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a b s t r a c t

The natural gas hydrate has become one of the most promising future green energy sources on the earth.
The natural gas hydrates mostly exist in the sediments with porous structure, so a solid understanding of
the hydrate formation and growth processes in the porous medium is of significance for the exploitation
of natural gas hydrate. The micro-packed bed device is one of the efficient microfluidic devices in the
engineering field, but it has been rarely used for the hydrate-based research. In this study, a transparent
micro-packed bed device filled with glass beads was developed to mimic the porous condition of sed-
iments, and used to in-situ visualize the hydrate formation and growth habits in the pore spaces under
both static and dynamic conditions. For the static experiment, two types of hydrate growth patterns in
porous medium were observed and identified in the micro-packed bed device, which were the grain-
coating growth and pore-filling growth. For the dynamic condition, the hydrate formation, growth,
distribution habits and hydrate blockage phenomena in the pore spaces were in-situ visually captured.
The impacts of flowrate and subcooling on the pressure variation of the micro-packed bed and the
duration of the hydrate growth under dynamic flow condition in pores were in-situ monitored and
analyzed. The higher flowrate could result in the faster hydrate growth and more severe blockage in
pores, but the effect of subcooling condition might be less significant at the high flowrate.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The natural gas hydrate has become a new clean green energy
with great promising developments in the near future (Makogon,
2010; Yin and Linga, 2019). The safe and efficient hydrate exploi-
tation has been a crucial issue encountered for the effective utili-
zation of this type of energy source. Hydrates mostly exist in
sediments of the seafloor and frozen soil layer with porous struc-
ture, which are considered as being difficult for extraction (Gao,
2022). Thus, the investigations of hydrate formation and growth
processes in the porous medium are of significant importance for
the fundamental understanding of hydrate evolution in porous
sediment and hence enhancing the hydrate exploitation efficiency.

In order to provide an in-situ direct visual investigation on the
phase behavior, interfacial phenomenon,multiphase flow transport
y Elsevier B.V. on behalf of KeAi Co
in porous media, the microfluidic technique has been regarded as a
great tool in the energy-related field (Sinton, 2014), such as oil and
gas area. Abedini et al. (2022) highlighted the current and future
applications of the state-of-the-art microfluidic-based approach on
the measurements of fluid phase and property in the energy sector.
Lifton (2016) pointed out that the microfluidic devices can be used
and accepted as a useful methodology for the visualization and
investigation on the processes in the oil and gas industries, such as
enhanced oil recovery. Fani et al. (2022) presented the significant
role of microfluidic chip on the stimulation and visualization of the
microscale processes of pore fluids and addressed the great po-
tentials of microfluidics on the chemical enhanced oil recovery.
Gunda et al. (2011) designed the microfluidic chip with porous
structure to mimic the realistic pore network of the reservoir rock
and carried out the waterflooding experiments in the microchip,
and demonstrated the feasibility of the conception of “Reservoir-
on-a-Chip” in the reservoir engineering area. Lin et al. (2016)
studied and directly visualized the dynamics of the deposition of
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lixingxun@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.09.024&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.09.024
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.09.024
https://doi.org/10.1016/j.petsci.2023.09.024


X.-X. Li, M. Liu, Q.-P. Li et al. Petroleum Science 21 (2024) 1396e1404
asphaltene particles at a pore scale in a microfluidic chip with
porous structure, investigating the impact of asphaltene solubility
on deposition. Tetteh et al. (2021) used a micromodel designed
with the pore channel network to perform flow experiments to
observe the fluid-fluid interactions in the process of the low salinity
waterflooding. Behera et al. (2022) carried out pore-scale experi-
ments on the oil displacement by nanofluid flooding in the glass
microchip, investigated the oil-nanofluid-rock interaction behavior
and the change of wetting condition of the rock surface. The
microfluidic technique based on the lab-on-chipmethodology have
been effectively widely used for the phase behavior (Alfi et al.,
2016; Guo et al., 2022; Mostowfi et al., 2012), emulsions (Lin
et al., 2018; Zhao et al., 2022), coalescence (Dudek et al., 2020;
Tian et al., 2022), wettability (Jafari and Jung, 2019; Saadat et al.,
2021), flooding (Mahmoudzadeh et al., 2022; Mohammadi and
Mahani, 2020; Zhao et al., 2020) and other relevant processes in
the oil and gas industries.

In addition, recently, themicrofluidic technique has started to be
applied to the hydrate-related studies (Almenningen et al., 2021;
Chen and Hartman, 2018; Chen et al., 2020; Ji et al., 2021; Li et al.,
2022; Lv et al., 2021; Muraoka et al., 2020; Wang et al., 2021). For
instance, Wang et al. (2021) used a microfluidic device to study the
formation and dissociation processes of methane hydrate, and
visualize the reformation of hydrate induced by the microbubbles.
Muraoka et al. (2020) developed a two-dimensional glass micro-
model to directly perform amicroscopic observation on the hydrate
formation behavior in the pore space and in-situmeasure thewater
permeability. Pandey et al. (2022) carried out a pore-scale visual
experiment on the CO2 injection into CH4 hydrate in a high-
pressure model to obtain the characteristics of hydrate
morphology evolution in the porous media.

Most of the microfluidic devices used in the micro-scale studies
discussed above were two-dimensional microfluidic chip or
micromodel etched with microchannels or porous structure. The
microreactor technique have been enormously used for the in-situ
reaction monitoring in terms of flow synthesis and chemistry (Sivo
et al., 2021, 2022). The micro-packed bed is regarded as one of the
useful and important microfluidic devices for the investigations on
the mass transfer, hydrodynamics and reactions, merging the ad-
vantages of both microreactor and packed bed devices (Faridkhou
et al., 2016). The micro-packed bed device has been mainly
widely used in the area of hydrodynamics (Al-Rifai et al., 2016; Cao
et al., 2021; Faridkhou and Larachi, 2014), reaction and catalyst (Cao
et al., 2017; Farsi et al., 2020; Moulijn et al., 2016). However, the
micro-packed bed device has been rarely used for the investigation
on the hydrate-related studies. Thus, in this study, a transparent
micro-packed bed device filled with glass beads for simulating the
porous structure of hydrate-bearing sediment was developed to
investigate the hydrate formation and growth habits in pore spaces.
Moreover, most of previous microfluidic studies on the hydrate
formation and hydrate film growth processes were carried out
under the static condition. In this study, the hydrate formation and
growth experiments were also performed under the dynamic flow
condition, by considering the effects of flowrate and subcooling.
2. Experimental section

2.1. Materials

The deionized water and TBAB (tetrabutylammonium bromide)
(Aladdin, �99%) were used to make the 10 wt% TBAB aqueous so-
lution for the TBAB hydrate formation. In order to clearly in-situ
observe the formation and growth processes of the hydrate in the
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porous medium, the transparent PMMA (polymethylmethacrylate)
was used as thematerial of manufacturing themicrodevice, and the
glass beads were filled and packed as a single layer in the hydrate
formation area of the microdevice to make the micro-packed bed
device used in this study. Fig. 1 shows the schematic diagrams of
the structure of the micro-packed bed device. The glass beads with
a diameter of 1 mm were packed in the microdevice in the most
densely packed form, and the depth of the microdevice was 1 mm.
In order to prevent the glass beads from blocking the inlet and
outlet channels of the microdevice and affecting the dynamic fluid
flow, two baffles with the length of 1 mm and the width of 0.3 mm
were set at the inlet and outlet channels of the microdevice
(Fig. 1(a)). In order to avoid the problem of local supercooling
around the clamping area of the clamper caused by the metal
clamper, a threaded flange was designed to be fixed at the inlet and
outlet of themicrodevice, a PEEK (polyether ether ketone) joint was
used to connect the microdevice and the pipeline, as shown in
Fig. 1(b).
2.2. Methods

Fig. 2 shows the experimental setup for the hydrate formation
and growth in a micro-packed bed device under static and dynamic
conditions supported by the microfluidic technique and micro
imaging technology. The experimental system consists of four
parts: (1) Image acquisition and analysis system: it was composed
of a computer, a CCD camera (TOUPCAM 5.1 MP) and a microscope
(Changrong S-T). During the experiment, the microscopic image
information during the formation and growth of hydrate could be
collected, stored and analyzed by this system. (2) Temperature and
pressure acquisition and control system: it was composed of a
constant-temperature cooling water bath (HX-3008), data recorder
(SIN-R200D), temperature sensor (PT-100), pressure transmitter
(MIK-P300, 0e0.6 MPa). The experimental temperature was
controlled by the constant-temperature cooling water bath. The
temperature and pressure were collected by the temperature
sensor and the pressure transmitter at both ends of the reactor and
then sent to the data recorder. (3) Flow control system: it was
composed of amicrofluidic constant-flow syringe pump (LSP02-2A,
Longer pump) and a piston syringe. During the experiment, the
liquid was injected into the microdevice at the low flowrate by
using the microfluidic constant-flow syringe pump. (4) Micro-
packed bed device system: a single layer of glass beads was
tightly packed in the microdevice to simulate the structure of the
porous media and provide the pore space for the hydrate formation
and growth at a pore scale.

In this study, considering the advantages of the microdevice,
such as high-definition visibility, uniform heat transfer and accu-
rate controlling of multiphase fluid at a microscale, the micro-
packed bed was used to explore the formation and growth pro-
cesses of TBAB hydrate under static and dynamic conditions. In this
experiment, the ice-induced hydrate formation approach was
employed to shorten the induction time required for the hydrate
nucleation, which was used in our previous studies (Li et al., 2020,
2022). The hydrate was more likely to be formed in the process of
ice melting. After increasing the temperature to decompose the
hydrate, and then cooling down the temperature to the target
experimental temperature below the equilibrium condition, the
memory effect of hydrate can shorten the induction time of hydrate
formation.

In order to ensure that the cooling and freezing durations in
each run of the experiments were approximately the same, main-
tain the water bath temperature stable at the same temperature of



Fig. 1. Schematic diagrams of (a) two-dimensional structure and (b) two-dimensional structure of the micro-packed bed device.

Fig. 2. The experimental setup for the formation and dissociation of hydrate in a
micro-packed bed device: (1) light source, (2) micro-packed bed device support, (3)
stirrer, (4) recovery tank, (5) computer, (6) CCD, (7) microscope, (8) micro-packed bed
device, (9) temperature sensor and acquisition, (10) microfluidic syringe pump, (11)
constant-temperature cooling water bath.
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3 �C before the cooling in each experiment. The TBAB solution was
then injected into the micro-packed bed device. The temperature
was then reduced to below zero to freeze the solution in the micro-
packed bed device. After the ice formation, the temperature was
then elevated to 0 �C and stabilized for 15min to ensure the hydrate
formation in the microdevice. The temperature in the microdevice
was then elevated and controlled at about 8 �C, which was above
the phase equilibrium temperature of hydrate formed by 10 wt%
TBAB (Oyama et al., 2005), in order to completely decompose the
hydrate. For the hydrate formation experiment, the experimental
temperature was cooled down to below the equilibrium tempera-
ture. For the static experiment, the microfluidic syringe pump was
closed to keep the system at a steady state. For the dynamic flow
experiment, the TBAB aqueous solution was injected into the
micro-packed bed device at a low constant flowrate by the micro-
fluidic syringe pump to mimic the seepage phenomenon in porous
media. In order to investigate the effect of flowrate on the hydrate
formation under dynamic condition, different flowrates ranging
from 0.05 to 0.30 mL/min were used. To reveal the impact of
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subcooling on the hydrate formation under dynamic flow, the ex-
periments at three different temperatures of 1, 2 and 3 �C were
carried out in this study.

3. Results and discussion

3.1. Hydrate formation and growth behaviors in the micro-packed
bed device under static condition

The formation and growth processes of TBAB hydrates in a
micro-packed bed device were in-situ imaged and investigated
under static condition. The experimental pressurewas atmospheric
pressure and the experimental temperature was 1 �C. Due to the
different refractive indices of the hydrate crystal, the packed glass
bead and the TBAB solution, a clear phase boundary could be
observed when the hydrate was formed. During the experiment,
the growth of hydrate can be visualized and recorded by capturing
the evolution process of the boundary of the hydrate phase. The
thickening growth process of hydrate can be evaluated by moni-
toring the reflection and refraction variations of the light during the
growth process of hydrate.

Fig. 3 shows the growth process of TBAB hydrate in the micro-
packed bed device under the static condition. Two hydrate
growth habits were directly observed on the packed particles and
in the porous spaces in the micro-packed bed device, which are
grain-coating growth (the yellow dotted circle in Fig. 3) and pore-
filling growth (the blue dotted circle in Fig. 3). Regarding the time
of cooling to 1 �C as the time of t ¼ 0 s, there was no hydrate
observed in the micro-packed bed device at t ¼ 0 s. At t ¼ 660 s,
small hydrate crystals are first observed on the edge of the glass
beads, as shown in the Fig. 3(a). The hydrate tended to grow along
the growth front of the crystal to the surface of the glass beads and
covered the surface of the glass beads, behaved as the grain-coating
growth pattern. At the same time, the hydrate also grew toward the
pore space among grains to fill the pores, regarded as the pore-
filling growth. At t ¼ 810 s, the transparent flaky hydrate crystals
can be clearly observed. At t ¼ 1680 s, the hydrate crystals almost
filled the glass bead pores where the hydrate was initially nucle-
ated, and started to grow toward the adjacent pores. When
t ¼ 2700 s, it was observed that the hydrate almost filled the
adjacent pores. From t ¼ 1680 s to t ¼ 2700 s, the hydrate grew
rapidly in the pores and filled the pores of the adjacent glass beads.
However, the hydrate did not grow significantly on the surface of
the glass beads. The growth rate of hydrate on the glass beads was
slower than that in the pores. This could be caused by the larger
pore volume providing more effective contact area for the hydrate
growing into the pores. From t ¼ 2700 s to t ¼ 3600 s, the lateral



Fig. 3. TBAB hydrate growth process in a micro-packed bed device under static condition (colored dotted circles indicate the typical locations where the solid hydrate formed).
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growth rate of hydrate became slow, but the hydrate thickening
growth mainly occurred. After t ¼ 3600 s, the size and morphology
of hydrate crystals did not change further significantly.

3.2. Hydrate formation behavior in the micro-packed bed device
under dynamic condition

In this section, the typical process of hydrate formation from
TBAB solution in the micro-packed bed device was investigated
under the dynamic flow condition. The TBAB solution passed
through themicro-packed bed at a constant flow rate of 0.3mL/min
under the experimental conditions of atmospheric pressure and
1 �C. The formation of hydrate during the dynamic flow leaded to
the change of porous condition in the micro-packed bed, and
Fig. 4. Variation of pressure difference across the micro-packed bed with time at 1 �C
and the flowrate of 0.3 mL/min.
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thereby resulted in the reduction of the permeability of the porous
medium. Thus, as the hydrate was formed, the pressure difference
between both ends of the micro-packed bed gradually increased
during the constant flowing at a small flowrate of 0.3 mL/min.

Fig. 4 shows the variation trend of the pressure difference at
both ends of the micro-packed bed. The differential pressure
gradually increased with time during the dynamic flow condition.
Point A in Fig. 4 is the starting time point when the TBAB solution
was introduced into themicro-packed bed at a constant flow rate of
0.3 mL/min.With the formation of hydrate in themicro-packed bed
device, the pressure difference between the two ends of the
microdevice gradually increased. Point B is the time point when the
pressure difference between the two ends of the microdevice
began to be realized. Point D is the time point when the growth rate
of the pressure difference at both ends of the reactor started to
increase. Point C is a certain time point in the process (BD) from the
point B to the point D. Point E is a certain time point in the process
(DF) from the point D to the point F. According to the variation
trend of differential pressure at both ends of the microdevice with
time, the formation process of hydrate could be divided into three
stages. The first stage (AB) is from point A to point B, in which the
formation of hydrate did not cause the pressure difference change
at both ends of themicro-packed bed. The second stage (BD) is from
point B to point D, in which the formation of hydrate caused the
gradual increase of the pressure difference at both ends of the
micro-packed bed. The third stage (DF) is from point D to point F. In
this stage, the pressure difference between the two ends of the
micro-packed bed increased more significantly by a higher
increasing rate. Both of the pressure differences at both ends of the
micro-packed bed in the second stage (BD) and the third stage (DF)
increased with the time linearly, but at different increasing rates. So
there is a turning point D on the curve of the pressure difference
changing with time.

Fig. 5(a)e(f) shows the microscopic images of the hydrate for-
mation and growth processes in the three stages discussed above in
the micro-packed bed device under the dynamic flow condition.
For the convenience of observation, the positions of hydrate



Fig. 5. Microscopic images of the hydrate formation process in the micro-packed bed device under dynamic flow condition at 1 �C and the flowrate of 0.3 mL/min (Fig. 5(b)e(f) are
the original microscopic images, and Fig. 5(b’)e(f’) show the positions of hydrate formation in Fig. 5(b)e(f) correspondingly marked with red sign).
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formation in Fig. 5(b)e(f) are correspondinglymarkedwith red sign
in Fig. 5(b’)e(f’). In the first stage, it can be seen from the micro-
scopic images Fig. 5(a) and (b) that the formation of hydrate
gradually increased and started to fill the pores between glass
beads in the micro-packed bed device. However, the amount of
hydrate formed was not sufficient enough to cause the variation of
the pressure difference at both ends of the micro-packed bed de-
vice. In the second stage, it can be seen from microscopic images
Fig. 5(b) and (c) that the amount of hydrate formed continued to be
gradually increased. From the microscopic images Fig. 5(c) and (d),
it can be seen that the accumulation of the formed hydrate in the
1400
micro-packed bed gradually mainly caused the channel blockage at
the outlet of the microdevice. At this time, the pressure difference
at both ends of the microdevice gradually raised. In the third stage,
it can be observed from the microscopic images Fig. 5(d) and (e)
that the formation and growth of hydrate leaded to the decrease of
refractive index, and the color of the region where hydrate formed
becomes remarkably darker. Therefore, the hydrate thickening
growth could mainly occur in the pores during this stage. From the
microscopic images Fig. 5(e) and (f), it can be observed that the
change of hydrate growth in the micro-packed bed was no longer
remarkable. Before the time point of D, the outflow of fluid could be
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observed from the outlet of the microdevice, but there was nomore
fluid flowing out from the outlet of the microdevice after the time
point of D, and the increasing rate of pressure difference at both
ends of the microdevice changed at the turning point of D. The
increasing rate of pressure difference after the time point of D was
greater than that before the time point of D. Therefore, during the
experiment, it is considered that the hydrate formed at time D had
blocked the flow pores of the micro-packed bed device, so that
TBAB solution could no longer enter the microdevice. The third
stage from the time points of D to F can be considered as the static
hydrate growth process. During the second stage from the time
points of B to D, it can be observed that TBAB solution flew out from
the outlet of the microdevice and hydrate gradually grew to fill the
pore spaces of glass beads to cause the blockage of the microdevice.
Therefore, in this experiment, it can be considered that the second
stage of the hydrate formation process had a more significant
impact on the variations of the porous structure and permeability
of the micro-packed bed device.

Fig. 5 shows the initial typical positions of the pore blockage of
the microdevice due to the hydrate formation. With the continuous
flow and growth of hydrate, the positions of pore blockage further
expanded to the central pore space area. In this process, the dy-
namic growth of hydrate tended to increase near the edges of the
microdevice and filled the pores to cause blockage. Fig. 6 shows the
microscopic images of the hydrate formation process in the micro-
packed bed device under static condition at 1 �C. The subcooling
condition was the same as the one for the dynamic flow condition.
Compared with the Fig. 5, it can be seen from the Fig. 6 that the
hydrate formation and growth were much slower than that under
dynamic flow condition. The position distributions of hydrate
nucleation and growth in the micro-packed bed device and the
positions of pore blockage were more random. The amount of hy-
drate formation was also small, thus it was difficult to form the
hydrate blockage zone where severe hydrate pore plugging existed
in Fig. 5.

Even though the apparent flowrate was constant in the exper-
iment, the flow resistance difference at different positions in the
filling area could lead to local changes in the flow situation at
different positions of the micro-packed bed device. The vortex
Fig. 6. Microscopic images of the hydrate formation process in the micro-packed bed dev
correspondingly marked with red sign).
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might occur at the position where the flow velocity gradient was
large. It was found that the flow velocity at the outlet of the
microdevicewas large. The occurrence of vortex caused by the large
flow velocity gradient could increase the local disturbance, and
reduce the local solution concentration drop caused by the hydrate
formation. The relatively significant disturbance can strengthen the
mass transfer for the hydrate formation process. The relatively fast
flow can remove the heat generated during hydrate nucleation and
growth, and therefore contribute to the faster nucleation and
growth of hydrate at these positions.
3.3. Effects of flowrate and temperature on the hydrate formation
under dynamic condition

In order to investigate the effect of flowrate on the on the hy-
drate formation under dynamic condition in the micro-packed bed
device, four runs of hydrate formation experiments under dynamic
flow conditions in a micro-packed bed device with different flow-
rates of 0.05, 0.10, 0.15 and 0.20 mL/minwere carried out under the
experimental temperatures of 1 and 3 �C, respectively. Fig. 7(a) and
(b) show the variation curves of the pressure difference at both
ends of the micro-packed bed with time in the second stage under
various flowrates at the experimental temperatures of 1 and 3 �C,
respectively. As shown in Fig. 7(a), as the flowrate increased, the
slope of the pressure difference curve with time became steeper.
When the flowrate increased from 0.05 to 0.10 mL/min, the curve
slope changed the most significantly. When the flowrate increased
from 0.10 to 0.20 mL/min, the increase of curve slope became less
remarkable. As shown in Fig. 7(b), the dynamic formation and
growth behaviors of hydrate at the experimental temperature of
3 �C presents similar trends with the ones at the experimental
temperature of 1 �C. As the flowrate increased, the process of
blockage in the micro-packed bed caused by the dynamic hydrate
formation and growth could be accelerated. Comparing Fig. 7(a)
and (b), it is found that the slope of the pressure difference curve
caused by the dynamic hydrate formation at 1 �C was greater than
that at 3 �C at the same flowrate. Therefore, at the same flowrate,
the process of the pore blockage in themicro-packed bed under the
condition of higher supercooling was more significant.
ice under static condition at 1 �C (The positions of hydrate formation in (a)e(f) are



Fig. 7. Variation curves of pressure difference with time during hydrate formation under different flowrates of 0.05, 0.10, 0.15, 0.20 mL/min at (a) 1 �C and (b) 3 �C.

Fig. 8. Histograms of the total time of the second stage of dynamic hydrate formation under the flowrates of (a) 0.05 mL/min, (b) 0.10 mL/min, (c) 0.15 mL/min and (d) 0.20 mL/min
at different experimental temperatures of 1, 2 and 3 �C.
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Fig. 8(a)e(d) indicates the total times required for the dynamic
hydrate formation in the second stage at different experimental
temperatures of 1, 2 and 3 �C at the flowrates of 0.05, 0.10, 0.15 and
0.20 mL/min. At the same temperature, it is obvious that the
duration for the hydrate formation in the second stage in the pore
spaces decreased with the increase of the flowrate. Moreover, it
was found that the total time of the second stage increased
significantly with the increase of temperature, when the flowrate
was low, such as at the flowrates of 0.05 and 0.10 mL/min. When
1402
the flowrate was 0.05 mL/min, the total times of the second stage
were 1516 s at 1 �C and 2300 s at 3 �C. When the flowrate was
increased to 0.10 mL/min, the total time of the second stage also
increased with the temperature, but the increase was less signifi-
cant, which was from 760 s at 1 �C to 898 s at 3 �C. When the
flowrate was higher than 0.15 mL/min, the difference of the total
durations of the second stage at different subcooling conditions at
the same flow rate was small. Therefore, when the flowrate was
low, the total time of the second stage for dynamic hydrate
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formation could significantly affected by the temperature. As the
flowrate increased, the influence of temperature became less
remarkable. By analysis the findings from Figs. 7 and 8, the effect of
flowrate on the hydrate formation and blockage in porous media
could be more significant than that affected by the subcooling. The
higher flowrate could contribute to the faster hydrate growth and
more severe blockage, but the impact of subcooling became less
significant, especially at the high flowrate. Thus, the blockage in
porousmedia caused by hydrate formationmight bemore sensitive
to the fluid flowrate than subcooling. This finding is in consistence
with the one in literature (Aman et al., 2016).

4. Conclusions

The mechanism of hydrate growth behavior in porous media is
of significance in the natural gas hydrate exploitation. A recently
developed micro-packed bed device filled with glass beads was
used to mimic the porous condition of the hydrate-bearing sedi-
ment. Due to the transparence of the microdevice used, the in-situ
visual measurements were performed on the hydrate formation
and growth processes in the pore space of the micro-packed bed
device, under static and dynamic conditions. The effects of flowrate
and subcooling on the dynamic hydrate formation were
investigated.

Under static condition, two types of hydrate growth patterns in
pores were in-situ visualized and identified in the micro-packed
bed device, which were the grain-coating growth and pore-filling
growth. For the dynamic flow experiments, the hydrate forma-
tion, growth, distribution habits and hydrate blockage phenomena
in the pore spaces were visually captured. The impacts of flowrate
and subcooling on the pressure variation and duration of the hy-
drate growth under dynamic flow condition in pores were moni-
tored and analyzed. As the flowrate increased, the increase of the
pressure with time was more significant, and the process of
blockage in the micro-packed bed caused by the dynamic hydrate
formation and growth could be accelerated. The pressure increase
caused by the pore blockage due to the hydrate formation in the
micro-packed bed under the condition of higher subcooling was
more significant. The effect of flowrate on the duration of hydrate
formation was remarkable. The less time required for the hydrate
formation under dynamic flow with higher flowrate under the
same subcooling. The impact of subooling on the duration of hy-
drate formation was more significantly at the lower flowrate, but it
became less remarkable when the flowrate was higher.
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