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Abstract: The production of natural gas hydrates will change the cementation strength, porosity,
and effective stress in the stratum, which may lead to engineering and geological disasters. Sand
production is a phenomenon where sand particles are carried out of the reservoir along with fluids
during gas extraction, posing challenges to safe and sustainable production. This study explored the
mechanism of fine particle migration in multiphase flow by a microscopic visualization test device.
The device can inject a gas-liquid—solid phase at the same time and allow real-time observation.
Experimental tests on fine particle migration of single- and two-phase fluid flow were carried out
considering different conditions, i.e., fine particle concentration, fine particle size, fluid flow rate,
and gas-liquid ratio. The results show that in single-phase fluid flow, the original gas will gradually
dissolve in the liquid phase, and finally stay in the test device as bubbles, which can change the pore
structures, resulting in the accumulation of fine particles at the gas-liquid interface. In two-phase
fluid flow with mixed gas-water fluids, there are two flow modes of gas-liquid flow: mixed flow and
separated flow. The interfacial tension at the gas-liquid interface can effectively migrate fine particles
when the gas-liquid flows alternately and the sand production rate further increases as the gas-liquid
ratio increases. In addition, changes in the concentration of fine particles, particle size, fluid flow rate,
and the gas-liquid ratio will affect the migration of fine particles, leading to differences in the final
sand production.

Keywords: sand production; multi-phase flow; interfacial tension; microscopic visualization

1. Introduction

Seeking alternative green and clean energy has become a major national development
demand in many countries. Sequestering twice the total carbon content of conventional
fossil energy [1], natural gas hydrates are regarded as a promising alternative energy
resource in the post-oil era. Natural gas hydrates are widespread, particularly in voids
of marine sediments forming unconsolidated reservoirs of hydrates [2], where a natural
gas supply is adequate, and pressure and temperature are appropriate for stable hydrates.
Presently, the major production approaches involve depressurization, heating (thermal
stimulation), chemical inhibition injection, CO, swapping, and their combinations [3,4].
Nevertheless, as methane recovery approaches the commercial demonstration stage of
development, concerns about undesirable mechanical responses may arise, such as the
reformation of hydrate near wellbores, the rise in bottom well pressure, geomechanical
effects, seafloor subsidence, submarine landslides, and sand production [4,5].

Sand production is a phenomenon where sand particles are carried out of the reservoir
along with fluids during gas extraction. As production-induced hydrate dissociation causes
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de-cementation and enlargement of voids in the matrix of reservoirs, fine particles become
mobile and likely migrate with fluids towards the wells under a high-pressure drop, causing
damage/malfunction in the wells and production shutdown. The destructive impact of
sand production is reported in trial production implemented in the Nankai Trough of
Japan [6-11] in addition to other inland hydrate reservoirs [12-15]. Therefore, effective
sand control is vital for achieving sustainable long-term operation, while understanding
the fundamental behavior of fines that migrate through pore networks is a prerequisite.

Field tests of sand production are practically prohibitive due to extremely high costs
and labor. Therefore, research on sand production is mainly based on numerical simulations
and laboratory experimental methods.

Sand production is a multi-field (thermo-hydro-mechanical, THM)-coupled multi-
phase (solid-liquid-gas) flow process accompanied by a complex phase transition [16].
Uchida et al. (2016) introduced a THM-coupled model along with a sand migration model,
their model quantitatively forecasted sand production by assuming equal superficial veloc-
ities for solids and fluids [17]. Ning et al. (2017) developed a model for sand production
by employing one-way coupling and they indicated that, during short-term production,
reservoir stability is not a significant issue; instead, the primary challenge lies in balancing
sand production control with ensuring gas production [18]. In addition, several numerical
models for sand production prediction have been proposed [19,20]. However, establishing
the critical conditions for sand production remains challenging and the effects of a depres-
surization strategy and sand control criterion on sand, gas, and water production need
further study.

Furthermore, laboratory experiments are carried out under different conditions,
such as occurrence environments, mining methods, pore sizes, particle sizes, and hy-
draulic conditions. Oyama et al. (2010) experimentally modeled sand production during
an unstable depressurization process and found that the water flow rate is the key factor of
sand production onset [21]. Jung et al. (2012) investigated the role of fine particles on gas
production and it was found that even if the content of fine particles is relatively low, it is
also important for the migration and blockage of fine silt particles in the gas produced by
hydrate-bearing sediments [22]. Murphy et al. (2020) designed an apparatus to simulate
a plane strain case of sand production based on the production trial in Nankai Trough,
Japan in 2013 [23]. It was found that the initiation mechanism of sand production is related
to the flow rate and excess pore pressure. Lu et al. (2018) found that sand production is
related to sand content, particle size, and gas production rate based on experiments [24].
Okwananke et al. (2019) experimentally explored the migration of fluid at different gas
hydrate-bearing sediments by measuring gas permeability, finding that it is dominated
by capillary breakthrough, pore/grain size distribution, hydrate clogging, hydrate-forced
heave or agglomeration, and Klinkenberg effect [25].

The above-mentioned test devices study the sand production of hydrates from a
macroscopic perspective. The limitation of such experimental devices is that they make
it hard to observe the migration of gas, water, and solid particles in the hydrate pores
during the hydrate decomposition process in real time, which is not conducive to an in-
depth understanding of the sand production mechanism. Some scholars tried to study
the changes and movement of the three-phase substances in hydrate sediments by using
microscopic imaging methods such as CT scanning and X-ray. Li et al. (2019) scanned the
formation process of the hydrate by X-ray tomography, and the permeability of hydrate
sediments was affected by the microstructure [26]. Hu et al. (2020) investigated the pore
structure and spatial distribution of pore materials in hydrate-bearing sediments using a CT
scanning technique [27]. Since hydrate sand production involves complex phase changes
and the change process is relatively fast, it is difficult to observe hydrate sand production
in real time by the current mainstream 3D imaging method of microscopic pore structure.
Therefore, some scholars are focusing on two-dimensional microstructure imaging tech-
nology. Zhang et al. (2010) developed a microfluidic pore structure etched into a silicon
wafer as a 2D model subsurface sedimentary system to investigate the influence of calcium



J. Mar. Sci. Eng. 2024, 12,109

30f29

carbonate mineral precipitation on formation permeability, groundwater remediation, and
geological carbon sequestration by injecting CaCl, and Na;CO3 into the micro model [28].
Jung et al. (2018) investigated the migration of fine particles and bridging behavior in a
structure mimicking porous media using microfluidic pore models [29]. Song et al. (2018)
conducted a series of microscopic CO, flooding experiments under high temperatures
and high confining pressures and observed the dynamics of precipitation and deposition
in the pores from a 2D micromodel [30]. Cao et al. (2019) conducted 2D micromodel
experiments with different pore-throat widths to study the blockage of fine particles and
showed that clogging depended on the ratio of particle-to-pore throat size or formed due
to bridging or blocking by clusters of the smaller particles [31]. However, the above 2D test
devices cannot inject gas—solid-liquid phases at the same time and are unable to restart
the actual flow, making it is hard to investigate the mechanism of fine particle migration in
multiphase flow.

In this study, a 2D micromodel model device is developed for fine-grain migration that
simulates the mining conditions to study the solid-liquid flow and gas-solid-liquid flow
migration mechanism and microscopic dynamic sand production variation. First, the mi-
croscopic visualized sand production test equipment is introduced. Then, the experimental
process is elaborated in detail. By changing the fine particle concentration, fine particle
size, fluid flow rate, and gas-liquid ratio, the developed test device is used to simulate
the solid-liquid flow and gas-solid-liquid flow. The variation in fine grain migration and
macro- and meso-dynamic sand production is analyzed by combining the test results of
single-phase fluid flow and two-phase fluid flow.

2. Materials and Methods
2.1. Testing Apparatus

The whole device is divided into two rectangular parallelepiped cabinets, as shown in
Figure 1a. The left cabinet is equipped with a microscopic percolation chip module (Suzhou
Wenhao Chip Technology Co., Ltd., Suzhou, China), high- and low-temperature control
components (Jiangsu Kedi Scientific Research Instrument Co., Ltd., Nantong, China), micro-
scope (Olympus (China) Co., Ltd., Beijing, China), and injection components, including an
injection pump, confining pressure pump, and back pressure pump (Jiangsu Kedi Scientific
Research Instrument Co., Ltd., Nantong, China). The microscope used is an Olympus
5761 Stereo Microscope, which is equipped with a zoom ratio of 6.7:1 and provides a
magnification range from 6.7 x to 45x with a 10x eyepiece.

The cabinet on the right side is installed with the general control of the device, gas
flow controller (Beijing SEVENSTAR Electronic Technology Co. Ltd., Beijing, China),
computer, and outlet metering components (Jiangsu Kedi Scientific Research Instrument
Co., Ltd., Nantong, China), including a gas—solid-liquid separator, gas-liquid separator,
dryer, gas flow meter, and electronic balance. The whole device is about 1.5 m in length,
0.5 m wide, and 1.8 m high. The stirring piston vessel, as shown in Figure 1b, is made of
304 stainless steel with an effective volume of 200 mL and pressure resistance of 5 MPa.
It is used to store a certain amount of water and fine particles in advance. The stirring
piston container is placed on the magnetic suction base, and the bottom of the container
is equipped with a magnetic stirrer, which is ellipsoidal, 30 mm long, and 8 mm high,
as shown in Figure 1b. The rotational frequency is about 200 rpm, and through the rotation
of the rotor, the solution in the container is stirred evenly. The evenly stirred solution is
injected through the injection pump according to the set flow or pressure, and the container
keeps stirring during injection to maintain a uniform state of mixing. The injected solution
and the gas with a given flow ratio are mixed evenly in the pipeline and then injected into
the microscopic percolation chip. As shown in Figure 1c, the gas-solid-liquid separator
is used to separate fine particles to achieve sand production measurement by a filter net.
The gas-liquid separator is used to separate liquid and gas and achieve the measurement of
liquid using a balance. The balance adopted is the Huachao Hi-Tech brand high-precision
electronic balance with a range of 500 g and an accuracy of 0.001 g. The balance data
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can be transmitted to the computer in real time. A gas flow meter is used to measure the
outlet gas quantity with a range of 0-50 mL/min and pressure resistance of 3 MPa. It can
record instantaneous flow and cumulative flow. A stereo microscope is used to observe the
movement of gas, solid, and liquid in the two-dimensional microscopic percolation chip. It
can interface with the computer to save the collected images for analysis.

injection components general controller

microseopid percolation
chip modulé| If i

(b)

Figure 1. Photos of the apparatus. (a) Device physical photos; (b) stirred piston vessel and magnetic
stirrer; (c) solid-liquid separator and electronic balance for liquid weighing.

The 2D microscopic percolation chip module is composed of a pressure protection
chamber, a 2D microscopic percolation chip, and high- and low-temperature control compo-
nents. As shown in Figure 2, the pressure protection chamber is a cylinder made of stainless
steel. The cylinder has an outer diameter of 130 mm, an inner diameter of 110 mm, and a
height of 121 mm. The interior of the cylinder is a sealed chamber in which a glass carrier
platform is arranged to hold the microscopic percolation chips. The size of the glass carrier
is matched to that of the microscopic percolation chip. The microscopic percolation chip
can be fixed on the glass-carrying platform by pressing the plate and screw, and the glass-
carrying platform is provided with a fluorine sealant ring to ensure that the fluid flows
through the microporous chip without other free seepage channels. The top and bottom of
the pressure protection chamber are equipped with transparent pressure-resistant glass as
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observation windows to realize real-time observation of the seepage process. The upper
cover of the pressure protection chamber is detachable to facilitate the disassembly and
replacement of the microscopic percolation chip. The pressure protection chamber is pro-
vided with a microscopic percolation chip inlet and outlet, a confining pressure inlet, and a
confining pressure exhaust port, which are used for injecting fluid into the microscopic
percolation chip and applying confining pressure to the protection chamber.

pressure resistant glass

—

visual seepage micromodel

(b)

Figure 2. Schematic diagram of the pressure protection chamber. (a) Physical photos; (b) schematic
diagram.

Figure 3 shows the 2D microscopic percolation chip used in the device, which is
prepared by hydrofluoric acid etching glass technology, and has transparent and corrosion-
resistant properties. The microscopic percolation chip is 63.5 mm in length and width,
with an overall thickness of 4 mm, and is made of two pieces of glass with a thickness
of 2 mm. There are seepage channels between the pieces of glass. The seepage area is
40 mm x 40 mm. The inlet and outlet holes are located on the diagonal of the chip to
obtain a longer seepage path. Due to this characteristic, the fluid mainly flows along the
diagonal after entering the chip, with less flow occurring in the corner regions. So, we
roughly divided the chip into the main flow area and the corner flow area by connecting
the midpoint of each side along the diagonal flow line. A large number of regular cylinders
are etched in the chip seepage channel to simulate large-particle deposits that are not
easily transported in the pore structure of the reservoir. The design of cylinders is based
on previous studies on the transport and plugging of fine sand and the distribution of
fine particle grain sizes in the gas hydrate reservoir of the South China Sea. As shown
in Figure 4, Bigna et al. (1994) [32], Oyeneyin et al. (1995) [33], and Khilar and Fogler
(1998) [34] investigated the relationship between host particle size (D), fine particle size (d),
pore throat size (0), and clogging behaviors. At present, the hydrate reservoirs discovered
in China are all clayey silt reservoirs with an average particle size ranging from 10 to
60 um [35]. Based on the above factors, we designed the porous media configuration:
the pore size of the chip is 500 pm in diameter, 350 pm in spacing, and 150 um in seepage
channel height. The lower seepage channel height is adopted to avoid the influence of the
vertical flow, approximately simulating the pore flow in a 2D plane.
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Figure 3. Physical image of the two-dimensional microscopic percolation chip. (a) Schematic diagram;
(b) physical photos.
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Figure 4. Relationship between host particle size (D), fine particle size (d), pore throat size (o),
and clogging behaviors.

2.2. Experimental Setup
2.2.1. Procedure

The overall process of the visualized microscopic test of fine particle migration is
as follows:

Step I: Pre-experiment: Initial state setting

(1) Initially, the outlet of the piston container is sealed, and 150 mL of liquid is carefully
poured using a beaker. (2) Subsequently, the necessary mass of fine particles is meticulously
calculated based on the mass concentration and then added to the container after being
weighed with precision. (3) Following this, 1 mL of red ink is measured using a dropper
and gently introduced into the container as a liquid chromogenic agent. (4) Placing the
container onto the stirring base, it is stirred for thirty seconds to ensure an even mixture of
the solution (the stirring time can be adjusted according to the actual situation). (5) Turning
the container upside down, the connecting rod is used to push the piston into the container,
effectively expelling any trapped air. (6) The container is then filled with water, (7) and the
lid is securely fastened, assembling the stirring piston container. (8) Finally, the inlet of the
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stirring piston container is connected to the injection pump, while the outlet is linked to
the injection pipe, initiating stirring on the rotating base.

Step II: Experiment

The experiment is carried out under the condition of normal temperature and pressure.
As it is difficult to achieve high pressures in indoor experiments, we consider the effects of
high pressure in compressing pore spaces and altering pore structure. Hence, we simulated
pore flow under high-pressure conditions by using smaller pore spacings and characterized
the flow situation through pressure differentials.

Furthermore, as methane gas is flammable, explosive, and extremely insoluble in water,
it costs a lot to achieve the temperature and pressure conditions required for solubility
in the reservoir. For the sake of laboratory safety and accurate control of the gas-liquid
ratio, CO; is used instead of methane. Methane and CO; behave very differently with
water under room temperature and pressure; in particular, their solubility varies greatly,
and methane is much less soluble in water. However, under low temperatures and high
pressure in the reservoir, the solubility of methane increases significantly, approaching that
of CO, at room temperature and pressure. Therefore, it is reasonable to investigate fine
particle migration with CO, instead of methane.

After the initial state setting, the chip outlet valve is opened, and the suspension is
injected into the microscopic percolation chip; the microscope is operated to observe the
flow in different areas during the test, informed by real-time curve test current status.

The valve at the outlet end of the chip is open to pass the fine particle suspension into
the chip according to the experimental conditions. During the test, the microscope window
was adjusted to observe the flow in different areas. After a total of 50 mL, fine particle
suspension is passed through, and the chip outlet valve is closed to flush out the residual
fine particle suspension in the pipeline at the back end of the chip. Then, the collected
solid-liquid suspension is dried and weighed.

Step III: Post experiment: Experimental Closeout

When the test is finished, the liquid pumps and gas flow controllers are first stopped,
and the outlet valve of the micro-percolation chip and the valve between the injection
pump and the stirring piston container are closed. The valve between the injection pump
and the chip of the outlet ends is opened. The residual fine particle suspension in the pipe
from the chip outlet end to the solid-liquid collector is driven out with clear water. When
the outflowing liquid is clear water, the injection can be stopped. After saving the test
data, the collected solid-liquid mixture is dried in a blast drying oven, in which the drying
temperature is 160 °C, and the drying time is 2 h. After drying, the solid-liquid collector
is weighed, cleaned, and then dried and weighed again. The difference between the two
weights is the mass of the discharged fine particles. Due to the fine particles very easily
causing chip and pipeline blockage, the equipment should be cleaned in time after the test.

2.2.2. Testing Program

Four group tests, i.e., groups I-1V shown in Table 1, were carried out to study the fine
particle migration under single-phase fluid flow, considering the effects of different particle
sizes, fine particle concentrations, and flow rates on fine particle migration. The main
components of fine particles in the non-diagenetic reservoirs in the South China Sea
are quartz, illite, montmorillonite, etc., among which quartz content is the highest [36].
Therefore, silica sand was selected for testing. The fine particles used in the experiment were
obtained by grinding and sieving silica sand from the Donghai area of Jiangsu Province.
The shape is vein-like, plate-like, lenticular, cystic, irregular, etc. And the region’s silica
sand metallogenic environment is affected by subduction metamorphism fluid dehydration
and mixed with meteoric factors. Three types of fine particles of silica sand were selected
for the test, each of which is 300-mesh (48 pm), 600-mesh (23 pum), and 1000-mesh (13 pum).
Basic groups were set up in each large group to facilitate a comparative analysis of results
within and across groups. Fine particles in group 5, shown in Table 1, were selected at a
fine particle concentration of 3% with 300-mesh size for an in-depth study of the variation
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in fine particle migration under two-phase fluid flow. The gas-liquid ratio is changed
by controlling the injection rate of the gas-liquid two-phase, considering the influence of
3 different water—gas ratios on the migration of fine particles, and repeating each under the
same conditions.

Table 1. Experimental groups for the transport of fine particles.

Gr Fine Particle Fine Particle Solid Load Liquid Flow Gas Flow Rate  Gas-Liquid Test P
oup Size (mesh) Concentration (%) (mg/min) Rate (mL/min) (mL/min) Ratio esturposes
Basic group 1 300 3 24 0.8 / /
I 11 300 ! 8 08 / / Influence of different
1.2 300 5 40 0.8 / / concentrations
1.3 300 10 80 0.8 / /
Basic group 2 300 3 24 0.8 / /
I 21 300 3 2 04 / / Influence of different
2.2 300 3 24 12 / / flow rates
2.3 300 3 24 1.6 / /
Basic group 3 600 3 24 0.8 / /
The migration variation
I 31 600 ! 8 08 / / of 600-mesh fine
32 600 5 40 0.8 / / particles under different
33 600 10 80 08 / / concentrations
Basic group 4 1000 3 24 0.8 / /
The migration variation
v 41 1000 ! 8 08 / / of 1000-mesh fine
4.2 1000 5 40 0.8 / / particles under different
43 1000 10 30 08 / / concentrations
5.1 300 3 24 0.6 0.2 1:3
5.2 300 3 24 0.6 0.2 1:3
v 53 300 3 24 04 04 11 fine particle migration
5.4 300 3 24 0.4 0.4 1:1 of two-phase fluid flow
55 300 3 24 0.2 0.6 3:1
5.6 300 3 24 0.2 0.6 3:1

2.2.3. Calibration

It is necessary to calibrate the concentration of the solution discharged from the stirring
piston vessel to check whether the stirring piston vessel is effective and whether the fine
particles are evenly dispersed. During calibration, the configured suspension was injected
into the stirring piston vessel following the aforementioned method, and the injection
pump was set to inject 50 mL of liquid at the same flow rate. Under the condition that the
stirring piston vessel kept stirring, the discharged fine particle suspension was directly
collected, dried, and weighed, the discharged fine particle mass was counted, and the
solution concentration was calculated. For fine particles with a particle size of 300 mesh
(48 um), 600 mesh (23 pm), and 1000 mesh (13 um), two repeatability calibration tests
with suspension concentrations of 1%, 3%, 5%, and 10% were conducted to obtain the
fine particles with the corresponding size by using a customized standard sample screen.
The results are combined and plotted in Figure 5.

The concentration of fine particles in the solution obtained from the calibration test
is lower than the theoretical concentration, which should be related to the structure of
the stirring piston container itself. In the process of discharging the solution, the fine
particles in the container cannot be evenly discharged due to the stirring, resulting in a
low concentration. The concentrations of the solutions with particle sizes of 600 mesh
and 1000 mesh are relatively close, while the concentration of fine particles with 300-mesh
size is significantly lower than that of 600-mesh and 1000-mesh particles. The calibrated
concentration results of the three particle sizes can be linearly fitted with a straight line,
indicating that, although the concentration of fine particles in the outflow solution in
the stirring piston container is low, the concentration of the solution is relatively stable.
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Changing the mass of fine particles added to the solution will change the concentration of
fine particles accordingly. The subsequent relevant calculations can be based on the results
of the concentration calibration curve.

N7 77171
m  Calibration concentration of 300 mesh particle
O | e Calibration concentration of 600 mesh particle -
A Calibration concentration of 1000 mesh particle E
N Calibration concentration linear fitting of 300 mesh particle |

Calibration concentration linear fitting of 600 mesh particle
Calibration concentration linear fitting of 1000 mesh particle

y =0.83x—0.33

y =0.84x—0.41

Calibration concentration(%)
RO R Y S N s
I

0-.I.I.I.I.I.I.I.I.I.I.
o 1 2 3 4 5 6 7 8 9 10 11

Theoretical concentration(%)

Figure 5. Fitting lines of the calibration test results of the stirring piston container.

3. Results
3.1. Fines Migration with Gas-Free Flow
3.1.1. Sanding Process

The sand production rate is introduced:
_ Msp 0
Nngpr = x 100% (1)
mi

where n5pg is the sand production rate, 7, is the fine sand particle mass of sand production,
and m; is the mass of fine particles flowing into the chip.

In gas-free flow experiments, we conducted multiple control groups with different
experiment variables, and due to the stable nature of the results from gas-free flow experi-
ments across multiple tests, we did not set up repetitive trials.

Figure 6 shows the group I test real-time curve, i.e., the relationship between inlet
pressure, cumulative suspension mass, and time. The inlet pressure of basic group 1 was
maintained at a relatively low level with little fluctuation during the entire test process.
The cumulative discharged suspension mass increased linearly, indicating that the seepage
flow was stable during the test, and the liquid continued to flow out at the outlet without
blockage. The inlet pressure curve and the cumulative discharge suspension mass curve
of the 1% and 5% fine particle concentrations are basically the same as those of typical
test results with the fine particle concentration of 3%. The seepage flow is stable during
the test without blockage. So, the curve will not be given here. In the early and middle
stages of the test, the curve is consistent with the typical test result; however, when the
test proceeds to about 3250 s, the inlet pressure rises at a higher slope, and there is no
liquid flowing out of the solid-liquid collector, and the mass remains unchanged. It is
observed through the microscope that the flow in the chip gradually slows down within a
few seconds, and finally stops flowing, indicating that there is a blockage, and the liquid
cannot through the chip seepage. The blockage continues until the end of the test.
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Figure 6. Group I test real-time curve.

No blockage occurred in the four experiments in the second group II in Table 1.
The inlet pressure curve and cumulative discharged suspension mass curve of each group
are similar to the typical test results in Figure 6, except that the slope of the cumulative
discharged suspension mass curve is different. Therefore, no curve is given here.

Fluids move fine particles mainly by applying drag force to them. Stokes drag force
can be calculated using Equation (2), given below [37]. In addition, the particle force will
be discussed in detail in “Section 4 Discussion”.

1
Fdrag = E CDAﬁnesp fluid Z)12’e1 (2)

where Fyr,g is the drag force of the fluid on the fine particles, Cp is the drag coefficient that
is related to the fluid viscosity, Agpes is the projected area of the contact surface between
the fluid and a fine particle in the flow direction, pfy;q is the fluid density, and v, is the
relative velocity between the fluid and the fine particles.

It can be seen that changing the flow rate will change the drag force of the fluid on
the fine particles, which will have a greater impact on the migration of the fine particles.
Therefore, some insight into sand control can be obtained. When making a mining strategy;,
sand production and mining rate should be balanced. Blindly pursuing a higher mining
rate may lead to serious sand overproduction, while choosing a moderate mining rate
can control sand production and achieve stable gas production. This conclusion is also
supported by numerical simulation results [16,17] and indoor experiments [37].

The clogging occurs under the condition of 10% fine particle concentration, while the
other concentrations are not clogged. The real-time curve of the test with a fine particle
concentration of 10% is shown in Figure 7. Both sets of tests showed blockage at the end of
the test, and the blockage continued until the end of the test.
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Figure 7. Real-time curve of the 10% fine particle concentration under different particle sizes.

Figure 8 shows the sand production results of fine particles of different particle sizes.
The test results of the 600-mesh and 1000-mesh particle sizes differ from the 300-mesh
particle size test results. The sand output rate of the 300-mesh particle size continues
to decrease as the concentration increases. The sand production rate of 600-mesh and
1000-mesh particles tended to be stable and even increased. It is speculated that the reason
is that for the concentration of 10%, due to the small particle size of the 600-mesh and
1000-mesh fine particles, the ratios of the fine particle diameter to the pore channel width
d/o are 0.07 and 0.04, respectively. The classification cannot cause sand arch clogging, so the
impact of fine particle accumulation caused by the increase in concentration is limited.
On the other hand, the ratio of d/o for the particle size of 300 mesh is 0.14, which can
cause sand arch clogging, so the accumulation of fine particles is more serious. This is
consistent with previous studies [29,32-34]. It can be observed in the microscope image
that the fine particles with a particle size of 600 mesh and 1000 mesh accumulate less
in the corner flow area, and there is no high concentration area, while the fine particles
with the size of 300 mesh have more serious accumulation, and there appears a darker
high-concentration area.

It can be seen that when the concentration of fine particles is higher, the impact of
the particle size on sand production is more significant. As the concentration increases,
the sand production rate of fine particles with a smaller particle size first decreases and then
stabilizes or even increases. The sand production rate of larger fine particles continues to
decrease. Therefore, special sand control measures should be taken for small fine particles.
Otherwise, severe sand production may be caused when the concentration of fine particles
is high.

In the test groups with different concentrations, the final drying collected sand mass
and sand production rate are quite different, as shown in Figure 9a. The sand mass varies
with the concentration of fine particles. As the sand production mass increases with the
increase in fine particle concentration, the increase rate has a gradually decreasing trend.
Correspondingly, the sand production rate gradually decreases with the increase in fine
particle concentration. Under different fluid flow rate conditions, the final drying collected
sand mass and sand production rate are shown in Figure 9b. The sand production mass and
sand production rate increase with the increase in the flow velocity, which further proves
that as the fluid velocity increases, the motion capacity of fluid carrying fine particles is
improved accordingly, which is consistent with the Stokes formula for calculating drag
force. The influence of fine particle size on sand production mass and sand production rate
is shown in Figure 9c. With the decrease in the fine particle size, the sand production mass
and sand production rate have increased.
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3.1.2. Pore-Scale Migration Patterns

After the solution containing fine particles enters the chip, it first flows diagonally
from the main flow area to the outlet to form a liquid-phase percolation channel to separate
the gas phase in the chip. The liquid phase flows mainly along the previously formed
seepage channel. As more and more liquid enters the chip, the residual gas phase in the
chip is gradually dissolved or displaced by the liquid phase, and the liquid seepage channel
gradually expands to the corner flow area. After the gas phase inside the chip gradually
dissolves to the solubility limit, it can no longer be dissolved in the liquid phase, and finally
stays in the chip in the different forms of bubbles, i.e., circles, arcs, crosses, etc., as shown in
Figure 10. The bubbles are randomly distributed in every corner of the chip. The bubbles
trapped in the chip have a greater impact on the movement of fine particles. The trapped
bubbles will affect the flow of the liquid phase and change the seepage path of the liquid
phase. Due to the transport of the fine particles mainly relying on the flow of the liquid
phase, the trapped air bubbles will significantly affect the migration of fine particles.

A UUUUUUMUUU
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»uuuuuuuugyoo
.s)».)us,w O/Ubb
'Q )Quuu OO0

QO
0.0
(0)
QO
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Figure 10. Different shapes of CO, bubbles: (a) rectangular bubble; (b) l-shaped bubble; (c) arc and
round bubble; (d) square and round bubble; (e) cross bubble; (f) big bubble.
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Different shapes of bubbles have different effects on the transport of fine particles,
classified by whether the bubbles completely block the pore channel. Some larger bubbles
will directly and completely block the pores. The bubbles and pores together form a closed
structure similar to a “dead alley”. After the fine particles enter such a blind alley with
the water flow, the fine particles will gradually be deposited here because of the decrease
in the water flow velocity. Because the liquid flows tend to avoid congestion areas, it is
difficult for the fine particles deposited here to be taken out by the water flow. As time goes
by, the fine particles gradually accumulate to form a high-concentration area, as shown in
Figure 11a. The accumulation degree of fine particles is closely related to the length of the
dead end composed of bubbles and pores. The longer the length of the dead end, the easier
it is for fine particles to accumulate. Although some smaller bubbles cannot completely
block the pores and do not form a closed structure similar to a “dead alley”, they still
impact the migration of fine particles. This is mainly due to the presence of stagnant air
bubbles reducing the width of the pore channel, narrowing the seepage channel, and the
fine particles being able to form an arch bridge and gradually accumulate in the narrower
channel, forming a high concentration area and blocking the pore channel, as shown in
Figure 11b.

(b)

Figure 11. Air bubbles cause fine particles to accumulate: (a) air bubbles completely block the pores;

(b) air bubbles do not completely block the pores.

The accumulation of fine particles in different flow areas in the microscopic percolation
chip was not the same during the experiment. In the main flow area, due to the large liquid
phase flow rate, the faster the flow rate, and the less streamlined bending, the liquid phase
has a powerful ability to drive the migration of fine particles. Although there is a small
number of fine particles deposited in the main flow area, it is difficult for the fine particles
to accumulate to form a high-concentration area. In the corner flow area, due to the flow
velocity of the liquid phase being relatively slower, and the streamlines at the corners
being more tortuous, the liquid phase has a weak ability to drive fine particles, and fine
particles are prone to accumulate to form a high-concentration situation. As shown in
Figure 12, in the corner flow area, fine particles first accumulate on the front contact surface
between the flow direction and the cylinder in the chip and near the gas-liquid interface,
and then gradually accumulate, and the mean gray values of the image decrease gradually.
The areas of high concentration where fine particles have accumulated have deepened in
color, gradually expanded, and finally formed a significant accumulation, as shown by the
red dotted circle in Figure 12. The results provide some suggestions for in situ exploitation,
such that it is advisable to introduce some bends in transport pipelines as these bends
induce changes in flow direction, leading to the settlement of fine particles. Similarly, in
reservoir settings, introducing bends around production wells makes the radial flow bends
help to separate fine particles.
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Figure 12. The accumulation of fine particles in the corner flow area at different times: (a) t = 10 min,
mean gray value = 155; (b) t = 15 min, mean gray value = 143; (c) t = 20 min, mean gray value = 120.

3.2. Impact of Gas Flow on Particle Migration
3.2.1. Typical Experimental Results

Group 5.1 is selected as a typical test result for detailed analysis in Table 1. It can be
seen from Figure 13 that the curve fluctuates greatly throughout the test process. In the
initial stage of the test, the inlet pressure remained unchanged, the cumulative discharge
suspension mass continued to increase, and the outlet continued to emit gas. When the test
was conducted at about 1600 s, the inlet pressure began to rise rapidly, and at the same time,
the cumulative discharged suspension mass remained unchanged, and the instantaneous
gas flow rate dropped to 0, indicating that no gas-liquid outflow occurred at this time
due to blockage. When the test was carried out until about 2200 s, the inlet pressure
continued to rise to about 70 kPa, the inlet pressure suddenly began to drop rapidly, while
the cumulative discharged suspension mass increased greatly, and the instantaneous gas
flow rate was also larger, indicating that the blockage was dredged. High-pressure gas
and liquid flow out at a higher rate, resulting in a sudden drop in inlet pressure. After the
dredging lasted for a short time, the inlet pressure rose again, resulting in a second blockage
occurred. The second blockage lasted until about 2800 s and the inlet pressure increased to
136 kPa, and then the second dredging began, and a large amount of gas and liquid flowed
out. Then, there was a third blockage. The inlet pressure continued to rise to 170 kPa
and then the third blockage was dredged, followed by a fourth blockage. This blockage
continued until the end of the test, and the final inlet pressure reached 460 kPa.

Most of the gas—solid-liquid mixture flows diagonally from the main flow zone toward
the outlet, while a small portion flows through the corner flow zone. The two types of
flow conditions alternately affect the two-phase fluid flow of the gas—solid-liquid: (1) in
the gas-liquid two-phase mixed flow, gas in the form of small bubbles flows together
with the liquid into the chip after the flow gradually spreads open. The gas and the
liquid are separated, and the small bubbles gradually converge to form a larger volume of
bubbles. Large bubbles are separated from the liquid phase. The subsequent gas-liquid
phases entering the chip also undergo the process of separation and convergence, and the
gas-liquid phases that enter the chip after convergence push their respective phase states to
move forward in the chip. As the gas and liquid move forward alternately, the occurrence of
the gas-liquid phase in the chip is always changing, and the fine particles are continuously
pushed and moved by the gas-liquid two-phase alternately. When the gas-liquid interface
passes through the fine particles, due to the existence of the interfacial tension, the fine
particles are pushed to move significantly, and it is difficult for them to remain for a long
time. (2) The gas-liquid two-phase flow is separated, and there is a single-phase state
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occupying the flow channel. After the phase state occupying the flow channel enters the
chip, it pushes the other phase state to the flow direction on both sides and then moves
forward, establishing a stable flow path between the chip inlet and the outlet, until the
other phase enters the chip, breaking the stable flow state. When the liquid phase occupies
the flow channel, there is a stable liquid phase percolation path, and the fine particles can
move with the flow of the liquid phase. However, when the gas phase occupies the flow
channel, the liquid phase stays in the chip and does not flow, and the fine particles do not
migrate. In addition, when the gas phase occupies the flow channel and pushes the liquid
phase away from both sides of the flow direction, the fine particles migrate obviously due
to the existence of interfacial tension, and more fine particles accumulate at the gas-liquid
junction, as shown in Figure 14.
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Figure 13. The real-time curve of test group 5.1. (a) Real-time curve of inlet pressure and cumulative

discharged suspension quality; (b) real-time curve of gas flow.

Figure 14. Accumulation area of fine particles at the gas-liquid junction.
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3.2.2. The Influence of the Gas-Liquid Ratio

It can be seen from Figure 15 that the test results are different under the same conditions
of water and air in comparison with group 5.1 and group 5.2 in Table 1. Test group 5.2 was
blocked at about 2200 s. When the inlet pressure rose to 50 kPa to dredge, a large amount
of gas and liquid was discharged. After dredging, the inlet pressure remained stable and
somewhat higher than in the initial period. It is speculated that although the blockage
is dredged, the pores are still partially filled with fine particles, and the inlet pressure
increases accordingly as the porosity decreases. During the subsequent test, the blockage
no longer appeared, and the gas and liquid flowed out steadily until the end of the test.
After the test, after deducting the pre-filled clean water in the outlet pipe, 49.9 g of the
solid-liquid mixture was collected. After drying and weighing, the mass of fine particles
produced was 84 mg, corresponding to a sand production rate of 9.3%.
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Figure 15. The real-time curve of test group 5.2: (a) inlet pressure and cumulative discharge suspen-
sion quality curve; (b) real-time curve of gas flow.

The real-time curves of test group 5.3 and test group 5.4 are shown in Figure 16.
The two groups of experiments with the same gas-liquid ratio also showed different
experimental results. Test group 5.3 had a total of three blockages and two dredgings.
After the last blockage, the inlet pressure peaked at 603 kPa and then began to decline
slowly. During the third blockage process, it was observed through the microscope that
a small amount of gas and liquid continued to penetrate the chip through the blockage.
The cumulative discharge suspension mass increased by about 2 g in 3700s, and finally;,
a total of 22.0 g solid-liquid mixture was collected. The mass of fine particles produced was
50 mg, and the sand production rate was 12.6%. Unlike test group 5.3, test group 5.4 did
not experience blockage in the early stage of the test. The first blockage did not occur until
about 5500 s, and it was blocked directly until the end of the test. The final inlet pressure
was 445 kPa and a total of 41.1 g of the solid-liquid mixture was collected. The mass of fine
particles produced was 83 mg, and the sand production rate was 11.2%.

The real-time curves of test group 5.5 and test group 5.6 in Table 1 are shown in
Figure 17. Both sets of tests were stopped because the inlet pressure reached the device
protection pressure of 800 kPa. In test group 5.5, the first blockage occurred at about
2800 s, and the second blockage occurred after dredging. After the second blockage was
briefly dredged at about 7000 s, it was blocked again. Then, the inlet pressure continued
to rise to the device protection pressure of 800 kPa. The test stopped at about 8700 s,
and finally, a total of 12.5 g of the solid-liquid mixture was collected, the mass of fine
particles produced was 50 mg, and the sand production rate was 22.2%. The first blockage of
test group 6 occurred at about 5800 s. When it was about 7000 s, the inlet pressure appeared
to be a flat period, and the cumulative discharged suspension mass increased rapidly,
indicating that the flow was smooth at this time, and then the inlet pressure continued
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to rise quickly. The dredging occurred again at 11,000 s, and the cumulative discharged
suspension mass and gas flow increased. Then, the inlet pressure continued to rise, but gas
and liquid continued to flow into the chip through the blockage. The cumulative discharged
suspension mass increased by approximately 2.3 g within 2700 s. Therefore, the pressure
rises slowly, reaching the device protection pressure of 800 kPa at 14,700 s. The test was
stopped, and a total of 25.0 g of the solid-liquid mixture was finally collected. The mass of
fine particles was 101 mg, and the sand production rate was 22.4%.
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Figure 16. The real-time curves of test groups 5.3 and 5.4: (a) inlet pressure and cumulative discharge
suspension quality curve; (b) real-time curve of gas flow.
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Figure 17. Real-time curves of test group 5.5 and group 5.6: (a) inlet pressure and cumulative
discharge suspension quality curve; (b) real-time curve of gas flow.

It can be seen from the real-time curves of each group that the slope of cumulative
suspension mass curves gradually decreases before the blockage, which indicates that as
the test progresses, more and more particles remain in the chip, and the overall permeability
of the chip is gradually reduced until a blockage occurs. The critical channel for blockage
occurs when there is high-concentration aggregation at the gas-liquid interface during
alternating gas-liquid flow, leading to clogging when these high-concentration particles
reach the pores.

The test results are summarized in Table 2. The results of the six groups of two-phase
fluid flow tests show that the blockage of each group is not the same, and the time of the
first blockage is relatively random, either early or late. There are also differences in the
inlet pressure peak after blockage. On the whole, when the gas-liquid ratio is low, most
of the blockages can be dredged, and the peak inlet pressure is relatively low. When the
gas-liquid ratio increases, the blockage is not easy to dredge, and the final inlet pressure is
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higher. Different clogging conditions lead to great differences in the final sand production
mass of the test. Under the same gas-liquid ratio, the final sand production mass of the
test group that has clogged earlier is smaller. Therefore, the mass of sand production
cannot be directly compared, and the sand production rate can be used to reflect the sand
production situation.

As the gas-liquid ratio increases, the sand production rate increases significantly,
which is presumed to be due to the following reasons: when the gas-liquid ratio is low,
the liquid content is higher and the liquid phase flow is dominant, making the gas-liquid
alternate scouring and migration effect of fine particles not obvious; however, with the
increase in the gas-liquid ratio, the content of liquid phase decreases, and the alternate
scouring effect of gas-liquid is obvious, which drives the migration of a large number of
fine particles, so the sand production rate is higher. The microscopic image of the corner
flow area is shown in Figure 18. It can also be seen that as the gas-liquid ratio increases,
the accumulation of fine particles is gradually reduced, and there is no obvious accumulation
of fine particles under the condition of a gas-liquid ratio of 3:1. Therefore, certain insight into
sand control can be obtained. When exploiting methane hydrate, it is necessary to control the
rate of gas production from hydrate decomposition, select a reasonable rate of gas production,
reduce the gas-liquid ratio of the fluid, and reduce sand production.
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Figure 18. The accumulation of fine particles in the corner flow area with different gas-liquid ratios:
(a) gas-liquid ratio 1:3; (b) gas-liquid ratio 1:1; (c) gas-liquid ratio 3:1.
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Table 2. Summary of test results of two-phase fluid flow.

The Volume of Mass of Fine Mass of Fine Sand
Grou Solution Flowing  Particles Flowing Solid Load Gas Load Sand Particles  Production Rate Peak Inlet Time to First Blockage
P into the Chip into the Chip (mg/min) (ml/min) o Pressure (kPa)  Blockage (s) &
(mg) (%)
(mL) (mg)
After multiple blockages, the
1 33.5 603 24 0.2 58 9.6 460 1632 blockage will be cleared until
the end of the test
Flow steadily after the first
2 49.9 898 24 0.2 84 9.4 50 2165 blockage and dredging to the
end of the test
After multiple blockages and
3 22.0 396 24 0.4 50 12.6 603 2152 dredging, the inlet pressure
reaches the peak value and
then slowly drops
4 411 740 24 0.4 83 11.2 445 5549 No dredging after blockage
After the first blockage, the
5 12.5 225 24 0.6 50 222 800 2821 inlet pressure continues to
rise to the protection pressure
After the blockage, gas, and
liquid continue to flow
6 25.0 450 24 0.6 101 22.4 800 5705 through the blockage, and

the inlet pressure slowly rises
to the protection pressure
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4. Discussion

As shown in Figure 19, different forces acted on a fine particle at the particle level dur-
ing the experimental tests: (a) a single water-phase flow, (b) a two-phase flow, (c) a particle
with the maximum interfacial tension force, and (d) a particle with a planar meniscus
parallel to the flow direction. In the state of two-phase flows, with a different angle 8
from the x-direction to the tangential line of the smooth particle surface at contact with the
meniscus, the interfacial tension will obtain the maximum value as the § tends to zero. 0 is
the dynamic contact angle of the water—gas—solid interface.

Gas-water interface Gas-water interface Yew

Tangent line of grain
Gas
Water
Gas
I/ /7777777 SIS TTI7S S S
(a) (b)
Gas-water interface
Gas
Gas-water interface
Yelv
interface
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Figure 19. Particle-level forces: (a) a single water-phase flow; (b) two-phase flows; (c) a particle
with the maximum interfacial tension force; (d) a particle with a planar meniscus parallel to the

flow direction.



J. Mar. Sci. Eng. 2024, 12,109

23 of 29

The Reynolds number can be expressed as [38]:

Re — pﬂuidvreldﬁnes (3)
Hfluid

where pgu;q is the fluid density, the density of water and air are pyarer = 1000 kg/ m3
and pg;; = 1.29 kg/m?, respectively; pigyq is dynamic viscosity coefficient, the viscosity
coefficients of water and air are pwater = 1 X 103 p, s and p,, = 1.8 x 10> P.-S
respectively, shown in Table 3; v,,; is the velocity of the flow field.

Table 3. Variable used in particle-level theoretical analysis.

Value Unit
Viscosity of air (4,;r) 1.8 x 107> p,-s
Viscosity of water (Hwater) 1x1073 p,-s
Friction coefficient (i) 1 -
Fines density (0 fies) 2.65 x 10° kg/m3
Sand density (0sq) 2.65 x 10° kg/m3
Fluid density (0 f/yiq) 1000 kg/m?>
Gravitational acceleration (g) 9.81 m/s’
Gas-water interfacial tension (7¢z) 0.072 N/m
Water-gas—solid dynamic contact angle (6) 30 °

Then the drag coefficient Cp can be expressed by Cp = % [38], where Re is the
Reynolds number. Cp is listed in Table 4.

v, can be calculated under different values Qgyiq, i-e., 0.2 mL/min, 0.4 mL/min,
0.6 mL/min, 0.8 mL/min, 1.2 mL/min, and 1.6 mL/min listed in Table 1. For example,
if the fluid flow is Qpuig = 0.8 mL/min = 0.013 mL/s = 1.3 x 1078 m3/s, the cross-section
Sis 350 um x 150 um, then v,,; can be calculated:

Qfluid 1.3 x 1078
= = =0.254 4
Ol = ST T 35 %104 x 1.5 x 10-4 m/s @)
Afines can be calculated:
1 1
Afines = Esfines = E47‘L—Rfir1es2 (5)

Therefore, Fyrag water a0d Fyrag_air can be calculated based on Equation (2) by using
the parameters Cp, Afines, Piuid, and vy, listed in Table 4.

In the experimental tests, the gas-liquid interface is mainly vertical, the interfacial
force can be calculated [38]:

Finterface1l = Cinterfact')’gw cos 6 (6)

where Cipterfact 1S the circumferential length based on the gas and water interface.
When the gas-liquid interface is horizontal, the interfacial force can be calculated:

Finterface2 = Cinterface')’gw sin )

When 7¢y is equal to be 0.072 N/m in Reference [37], the contact angle is 6 = 30°,
the maximum of the interfacial tension can be calculated using Equation (6), as shown
in Table 4.



J. Mar. Sci. Eng. 2024, 12,109 24 of 29
Table 4. Force analysis of particle level.
Group  Quater Qair Urel_water  Urelair  Rewater Re,ir Cpwater Cpair Afines Faragwater Firagair Fyaw_water Fyaw_air Finterface1 Firic_max msplnspr
1 0.8 / 0.254 / 12.190 / 1.969 / 3.619 x 10~ 2.298 x 1077 / 6.300 x 107 / / 6.309 x 107 40 (4.4%)
11 0.8 / 0.254 / 12.190 / 1.969 / 3.619 x 107 2.298 x 1077 / 6.300 x 1077 / / 6.309 x 107 29 (15.3%)
1.2 0.8 / 0.254 / 12.190 / 1.969 / 3.619 x 1077 2.298 x 1077 / 6.300 x 1077 / / 6.309 x 107 52 (3.2%)
13 08 / 0.254 / 12.190 / 1.969 / 3.619 x 10~ 2298 x 10~7 / 6.300 x 107 / / 6309 x 107 56 (2.1%)
2 0.8 / 0.254 / 12.190 / 1.969 / 3.619 x 10~ 2.298 x 107 / 6.300 x 1077 / / 6.309 x 107 40 (4.4%)
21 0.4 / 0.127 / 6.095 / 3.978 / 3.619 x 10~ 1.149 x 1077 / 6.300 x 1077 / / 6.309 x 1077 23 (2.6%)
2.2 1.2 / 0.381 / 18.286 / 1.313 / 3.619 x 1077 3.447 x 1077 / 6.300 x 1077 / / 6.309 x 1077 63 (7.0%)
2.3 1.6 / 0.508 / 24.381 / 0.984 / 3.619 x 10~ 4596 x 1077 / 6.300 x 1077 / / 6.309 x 1077 87 (9.7%)
3 0.8 / 0.254 / 5.841 / 4109 / 8.310 x 1010 1101 x 1077 / 3.019 x 107 / / 3.020 x 1077 56 (5.2%)
3.1 0.8 / 0.254 / 5.841 / 4.109 / 8310 x 1010 1.101 x 1077 / 3.019 x 1077 / / 3.020 x 1077 33 (13.2%)
32 0.8 / 0.254 / 5.841 / 4109 / 8310 x 1010 1101 x 107 / 3.019 x 107 / / 3.020 x 107 60 (3.1%)
33 08 / 0.254 / 5.841 / 4109 / 8310 x 1010 1101 x 107 / 3.019 x 107 / / 3.020 x 107 139 (4.0%)
4 0.8 / 0.254 / 3.302 / 7.269 / 2.655 x 10710 6.223 x 1078 / 1.706 x 1077 / / 1.706 x 1077 65 (6.2%)
41 038 / 0.254 / 3.302 / 7.269 / 2.655 x 1010 6.223 x 10 / 1.706 x 107 / / 1706 x 1077 34 (15.8%)
42 0.8 / 0.254 / 3.302 / 7.269 / 2.655 x 10710 6.223 x 1078 / 1.706 x 1077 / / 1.706 x 1077 67 (3.5%)
43 0.8 / 0.254 / 3.302 / 7.269 / 2.655 x 10710 6.223 x 1078 / 1.706 x 1077 / / 1.706 x 1077 149 (4.7%)
51 0.6 0.2 0.190 0.063 9.143 0.218 2.625 109.884 3.619 x 10~ 1.723 x 1077 1.034 x 10° 6.300 x 1077 6.500 x 107° 9.403 x 10~ 6.501 x 107° 58 (9.6%)
52 0.6 0.2 0.190 0.063 9.143 0.218 2.625 109.884 3.619 x 10~ 1.723 x 1077 1.034 x 10~° 6.300 x 1077 6.500 x 107° 9.403 x 10~° 6.501 x 107° 84 (9.4%)
53 0.4 0.4 0.127 0.127 6.095 0.437 3.938 54.942 3.619 x 10~ 1.149 x 1077 2.068 x 1077 6.300 x 1077 6.500 x 10~° 9.403 x 10~° 6.501 x 10° 50 (12.6%)
54 0.4 0.4 0.127 0.127 6.095 0437 3938 54942 3.619 x 10~° 1149 x 1077 2.068 x 10~° 6.300 x 107 6.500 x 107 9.403 x 107 6501 x 10 83 (11.2%)
55 0.2 0.6 0.063 0.190 3.048 0655  7.875  36.628 3.619 x 109 5.745 x 108 3.102 x 1079 6300 x 107 6.500 x 1076 9.403 x 1076 6501 x 1076 50 (22.2%)
5.6 0.2 0.6 0.063 0.190 3.048 0.655 7.875 36.628 3.619 x 1077 5.745 x 1078 3.102 x 107° 6.300 x 1077 6.500 x 10~° 9.403 x 10~ 6.501 x 107° 101 (22.4%)

Note: As groups 1-4.3 did not contain air, the related indices are not present.
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The van der Waals force F,;, is a distance-dependent interaction between atoms or
molecules [39]:

Fog = 1 ®)
where the parameter a indicates the distance between two surfaces. For two solid surfaces
in contact, the value of a is equal to be 4 = 0.2nm. R, is the particle radius, on the basis of
mesh in Table 1. H is the Hamaker constant, related to the medium in which the two objects
are in contact. The values of H are H = 0.63 x 1072 J in water and H = 6.5 x 1072 J in
air [39], respectively. The F,qw water and Fyqw air can be calculated based on Equation (8)
and are listed in Table 4.

The friction can be calculated using the following equation:

Ffric = Hs (dew + g(Pfines Vfines ~ Pfluid Vwater—wet)) )

where yi; is the friction coefficient, and ys = 1; Viyater—wet i equal to Vipes in a single-
phase condition, illustrated in Figure 18a. Viater—wet is reducing with the gas—water
interface sweeping the fine particles, as shown in Figure 18b—d. As the gas-liquid ratios of
groups 5.1-5.6 keep changing, F,, varies between Fyqw_water and Fydw_air- Ffric_max can be
calculated by F,qw air and Equation (9), which are listed in Table 4.

Based on the magnitude analysis of different forces at the particle level, the interfacial
force plays a leading role. In the gas-free flow experimental groups, as the particle size
decreases, the drag force, interfacial tension, and friction force all decrease, while the
parameter of the fine sand particle mass of sand production varies without an apparent
pattern. From the perspective of force analysis, the amount of sand production rate is not
well connected with the force. The sand production rate is more affected by the blockage
of fine particles in the pores. In the gas flow experimental groups, i.e., groups 5.1-5.6,
Finterface1 is always greater than F,;,,, leading to the sand phenomenon. With the increases
in the gas-liquid ratio, the sand production rate correspondingly increased due to the
gas-liquid ratio. The reason is that fine particles mainly move in the liquid flow, and with
the increase in the gas-liquid ratio, the frequency of gas-liquid alternating flow increases,
which improves the efficiency of the interfacial force and leads to sand production.

In this study, based on the geological information of hydrate reservoirs in the South
China Sea, three kinds of silica sand with different particle sizes were selected for the
experiment. Nevertheless, the geological information of hydrate reservoirs in the South
China Sea is not the same as that in other regions of the world. First, the average particle
size is smaller than other regions; for example, the average particle size of the sea area
of Japan is 120 um [40], which is much larger than that of China. Second, although the
mineral composition of each region is roughly the same, including quartz, orthoclase,
plagioclase, mica, hornblende, montmorillonite, and so on [41-43], the specific content
varies. And different mineral components have an effect on the aggregation of fine particles,
and ultimately affect the migration of fine particles [31]. Therefore, it is necessary to
carry out experiments according to the geological characteristics of hydrate reservoirs in
different regions.

Still, some findings in this study are universally applicable and are independent of
geological conditions, i.e., the influence of gas and interfacial tension, the influence of fine
particle concentration and fluid flow rate, etc., as similar discoveries can also be found in
previous studies with different experimental conditions [21,23,24,37].

5. Conclusions
The main research conclusions are as follows:

(1) The concentration of fine particles has an impact on the migration of fine particles.
As the concentration of fine particles increases, the accumulation of fine particles
gradually increases, more high-concentration areas appear, and the sand production
rate continues to decrease. In the case of occurring accumulation, the fine particles first
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accumulate in the front contact surface between the flow direction and the cylinder in
the chip and near the gas-liquid interface, and the high-concentration area gradually
expanded after the post-accumulation intensified.

(2) Flow velocity influences the migration of fine particles. As the flow rate increases,
the movement ability of fluid carrying fine particles is improved accordingly. Fine
particles are difficult to accumulate, and the mass and rate of sand production are
increased. In the microchip, the area with slow flow velocity and tortuous flow
line easily appears as the area with a high concentration of fine particles. Therefore,
in actual mining, a high mining rate may lead to significant sand production.

(3) Different fine particle sizes present different sand production patterns. With the
decrease in fine particle size, the mass and rate of sand production increase under the
same concentration, but the change in the sand production rate of fine particles of
different particle sizes is not the same with the increase in the concentration. The sand
production rate of 300 mesh (48 um) fine particles continued to decrease with the
increase in concentration. However, when the concentration of 600-mesh (23 um) and
1000-mesh (13 um) particles reaches 5%, the sand production rate tends to be stable or
even increases.

(4) The presence of the gas phase has a significant influence on the migration of fine
particles. In the single-phase fluid flow, the gas in the microchip will gradually
dissolve in the liquid phase and eventually remain in the microchip in the form of
bubbles. The bubbles affect the migration of fine particles by occupying the pore path,
leading to the accumulation of fine particles at the gas-liquid interface, forming a
high concentration area. In the two-phase fluid flow, the gas phase has different flow
modes. The interfacial tension at the gas-liquid interface during gas-liquid flow can
effectively drive the movement of fine particles.

(5) The presence of gas is more likely to lead to clogging and dredging. Under the same
test conditions, the single-phase fluid flow will not be clogged, but the two-phase
fluid flow will be. After the clogging continues for a period, it will be dredged due to
pressure accumulation. During the dredging, the fluid flows rapidly and effectively
drives the migration of fine particles. The occurrence of blockage and dredging are
relatively random. When the gas-liquid ratio is low, blockages and dredging will
occur multiple times, and it will be more difficult to dredge after the gas-liquid
ratio increases.

(6) A moderate mining rate is recommended during extraction. A moderate mining rate,
on the one hand, can control the speed of gas generation, when the gas content is high,
the interfacial tension effectively drives the fine particles, finally resulting in sand
production. On the other hand, a moderate mining rate can also control the fluid flow
velocity, which significantly impacts the movement of fine particles, and high-speed
fluid may cause significant sand production.

The experimental setup still has some limitations for improvement, and future en-
hancements can be made in the following aspects: (1) The temperature and pressure
apparatus can be improved to replicate actual reservoir conditions and methane gas uti-
lized for experiments to simulate the decomposition and reformation of hydrates during
the migration process. (2) Fine particles of different mineral compositions and varying
particle size distributions should be tested to analyze and summarize the migration law
of different fine particles. (3) The actual reservoir pore structure should be scanned and
imaged to produce microchip models for experiments so that we can simulate a closer rep-
resentation of real pore structures, and enable a more realistic simulation of the migration
of fine particles within the reservoir.
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Abbreviations

The following symbols are used in this paper:
ngpr = sand production rate;
msp = fine sand particles mass of sand production;
my = mass of fine particles flowing into the chip;
Firag = drag force of the fluid on the fine particles;
Cp = drag coefficient that is related to the fluid viscosity;
Afines = projected area of the contact surface between the fluid and a fine particle
in the flow direction;
Pfluid = fluid density;
Urel = relative velocity between the fluid and the fine particles;
d = fine particles diameter;
o0 = pore channel width;
B = angle from the x-direction to the tangential line of the smooth particle surface
at contact with the meniscus;
f = dynamic contact angle of the water-gas—solid interface;
Re = Reynolds number;
Hfluid = dynamic viscosity coefficient;
Qfiuig = fluid flow;
S = cross-section;
Stines = surface area of fine particles;
Rfines = fine particles radius;
Farag_water = drag force of water on the fine particles;
Firag_air = drag force of air on the fine particles;
Finterface1 = interfacial force when the gas-liquid interface is vertical;
Cinterfact = circumferential length based on the gas and water interface;
Ygw = gas-water interfacial tension;
Finterfacez = interfacial force when the gas-liquid interface is horizontal;
F, 4w = van der Waals force;
H = Hamaker constant;
a = distance between two surfaces;
Fydw water = van der Waals force in water;
Fydw air = van der Waals force in air;
Fic = friction;
Us = friction coefficient;
Viines = particles volume;
Vivater—wet = particles volume when wetted by water;
Fitic_max = maximum friction.
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