X-CT detection of hydrate-containing sediments in the laboratory. In addition, they
currently use X-CT scanning and acoustic characteristic detection to carry out experiments
in different experimental devices, which either cannot be performed simultaneously in
real time, have a large sample size, or the scanning results obtained have an insufficient
resolution. It is difficult to establish a corresponding relationship between the microscale
distribution of hydrate and the acoustic properties with the existing instrumentation. There-
fore, it is necessary to develop a set of experimental devices that can not only observe
the spatial distribution of hydrate, water, gas, and sediment in sedimentary reservoirs in
real time but can also accurately detect acoustic characteristics during the formation and
decomposition of hydrate.

In this study, we developed an experimental setup that could perform X-CT scanning
and acoustic detection at the same time. The research reported in this paper introduced a
setting for methane hydrate formation and tested the changes in acoustic wave velocity
during the formation of hydrate. At the same time, X-CT scanning was performed at
different stages of hydrate formation to observe the microscale distribution of the hydrate.

2. Experimental Apparatus
2.1. Experimental System

A hydrate-specific X-CT and joint ultrasonic detection experimental device were used
(Figure 1), which included an X-ray-penetrable high-pressure cavity, an acoustic measure-
ment device, a temperature control device, a pressure control device, a data acquisition
device, and an X-CT imaging system. The pressure control device communicated with the
high-pressure reaction device, which was located inside the CT imaging device, and in-
cluded a pressure-bearing cylinder in which sediments were placed with a sleeve surround-
ing the pressure-bearing cylinder. In the reaction cylinder outside the pressure-bearing
cylinder was the acoustic measurement device, which included an ultrasonic transducer
located at the upper and lower ends of the pressure-bearing cylinder. The temperature
control device included a circulating water bath in the cavity between the pressure-bearing
cylinder and the reaction cylinder. The acoustic measurement device, the temperature
control device, the pressure control device, and the CT imaging device were all connected
with the data acquisition device. The acoustic measurement device further included a wave
parameter tester connected with the ultrasonic transducer through a signal line. The CT
imaging device contained a rotating platform, and the high-pressure cavity was mounted
on the rotating platform through a rotating clamping block provided at the bottom. The
temperature-control device further comprised a constant-temperature water bath control
box that was connected with the water bath circulation cavity through an included cir-
culation conduit. The temperature range was −10–50 ◦C (accuracy was ±0.5 ◦C). The
pressure control device included a booster pump that was connected at one end with the
pressure-bearing cylinder and at the other end with a high-pressure gas cylinder, as well as
a back pressure valve that was installed between the booster pump and the high-pressure
reaction device. The design pressure of the high-pressure chamber was 15 MPa (with an
accuracy of ±0.1 MPa).

2.2. Pressure Chamber Design

The most important part of the experimental device is the high-pressure cavity
(Figure 2), which needs to meet the criteria of X-ray penetration. Therefore, the grip-
per cylinder was constructed out of PEEK plastic. PEEK plastic has high strength, is
lightweight, and allows for good penetration of X-rays. At the same time, in order to avoid
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possible accidental damage to the PEEK material due to temperature changes, micro-cracks
formed during processing, and internal defects in the materials, a circumferential winding
of carbon fiber was used for reinforcement, which completely prevented accidental damage
of the plastic materials and greatly improved the safety of the experimental equipment.
The vessel was designed for a pore pressure of 15 MPa, and considering the force of the
internal pressure on the end cover, the total axial-load-bearing design value was 12 kN. The
effective interior size of the sample cavity was ϕ 25 × 50 mm and the size of the ultrasonic
transducer was ϕ 15 × 20 mm.
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Figure 2. Structure of the core holder with ultrasonic probes for X-CT scanning.

By designing an X-ray-penetrable high-pressure cavity (Figure 3a) and placing it inside
the CT imaging device (Figure 3b), X-CT scanning imaging could be performed in real time
during the hydrate formation and decomposition process in the high-pressure reaction
cavity, allowing us to realize the internal visualization of hydrate-bearing sediments. At
the same time, the ultrasonic transducer installed on the pressure-bearing cylinder detected
the acoustic wave characteristics of the hydrate-bearing sediments, which achieved the
combined detection of X-CT data and acoustic wave data in hydrate-bearing sediments.
Thus, we could determine the wave velocity of a hydrate-bearing sedimentary reservoir
and its relationship to the hydrate micro-distribution. In addition, a circulating water bath
chamber was present between the pressure-bearing cylinder in which the hydrate deposits
were placed and the outer reaction cylinder. By circulating refrigerant in the water bath
chamber, the temperature of the hydrate generation environment could be controlled. This
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method controlled the temperature of the entire pressure-bearing cylinder. During the
experiment, the temperatures of the samples throughout the reaction device were kept
uniform, with little variation in temperature.
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It should be noted that the pressure-bearing cylinder included an inner pressure-
bearing cylinder and an outer pressure-bearing cylinder. The ultrasonic transducers were
arranged at the upper and lower ends of the inner pressure-bearing cylinder. The inner
cylinder was fixed and pressed against the sealing end cover, and the space between
the sealing end cover and the ultrasonic transducer was sealed by the pressure block of
the ultrasonic transducer probe. An installed sealing ring created a seamless connection
between the ultrasonic transducer and the inner pressure-bearing cylinder and ensured the
sealing performance of the inner pressure-bearing cylinder in a high-pressure environment.
There was a gas inlet and outlet on one side of the ultrasonic transducer probe pressure
block, which was used to add high-pressure gas to and release it from inside the inner
pressure-bearing cylinder.

3. Measurement

In order to verify the efficacy of the experimental system, this study carried out hydrate
formation experiments in sandy sediments and performed ultrasonic tests and X-CT scans
during the experiments. The particle size of the sediment used in the experiment was
500–600 µm, the solution used was a NaCl solution (3.5 wt.%), and the gas used was pure
methane gas (99.99% purity).

3.1. Experimental Procedure

The experimental procedure used in this study was as follows:

1. The ultrasonic transducer was installed at the bottom of the high-pressure cavity.
2. Twenty-five milliliters of the sediment intended for the experiment was measured,

placed into the high-pressure reaction chamber, and an appropriate amount of NaCl
solution was added (to an 80% water-saturated level so that the gas could enter the
sediment to generate hydrate).

3. The ultrasonic transducer was installed at the top of the high-pressure cavity.
4. The reaction vessel was affixed to the rotatable three-dimensional motion detec-

tion platform, the reaction vessel was placed under vacuum, and the internal air
was discharged.

5. Methane gas was introduced into the reactor using the pressure control system until
the pressure reached 8 MPa.
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6. The reaction temperature was set by gradually cooling the reaction vessel until the
temperature dropped by about 2 ◦C.

7. The temperature and pressure changes in the reactor were recorded through the data
collector, multiple X-CT scans were performed during the hydrate formation process,
and ultrasonic testing was performed synchronously during scanning.

8. Measurements were continuously collected to obtain the relationship between the
microscale distribution of hydrate and acoustic parameters.

3.2. Methane Hydrate Formation Process

The hydrate formation process is triggered by lowering the temperature of the refrig-
eration system. The temperature of the refrigerant was lowered using a step-wise cooling
method, and the refrigerant was cooled by 2 ◦C at regular intervals. The temperature of
the refrigerating circulating liquid was lowered by an additional 2 ◦C approximately every
24 h until the hydrate formation process was completed. As shown in Figure 4, as the
temperature gradually decreased, the pressure gradually decreased in stages during the
hydrate formation. When the reaction process time reached close to 200 h and the pressure
dropped to 3 MPa, the reaction vessel was supplemented with gas, pressurized to 5.2 MPa,
and hydrate generation was continued.
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As the temperature decreased, hydrate was gradually formed, the pressure in the
high-pressure reaction chamber gradually decreased, and the hydrate saturation gradually
increased (Figure 4). In this study, the hydrate saturation was calculated according to
the CT image method, where the hydrate saturation (precision, ±4.0%) was the volume
proportion of hydrate in the pore spaces over the entire experimental sample. The increase
in saturation during the hydrate formation process changed linearly, which was consistent
with the trend of the whole cooling and depressurization process.

3.3. Ultrasonic Velocity Detection

The ultrasonic transducer was installed at both ends of the sample, where the trans-
ducer probe size was ϕ15 × 20 mm. The main frequency of the ultrasonic transducer was
200 kHz and the actual style of the transducer is shown in Figure 5a. The other end of
the transducer was connected to a bayonet nut connector (BNC) through a signal line,
and the BNC connector could be directly connected to the ultrasonic tester. As shown in
Figure 5b, the working surface of the ultrasonic transducer was a circular plane: the front
end near the working surface was a thin cylindrical crystal material, which was wrapped
by the main damping material located in the middle of the transducer. The signal line
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was drawn from the crystal material and connected to the exterior through the damping
material. The outermost layer was the housing that encapsulated the probe. The ultrasonic
transducers could withstand the pressure and water and had a compact size, which made
them highly suitable for high-pressure hydrate chambers for X-CT scanning. The acoustic
data acquisition system used the HS-CS4EL ultrasonic tester developed by the Xiangtan
Tianhong Electronics Research Institute. The pulse voltage of the ultrasonic tester was
250 V, with 8 independent amplifier attenuations, where the sampling byte and sampling
rate could be adjusted.
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The working principle of ultrasonic detection is an instrument system that transmits
an electric pulse to the transmitting transducer made of piezoelectric material, which
excites a chip to vibrate, emitting waves that propagate through the test material. The
waves are then received by the receiving transducer, which converts the energy into a weak
electrical signal sent to the receiving system; then, the signal is amplified and the waveform
is displayed on the screen after analog-to-digital conversion. The wave amplitude and first
arrival time (t) are read from the waveform and used to calculate the longitudinal wave
velocity (Vp) of the ultrasonic wave propagating in the test sample from the known test
sample distance (L), which is expressed as

Vp = L/t (1)

Before the experiment, it is necessary to perform a zero-time calibration test on the
ultrasonic transducer using the direct docking method. The transmitting transducer and
the receiving transducer are directly docked and stabilized, and the first arrival time of
wave propagation is recorded; that is, a wave with zero delay t0 in the measurement
system. The result of the zero-wave calibration test for this experimental system is shown
in Figure 6, which displays a very short time. More detailed results are shown in the partial
enlargement of the first arrival time in the upper-right corner. Then, in this experimental
system, the expression of longitudinal wave velocity was

Vp = L/(t − t0) (2)

The calibration of the ultrasonic transducers is important. The error in the velocity
estimation is mainly from identifying t, which is the travel time of the compressional
wave. The velocity is calculated using Equation (2), where L is the sample length and
t0 is the inherent travel time of the transducers. Four different lengths of standardized
polyoxymethylene (POM) rods were used to calibrate the t0 of the transducers (Table 1).
According to the equation, we obtained the P-wave velocity in the POM rods and the
inherent travel time of the transducers: Vp = 2241.7 m/s and to = 6.31 µs, respectively. The
accuracy of the P-wave velocity measurement was ± 1.7%.
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Table 1. Testing time for P-wave of POM rods.

No. POM-1 POM-2 POM-3 POM-4

Length (m) 0.12 0.15 0.204 0.25
Average time of t (µs) 57.75 74.65 97.45 117.35

3.4. CT Imaging

In this study, a Phoenix v|tome|x industrial X-CT (Figure 3b) produced by Phoenix,
Germany, which is a subsidiary of GE, was used. Up to 240 kV, the voxel resolution was
up to 2 µm. The sample was placed on a 360◦-rotatable stage, with a maximum sample
diameter of 135 mm, a maximum sample height of 420 mm, and a maximum load of 10 kg.
The detector was a 16-bit digital flat panel detector with 1024 pixels × 1024 pixels and an
effective area of 204.8 mm × 204.8 mm. In this study, the scanning parameters needed to
be set prior to starting the experiment. After the reaction vessel was fixed on the rotating
stage of the CT system, various CT scanning parameters were adjusted, including the ray
tube voltage, current, detector exposure time, imaging times, geometric magnification, and
spatial resolution. Depending on the experimental sample size, the X-CT scan was operated
at a voltage of 120 kV, a current of 100 µA, and a detector exposure time of 333 ms. After the
scanning was complete, the scanned data were reconstructed to obtain two-dimensional
and three-dimensional images of the sample and were finally analyzed using the VG Studio
software to obtain the required experimental results. For a more detailed description of the
X-CT experimental system, X-CT image acquisition, X-CT image analysis, and identification
of the system components and boundaries, readers can refer to references [46,47].

Figure 7 shows an overall X-CT scanning result. In the figure, the sediment sample,
the cooling liquid circulation cavity, and the ultrasonic transducers located at both ends
of the sediment sample can be clearly seen. Since ultrasonic detection was required in the
combined CT and ultrasonic detection experimental device, the size of the experimental
sample was limited and could not be too small. The effective interior size of the sample
cavity was ϕ 25 × 50 mm. The resolution during sediment scanning in this study was
40 µm, which allowed for the sediment particles and the pore fluid around the particles
to be clearly distinguished. The scanning results in Figure 7 show the sample condition
before hydrate formation, where the pore fluid contained only methane gas and the NaCl
solution, but no hydrate.
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4. Results and Discussions

The main purpose of this study was to simultaneously obtain acoustic wave test-
ing data and X-CT scanning images in real time during hydrate formation to reveal
the acoustic response and microscale distribution characteristics during the process of
hydrate formation.

4.1. Acoustic Responses

Based on the temperature and pressure changes during the experiment (Figure 4),
various pressure change nodes were selected to analyze the acoustic wave velocities. The
acoustic velocities at 47.5 h, 120.5 h, 196.5 h, and 215 h were selected for the analysis. The
hydrate content was calculated from the X-CT scanning images and is reported as the
proportion of hydrate in the pore spaces. Prior to the hydrate formation in the experiment,
the initial P-wave velocity was 1408 m/s; with a hydrate content up to 59.3%, the P-wave
velocity was as high as 2642 m/s. With the progressive formation of hydrates, as shown in
Figure 8, the P-wave velocity of the hydrate-bearing sediments displays a periodic trend.
At hydrate contents of less than 10%, the acoustic wave velocity increased rapidly with
hydrate formation. When the hydrate content was between 10% and 50%, the hydrate
content continued to increase, but the change in the acoustic wave velocity was small, with
a slowly increasing trend for the P-wave velocity. As the hydrate content exceeded 50%,
the acoustic wave velocity again exhibited a trend of rapid increase.
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4.2. Microstructure Analysis

The X-CT scan results at 47.5 h, 120.5 h, and 215 h were chosen for the analysis
(Figure 9) to represent the microscopic distribution of hydrate in the early, middle, and late
stages of the formation process, respectively. Prior to the hydrate formation (Figure 9a),
methane gas and NaCl solution were mainly located in the sediment pore spaces. In
the early stage of hydrate formation (Figure 9b), the hydrate content was 11.7%. It can
be seen that hydrates began to form at the gas–water surface, with a relatively uniform
distribution throughout the sediment. With continued hydrate generation in the middle
stage (Figure 9c), the hydrate content was 29.7%, and the hydrate continued to grow along
the gas–water interface, mainly in the pore fluid. In the later stage of hydrate formation
(Figure 9d), the hydrate content was 59.3%. As the hydrate generation increased, the gas
and water in the pores gradually decreased, and the hydrate began to come in contact with
the sediment particles to form a sedimentary framework.

Energies 2022, 15, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 8. Variation of acoustic wave velocity with hydrate saturation during hydrate formation. 

4.2. Microstructure Analysis 
The X-CT scan results at 47.5 h, 120.5 h, and 215 h were chosen for the analysis (Figure 

9) to represent the microscopic distribution of hydrate in the early, middle, and late stages 
of the formation process, respectively. Prior to the hydrate formation (Figure 9a), methane 
gas and NaCl solution were mainly located in the sediment pore spaces. In the early stage 
of hydrate formation (Figure 9b), the hydrate content was 11.7%. It can be seen that hy-
drates began to form at the gas–water surface, with a relatively uniform distribution 
throughout the sediment. With continued hydrate generation in the middle stage (Figure 
9c), the hydrate content was 29.7%, and the hydrate continued to grow along the gas–
water interface, mainly in the pore fluid. In the later stage of hydrate formation (Figure 
9d), the hydrate content was 59.3%. As the hydrate generation increased, the gas and wa-
ter in the pores gradually decreased, and the hydrate began to come in contact with the 
sediment particles to form a sedimentary framework. 

 
Figure 9. X-CT images of a sample cross-section during hydrate formation, where (a–d) represent 
different formation stages: (a) before hydrate formation, (b) the initial stage of hydrate formation, 
(c) the middle stage of hydrate formation, and (d) the late stage of hydrate formation. The yellow 
represents methane hydrate, the blue represents NaCl solution, the light gray represents sand, and 
the black represents methane gas. 

  

Figure 9. X-CT images of a sample cross-section during hydrate formation, where (a–d) represent
different formation stages: (a) before hydrate formation, (b) the initial stage of hydrate formation,
(c) the middle stage of hydrate formation, and (d) the late stage of hydrate formation. The yellow
represents methane hydrate, the blue represents NaCl solution, the light gray represents sand, and
the black represents methane gas.

4.3. Influence of the Microscopic Hydrate Distribution on Acoustic Velocity

In order to better analyze the microscopic distribution state during the process of
hydrate decomposition, we selected parts of various blocks from the results with a scanning
resolution of 30 µm for closer analysis. Changes in the P-wave velocity with hydrate
saturation during hydrate formation are shown in Figure 10. It can be seen that the change
in wave velocity with hydrate saturation was not linear. During the process of increasing
hydrate saturation, the overall acoustic wave velocity displayed three stages of change.
In the initial stage, the acoustic wave velocity of the hydrate-bearing sediments increased
more rapidly, showing a larger rate of change. In the middle stage, the change in wave
velocity was small, and the overall trend of change was slow. In the later stage, the acoustic
wave velocity increased fast again.

The variation of acoustic waves at different stages in the hydrate formation process
and the corresponding hydrate micro-distribution are clearly shown in Figure 10. Based on
the combined acoustic characteristics and X-CT images of the hydrate formation process,
we believe that hydrate formation in the early stage altered the scaffold-like structure of
the sediments and that the gas–water fluid mixture was replaced by consolidated hydrates,
resulting in a significant change in the acoustic velocity. During the initial process of hydrate
generation, the amount of hydrate was small, and thus, was not sufficient to change the
properties of the sedimentary framework; therefore, the increase in hydrates had little effect
on the overall structure. When a certain amount of hydrate had accumulated, most of
the pore space became occupied by hydrates, which strengthened the connection between
the sedimentary particles and induced a notable change in the acoustic wave velocity;
therefore, the amount of hydrate had a major influence on the acoustic wave velocity. In
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sandy sediments, hydrates mainly occurred as a pore-filling phase. In the early stage of
hydrate formation, they mainly formed at the gas–water interface, while in the middle
stage, they mainly grew in the pore fluid. In the later stage, when the amount of hydrate
gradually increased, the hydrate existed in contact with the sediment.
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In this study, it can be clearly seen that hydrate nucleation mainly occurred at the
gas–water interface (Figure 10). Yang et al. found that hydrate clusters were initiated
and accumulated in the gas–water interface in the process of hydrate formation [60]. The
same hydrate formation mode was also found by Lei et al. [49], where they also found
that dew droplets could be potential nucleation sites in experiments with low initial water
saturations. During the formation process of hydrates, Yang et al. also observed that gas
hydrates mainly exist in the pore space [60]. Therefore, the occurrence mode of gas hydrates
in sediments is likely to be a pore-filling mode. This was consistent with what we observed
in this study.

5. Conclusions

In this study, an experimental system for ultrasonic–CT joint detection was constructed
to enhance our understanding of how the acoustic response characteristics of pore-filled hy-
drates reflect different microscale distributions. Simultaneous X-CT scanning and acoustic
detection experiments were performed on the same sample under the same experimental
conditions, which enabled a better understanding of the physical parameters of the state in
which natural gas hydrate occurs, and helped to establish an accurate view of the microscale
hydrate distribution. Determining a quantitative relationship between the basic physical
parameters of its reservoir is highly important.

The microscopic distribution pattern of the hydrate formation process in sandy sed-
iments was preliminarily obtained. Preliminary studies found that pore-filling hydrates
mainly formed at the gas–water interface in the initial stage and gradually grew along the
gas–water interface in the middle stage, mainly in the pore fluid. Afterward, they came in
contact with the sediments to form a sedimentary framework.

The newly developed experimental device could accurately detect the acoustic proper-
ties during hydrate generation and decomposition and simultaneously observe the spatial
distribution of hydrate, water, gas, and sediment in a sedimentary reservoir in real time,
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which provided a new method for the simultaneous observation of microscale distributions
and acoustic testing in natural gas hydrate samples. The experimental design of this study
can provide a basis for relevant scientific research to be carried out in future studies for
specific scientific problems.
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