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ABSTRACT

Clarifying the mechanism that results in the mechanical behavior differences of hydrate particles in
different states is of great significance for understanding the agglomeration mechanism of hydrate
particles and the mechanical behavior characteristics of the liquid bridge between particles in a pipeline
environment dominated by oil or gas. In this study, the typical liquid bridge morphology and the
consolidation characteristics of hydrate particles during the contact-pull process between hydrate
particles and water droplets were observed using an improved micromechanical force testing device, as
well as a force sensor with a higher sampling frequency and the electric displacement stage with a
smaller step. It was found that the consolidation state of the liquid bridge changes in a complex manner
in the gas phase environment, and there is a special weak consolidation state: when the hydrate shell on
the surface of the liquid bridge is pulled off, a new hydrate shell will form on the surface of the un-
converted water at the fracture until the liquid bridge is stretched to several times the particle diameter
length and breaks. Based on the hydrate shell formation theory and the existing model of hydrate
interparticle mechanics, a possible liquid bridge weak consolidation model was supplemented to
explain this state to elucidate the mechanism that causes the difference in the mechanical behavior of
the liquid bridge for hydrate particles in different states.
© 2025 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

methane hydrates stored in the Earth may exceed the amount of
known organic carbon sources (Collett et al., 2014). Hydrates have

Clathrate hydrate is an ice-like non-stoichiometric crystalline
compound, in which water molecules form a space cage structure
through a hydrogen bonding network and encase other mole-
cules under certain temperature and pressure conditions (Sloan,
2003, 2004). Among them, methane hydrate is a solid formed by
methane molecules and water molecules under low-temperature
and high-pressure conditions. As a potential alternative energy
source, methane hydrates occur widely in permafrost and marine
environments. Numerous studies have shown that the amount of
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great energy potential and few environmental effects, however,
they can cause damage in the conventional oil and gas industry,
and there is a serious risk factor for the blockage of onshore and
offshore oil and gas pipelines (Koh et al., 2011). When the water
droplets in the pipeline are carried by natural gas, under suitable
temperature and pressure conditions, hydrates begin to grow on
the surface of the water droplets, and hydrate particles are
formed from the hydrate shell. At the same time, the water
droplets cause liquid bridge connections between the hydrate
particles, and a large number of hydrate particles accumulate,
leading to blockage of the pipeline (Delgado-Linares et al., 2013;
Aman and Koh, 2016). Such blockage might also happen when the
pipe surface has inhomogeneous chemistry caused by corrosions,
contaminations, or even by soldering processes (Nguyen et al.,
2020).
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To reveal the mechanism of pipeline blockage caused by hy-
drate agglomeration and adhesion, a large number of micro-
mechanical force (MMF) tests and evaluation studies on hydrates
have been carried out (Luo et al., 2024). Due to the strict temper-
ature and pressure requirements for the formation of methane
hydrates, the early MMF tests on hydrates were usually carried out
on tetrahydrofuran (THF), cyclopentane (CP), and other hydrate
samples that are easily formed under normal pressure. Yang et al.
(2004) built an MMF test device for atmospheric hydrates with a
temperature-controlled cell in an early stage, and they synthesized
THF hydrate particles on the device to explore the effect of tem-
perature on the mechanical behavior of THF hydrate particles.
Taylor et al. (2007) improved Yang's work by adding a plexiglass
chamber to reduce the influence of humidity and condensates on
the testing process. Based on the test results, they proposed a
theoretical shell forming model for hydrate particles formed by
water droplets in the oil phase (Fig. 1). In this research stage, a
large number of tests on the cohesion between hydrate particles
and the adhesion between the particles and the material surface
were carried out (Yang et al., 2004; Taylor et al., 2007; Dieker et al.,
2009; Nicholas et al., 2009; Aspenes et al., 2010; Aman et al., 2010;
Aman et al,, 2012; Aman et al., 2012; Aman et al., 2013; Aman et al.,
2014; Liu et al., 2015; Sato et al., 2016; Hu and Koh, 2017; Wang
et al,, 2020). Aman et al. (2011) proposed an interparticle me-
chanical calculation model for hydrates that considers liquid
bridge consolidation based on the test results. Liu et al. (2017b)
proposed a modified calculation model that considers the reduc-
tion of the volume of the liquid in the liquid bridge due to partial
consolidation. Nguyen et al. (2021) consider that the movement of
quasi-liquid and formation of additional hydrates at the neck are
governed by the thermodynamics of premelting. Previous studies
have shown that the mechanical behavior of the liquid bridge
plays an important role in the interaction between hydrate
particles.

However, the MMF test results for the gas and liquid phase
differ greatly. In early MMF tests, to ensure the stability of the
hydrate particle samples, the test was generally carried out in
liquid phase solutions such as decane, CP, and water. Subse-
quently, Aman et al. (2012) tested the cohesion of CP hydrate
particles in a normal pressure gas phase environment, and their
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Fig. 1. Water droplets form a hydrate particle model in oil (modified from Taylor et al.
(2007)).
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results revealed that the cohesion value of the hydrate particles in
the gas phase was about twice that in the liquid phase. Lee et al.
(2014) developed a high-pressure hydrate micromechanical force
(HP-MMF) testing device, and they tested the cohesion between
hydrate particles formed by methane, carbon dioxide, and a
mixture of methane and ethane and the adhesion to the simu-
lated pipe wall (Lee and Sum, 2015). Wang et al. (2020) tested the
mechanical behavior of mixed methane and ethane gas hydrate
particles in a high-pressure gas phase environment and found
that the cohesion was much higher than that of cyclopentane
hydrate particles in a liquid phase environment. It was also found
that the cohesion of the hydrate particles was independent of the
size of the particles in the liquid CP phase, while it was linearly
related to the effective radius of the hydrate particles in the gas
phase. Liu et al. (2023) carried out a mechanical test on methane
hydrate particles and water droplets in a high-pressure gas phase
environment and found that as the supercooling degree and
contact time increased, the consolidation rate of the liquid bridge
increased, and the dominant mechanism of the mechanical
behavior was the tensile strength of the hydrate. The differences
in the above test results indicate that the mechanical behavior of
the liquid bridge may be different in the gas and liquid phase.
However, the mechanism of this difference is still unclear. Testing
in high-pressure environments is more difficult, however, under
high pressure or normal pressure, few MMF tests have been
conducted on the mechanical behavior of liquid bridges in a gas
phase environment. Therefore, it is necessary to continue to study
the mechanical behavior of the liquid bridge in a gas phase
environment. The direct mechanical test of hydrate particles and
water droplets in a gas phase environment is an effective means
of simulating the mechanical behavior of the liquid bridge be-
tween hydrate particles.

In this study, a force sensor with a higher sampling fre-
quency and an electric displacement stage with higher posi-
tioning accuracy were used to improve the traditional MMF
device for hydrate testing. The mechanical behavior of the liquid
bridge during the interaction between THF and CP hydrate
particles and water droplets was observed in real time. A
possible model was supplemented to explain the observed
mechanical behavior of the weakly consolidated liquid bridge.
The results of this study contribute to a more comprehensive
understanding of the consolidation process of the liquid bridge
between hydrate particles in a gas phase environment, and
clarify the reasons for the differences in the mechanical be-
haviors of the liquid bridge between hydrate particles in
different phase environments.

2. Experimental study
2.1. Experimental device and testing method

The temperature control system of the improved hydrate MMF
test device (Fig. 2) mainly consists of a circulating bath (Julabo
ZT4), a temperature control cell, and a temperature sensor
(OMEGA SA1-RTD, accuracy of 0.1 °C). The measuring system
consists of three programmable electric displacement stages (PI,
positioning accuracy of 0.5 pm and velocity accuracy of 1 pm/s)
and two tension-compression force sensors (FUTEK, accuracy of
0.01 mN, sampling frequency of 200 Hz). Tests were carried out in
the vertical (N) directions. A microscope equipped with a camera
(Olympus SZ61, 65x zoom) was used to record the samples and test
movements in the temperature-controlled cell in real time. All of
the displacement operations, real-time images, and force curves
were processed using dedicated software.
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Fig. 2. Improved MMF testing device for hydrates.

2.2. Experimental materials and hydrate formation

THF and CP hydrates can stably exist under atmospheric pres-
sure within 4.4 °C and 7.7 °C, respectively, and their formation
method is relatively simple. Therefore, in this study, we used THF
and CP (Aladdin Company, purity >99.9%) to synthesize hydrates
under atmospheric pressure. THF is highly volatile, so the THF
hydrate sample was prepared using a THF solution with a mass
fraction of 22%, which is slightly higher than the conventional
formation concentration of 19% (Peng et al., 2018). The CP hydrates
were prepared by soaking ice particles in a CP solution and con-
trolling the temperature (Aman et al., 2013). Deionized water
(resistivity 18.25 MQ-cm) was obtained from a laboratory prepa-
ration machine. The details of the hydrate sample formation
methods have been described in a previous study (Luo et al., 2022).

2.3. Experimental procedures
The tests of the mechanical behaviors of hydrate particles

and water droplets included three steps: contact, pull, and
separation (Fig. 3). (1) The electric displacement stage was

(c)

(b)
(@)
Probe
Hydrate 1 pmis
particle
The liquid bridge
narrows/separation/
partial adsorption
Water
droplet

570 ym

Fig. 3. Method of testing the contact mechanics of the hydrate particles and water
droplets (a) Contact. (b) Pull. (c) Separation.
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controlled to adjust the distance between the top particle and
the bottom particle (about 20 pm above). After the sensor was
zeroed, a step length of 1 pm downward was adopted to achieve
contact between the top particle and bottom particle. When
contact was made, the force value recorded by the sensor at the
moment of contact between the particles and water droplets
was called the initial contact force (Song et al., 2010; Liu et al.,
2015). (2) After reaching the moment of contact, the liquid
bridge narrowed by being pulled upward. In this study, the pull
velocity was 1 pm/s and the step size was 1 pm, with a higher
accuracy than previous study (10 pm/s). (3) When the liquid
bridge was pulled apart, the force recorded by the sensor was
defined as the adhesion force. The changes in the force values
during the above three steps were recorded by the force sensor
in real time (Yu et al., 2021).

To facilitate comparison with previous studies, some of the
measured force values were normalized using the mean harmonic
radius R* of the particles (Eq. (1)). R* is the mean harmonic radius,
and Ry and R; are the radii of the two particles. At least 40 sets of tests
were performed on THF, CP hydrate particles, and water droplets, and
a new pair of particles was formed in each set of tests. In addition, 60
sets of droplet-to-droplet tests were performed to compare the force
curve when the liquid bridge was liquid. It should be noted that to
better compare the previous tests conducted in a liquid phase envi-
ronment, the tests in this study were all carried out in a gas phase
environment (air, including volatile gases in the CP and THF solu-
tions, the test temperature was 2 °C, the subcooling degrees for THF
and CP hydrates were 2.4 °C and 5.7 °C respectively).

«  2RqRy
R =—"12 1
R] +R2 ( )

3. Results

3.1. Typical liquid bridge morphology and force curve in a gas
phase environment

In this study, the typical liquid bridge morphology and force
curve in a gas phase environment was divided into unconsoli-
dated, fully consolidated, and weak consolidation morphologies.
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(1) The liquid bridge is unconsolidated

When the CP hydrate particles and water droplets were in
contact without hydrate growth and consolidation, the liquid
bridge was liquid (Fig. 4(a1) P1-P5). In the process of the liquid
bridge being pulled apart (Fig. 4(b1) AP1-P5), the initial contact
force when the particles came into contact with the liquid bridge
(about 0.04 mN, Fig. 4(b1) P2) was close to the adhesion force
when the liquid bridge broke (about 0.03 mN, Fig. 4(b1) P4). The
force curve of this process was approximately horizontal, which
was similar to the test force curve when two water droplets are
pulled apart after contacting and merging. Similar horizontal force
curves have been found in tests on the contact mechanics between
cyclopentane hydrates and water droplets in a liquid phase (Song
et al., 2010; Cha et al., 2013; Liu et al., 2015; Liu et al., 2017a). This
indicates that the initial contact force between the hydrate parti-
cles was close to the adhesion force when the liquid bridge was
liquid in the gas and liquid phase.

(2) The liquid bridge is fully consolidated

When the CP hydrate particles were in contact with water
droplets and hydrate growth and fully consolidation occurred
(Fig. 4(a2) P1-P5), the adhesion of the liquid bridge for tensile
breakage was attributed to the tensile strength of the hydrates at
the moment of breakage. The force curve (Fig. 4(b2) ) exhibited a
rapid return to zero after reaching a peak (about 156 mN, Fig. 4(b2)
P4). In this example, because the surface adhesion strength of the
probe to the hydrates was less than the tensile strength after the
consolidation of the liquid bridge, the tensile failure occurred at
the upper section of the glass probe (Fig. 4(a2) P5). The adhesion
strength between the hydrate particles and the glass section at this

(a)

Narrows

Pulling

Approach Contact

Separation
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time was calculated to be 617 kPa, which is close to the adhesion
strength of hydrates on a quartz surface measured in a previous
study (about 200 kPa (Jung and Santamarina, 2011)).

(3) Weak consolidation of the liquid bridge

The characteristics and force curve of the liquid bridge in the
weak consolidation state were complex. They can be summarized
into three categories.

1) Hydrate shells form rapidly on the bridge surface

When the hydrate particles came in contact with the water
droplets, a hydrate shell quickly formed on the surface of the liquid
bridge, but the hydrate shell was not consolidated with the bottom
probe section (Fig. 4(a3) P1-P5). At this time, the force curve
(Fig. 4(b3) P1-P5) quickly turned negative (about —0.45 mN,
Fig. 4(b3) P3) after the initial contact point (about 0.05 mN,
Fig. 4(b3) P2). A similar phenomenon of the direction jump of
the force was also found in the work of the predecessors in the
liquid phase (Liu et al., 2015; Liu et al., 2016; Liu et al., 2017a). This
may be due to the volume expansion of the hydrate shell forma-
tion, which compressed the sensor force value. As the liquid bridge
was pulled upward, the force curve in the second half (Fig. 4(b3)
P3-P5) was similar to that of the liquid bridge described above
since the liquid bridge was still liquid.

2) Partial consolidation of the liquid bridge results in a reduced
liquid volume

Hydrate growth occurred on the top of the hydrate particles at
the liquid-solid interface of the liquid bridge, which resulted in

(b) 50 100 150 200 250
" " "
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Fig. 4. Typical morphology (a) and real time force curves (b) of a hydrate particle-water droplet liquid bridge in a gas phase environment: (al) Unconsolidated; (a2) Fully
consolidated; (a3-a5) Weak consolidation; (a3) Hydrates form on part of the surface; (a4) Partial consolidation results in a reduced liquid volume; (a5) New hydrate shell forms at

the fracture.
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decreases in the volume of the liquid and the breaking force of the
liquid bridge (Fig. 4(a4)). At this time, the force curve inclined to
the right (Fig. 4(b4)). The initial contact force was about 0.05 mN
(Fig. 4(b4) P2) but the adhesion force was about 0.01 mN
(Fig. 4(b4) P4). Similar force curves have been obtained in previous
tests on the breakage of the contact between CP hydrates and
water droplets in a liquid phase environment (Liu et al., 2017a; Liu
et al., 2020).

3) New hydrate shell forms at the fracture

In a gas phase environment, the hydrate shell on the surface of
the liquid bridge was pulled off, and the unconverted water inside
forms a new hydrate shell at the fracture. This process was
repeated until the liquid bridge was stretched into a long thin
filament and then breaks. At this time, the length of the stretched
liquid bridge can reach several times the diameter of the particle
(Fig. 4(a5) P1-P5). The process force curve contained multiple
continuous peaks and slowly returned to zero (Fig. 4(b5) P1-P5).
At this time, the force value when the liquid bridge was broken
(Fig. 4(b5) P5) was not the maximum force value (about 0.50 mN,
Fig. 4(b5) P3) in the process of breaking the liquid bridge. This is
different from the previous observation results. In previous
studies, the force value at the time of liquid bridge rupture was the
maximum and was defined as the adhesion force.

3.2. Characteristics of liquid bridge consolidation in a gas phase
environment

(1) Observations of hydrate growth in a liquid bridge

In the gas phase test, after the hydrate particles with different
compositions of THF and CP were in contact with the water
droplets, the rapid growth of hydrates was observed in the liquid
bridge (Fig. 5(al-a4)). After the hydrate particles were in contact
with the water droplets (Fig. 5(a1)), the water droplets quickly
diffuse on the surface of the hydrate particles (Fig. 5(a2)), and the
hydrate-water-gas three phase contact (TPC, Fig. 5(a3))line
immediately formed and expanded on the surface of the hydrate
particles (Liu et al., 2020). The hydrates grew along the gas-liquid

Force, mN
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surface of the liquid bridge, and the contour of the hydrate shell
almost coincided with the contour of the liquid bridge. Hydrate
grows from the solid-liquid interface and gas-liquid surface to the
inside of the liquid bridge, and finally fully consolidated
(Fig. 5(a4)). The same hydrate growth phenomenon has been
observed in a liquid phase environment (Cha et al., 2013; Liu et al.,
2015; Liu et al., 2016; Liu et al., 2017a; Liu et al., 2020), indicating
that the growth process of the hydrates in the liquid bridge was
similar in the gas and liquid phase. This growth process conforms
to the shell formation theory of hydrate particles formed by water
droplets in oil and gas pipelines proposed by Taylor et al. (2007).
The results of liquid phase environment show that hydrate parti-
cles act as seeds, and high supercooling generates high nucleation
driving force, leading to hydrate growth on the liquid bridge (Liu
et al.,, 2015, 2016). In this study, this may have been caused by
the poor gas-hydraulic pressure and the dispersion of the THF and
CP gases in the gas phase environment, which provided part
conditions for the growth of hydrate particle seeds on the liquid
bridge.

The above process also produced obvious changes in the real-
time curve of the force (Fig. 5(b1-b4)). At the contact point, due
to the reason that the interfacial Gibbs free energy would be
reduced to a relatively lower value towards an equilibrium state
(Liu et al., 2015), water droplets wet the surface of the hydrate
particles, a downward pull was generated on the probe, and the
force curve exhibited a positive peak (about 0.06 mN, Fig. 5(b2)).
Subsequently, may be due to the rapid formation of hydrate shells
on the surface of the liquid bridge, the probe was compressed
upward, and the force curve quickly transformed into a large
negative peak (about —0.67 mN, Fig. 5(b3)). As the hydrate began
to grow into the unconverted water, a dynamic process of growth
and consolidation occurred inside the liquid bridge. This may have
been due to the difference in the guest concentration between the
water droplets and the hydrate particles. In this process, the real-
time force curve changed continuously in the direction of the force
value until the liquid bridge was completely consolidated and the
force value became stable at zero (Fig. 5(b4)). The hydrate growth
velocity was calculated by the height of the liquid bridge
(measured by Image J) and the time from the contact point to the
stabilization of the force curve. Under the gas phase condition, the

0.2
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04 Particle pair 2
b2 Particle pair 3
0+
:
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-0.2
Consolidation
-0.3
Unconverted
_04 water growth
-0.5 £
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b1 Hydrate shell b3 b4
~07 formation
20 40 60 80 100 120 140
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Fig. 5. Real time image (a) and force curve (b) of the growth of the THF hydrate particles in contact with the water droplets in a gas phase environment.
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hydrate growth velocity of the THF and CP hydrate particles in
contact with the water droplets were approximately 5-9 and
14-17 pm/s respectively (the subcooling degrees were 2.4 °C and
5.7 °C respectively). These values are greater than the growth ve-
locity of cyclopentane hydrates observed in the liquid phase (about
1.5 pm/s (Liu et al., 2020) and 6 pm/s (Brown and Koh, 2016), the
subcooling degrees were 4.7 °C and 7.4 °C respectively).

(2) Compression test during growth of the liquid bridge

To further clarify the growth characteristics of the hydrates on
the liquid bridge in a gas phase environment, compression tests
were conducted during the growth of THF hydrate particles in
contact with water droplets (Fig. 6(al-a4)). After the hydrate
particles made contact with the water droplets (Fig. 6(a2)), the
hydrates began to grow on the gas-liquid surface (Fig. 6(a3)). At
this time, the compression continued downward at a speed of
1 pm/s, and the unconverted water inside the liquid bridge was
squeezed and wrapped around the surface of the hydrate particles.
After about 20 s, the hydrate particles and liquid bridge were
compressed from a cylinder into an ellipsoid and were finally
consolidated (Fig. 6(a4)).

As can be seen from the real-time curve of the force during
compression (Fig. 6(b1-b4)), at the time of contact, the sensor
recorded a positive value (about 0.05 mN, Fig. 6(b2)). As the hy-
drate shell grew, the force value rapidly became negative (about
—0.46 mN, Fig. 6(b3)), it continued to compress downward, the
force value changed to positive, and it remained near zero under
compression. Until the hydrates consolidated, the force value
changed from nearly zero to a large negative value (about
—1.04 mN, and then, it rebounded slightly (Fig. 6(b4)).

This indicates that in the initial growth stage of the liquid
bridge, the hydrate shell could only withstand small loads, and it
completely lost its bearing capacity after being compressed into
the unconverted water. With the gradual consolidation of the
unconverted water, the hydrate shell began to resist larger loads.
This verifies the hydrate growth characteristics discussed above
based on the force curve. According to the preliminary calculations
of the ratio of the peak load value to the height of the liquid bridge
under compression, the result is 714-3414 mN/m, which is larger

N |

ydrate growth
d

& 570 pym

(b)

Force, mN
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than the value for a capillary glass fiber piercing the hydrate shell
reported in a previous study (200 mN/m, 0 °C, 90 s, the diameter of
the glass fiber is 35 um (Brown and Koh, 2016)). This may be
mainly due to the difference in the thickness of the hydrate shell
caused by the different hydrate growth rates and growth times in
the gas phase environment.

3.3. Effects of hydrate particle properties on the mechanics of the
unconsolidated liquid bridge

In this study, we conducted tests in a normal pressure gas phase
environment, and it was found that the initial contact force be-
tween the particles and water droplets (about 0.20 mN) was pro-
portional to the particle diameter (100-500 um) of the particles
and droplets (Fig. 7(a)-(c)). Similar conclusions can be found in
previous work, that the adhesion is linearly related to the effective
radius of the particle and the volume of the water droplet (Cha
et al, 2013; Wang et al., 2020) (Fig. 7(c)). Through effective
radius treatment of the particle size (Fig. 7(d)), it was found that
the initial contact force between the CP hydrate particles and
water droplets is about 120 mN/m in this study, which is about
50 mN/m in previous tests under liquid phase conditions. This is
similar to the conclusion that the test value of the adhesion be-
tween hydrate particles in the gas phase is about twice that in the
oil phase (Aman et al., 2012).

In addition, it has been found that the initial contact force be-
tween sand particle and water droplets is the largest (about
200 mN/m) in the gas phase (Fig. 7(d)). Possible reasons for the
above differences are 1) different interfacial tension and pressure.
The interfacial tension and the internal and external pressure
differences of the liquid bridge are proportional to the interparticle
force (Aman et al., 2011; Liu et al.,, 2020). In the gas phase, the
surface tension between water and air is about 75 mN/m, which is
larger than the oil-water interfacial tension in the liquid phase.
The interfacial tension between water and decane is 52 mN/m
(Zeppieri et al., 2001), and the interfacial tension between water
and cyclopentane is 42 mN/m (Lin et al., 2010). Moreover, these
pressure differential effects are weaker in the liquid phase envi-
ronment. 2) Particle surface roughness: As the surface of a hydrate
particle is rougher than that in the liquid phase (Wang et al., 2020),
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0.5 1
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0 S, o
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Fig. 6. Real time image (a) and force curve (b) for the compression test during the growth of THF hydrate particles in contact with water droplets in a gas phase environment.
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Fig. 7. Comparison of initial contact force values. (a) Two water droplets. (b) THF hydrate and water droplets. (c) CP hydrate and water droplets. (d) Comparison of results after

normalized radius treatment.

hydrate particles in the gas phase have a larger surface area and
greater interfacial energy, which can be further explained through
comparison of sand particle. As a result, the test values of the
adhesion between hydrate particles are different in the gas and
liquid phase environments when the liquid bridge is
unconsolidated.

4. Discussion

4.1. Mechanical calculation model of a liquid bridge in the weak
consolidation state

In the above three typical states of weak consolidation of liquid
bridges, when hydrate shells are rapidly formed on the surface of a
liquid bridge (Fig. 4(a3)), the liquid bridge is similar to the state of
unconsolidated liquid bridges (Fig. 4(al)). In this case, the me-
chanical behavior between hydrate particles and water droplets is
dominated by the capillary liquid bridge force, and the interpar-
ticle force can be calculated using Aman et al.’s model. The model
considers both capillary bridge theory and hydrate consolidation.
When the liquid bridge is fully consolidated (Fig. 4(a2) in this
study), the inter-particle mechanics calculation is determined by
the tensile strength of the hydrates and the consolidation area of
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the liquid bridge. However, Aman et al.’s model is not applicable to
the case of liquid volume reduction caused by partial consolidation
of the liquid bridge (Fig. 4(a4) in this study). For this case, Liu et al.
(2020) established a modified hydrate interparticle mechanics
calculation model based on Aman et al.'s model and the hydrate
shell formation theory. This model considers the partial consoli-
dation of the capillary liquid bridge in the calculation and simu-
lation of the interaction between hydrate particles and water
droplets when the liquid volume decreases during hydrate growth
on a liquid bridge (Liu et al., 2016; Liu et al., 2017b; Liu et al., 2020).

Among the above existing models, Aman et al.’s model does not
consider the state of weak consolidation of the liquid bridge, and it
lacks a description of the consolidation characteristics of the liquid
bridge, resulting in a small correspondence between the calculated
value of the model and the measured force curve when the model
is fully consolidated. A comparison of the model calculation results
is presented in Fig. 9(a). In addition, Liu et al.’s model only takes
into account the reduction of the amount of weakly consolidated
liquid in the liquid bridge, and it does not take into account the
special weak consolidation state of the hydrate shell regenerated
at the pull break of the liquid bridge observed in this study
(Fig. 4(a5)). In view of the above shortcomings, based on the above
model and the hydrate shell formation model, we supplemented a
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possible liquid bridge weak consolidation model for a gas phase
environment (Fig. 8).

(1) Model 1: No new hydrate shell is formed at the fracture
In this case, the tensile force of the weakly consolidated liquid

bridge is attributed to the strength of the hydrate shell ring, and
when the liquid bridge is fully consolidated, the tensile force is
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equal to the tensile strength of the entire hydrate cylinder
(Fig. 8(a)). This model refers to Aman et al.’s model to better
describe the characteristics of the hydrate growth from the surface
of the liquid bridge to the interior in the gas phase environment.
The model assumes that the expansion of the hydrates in the
growth and consolidation process is negligible relative to the
diameter of the liquid bridge, and the value of the liquid bridge
force in the unconverted water is ignored. The hydrate shell is
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Table 1
List of calculation parameters.
Classes Model 1 Model 2
Tt 0.91 MPa (CP hydrate is a type II hydrate (Aman et al., 2011), 0.17 MPa (THF hydrate (Jung and Santamarina, 2011),
Literature reference value) Literature reference value)
Vv 17 pm/s (Measured in this study) 9 pm/s (Measured in this study)
x 363 pm (Measured in this study) 316 um (Measured in this study)
Equation F = 35.3.t — 0.8-t2 (The parameters were substituted to the equation) F=3.393.At - O.O48(At2 + 2At+t)
(The parameters were substituted to the equation)
Remarks The interval At between two hydrate shells that have been

pulled off cannot be determined. In Fig. 9(b), 1.0-0.1 was taken, where At = 0.1 corresponds better to the measured force curve.

eventually consolidated into the entire cylinder by the ring, and
the ring area of the hydrate shell at a certain time is

S = my? — n(y — Vt)? = 2myVt — n(Vt)? (7)
The breaking force at this time is
F=1 [Zn;(Vt — (V)2 ] < % (8)

where 7; is the tensile strength of the hydrate, y is the radius of the
liquid bridge in the contact area, t is the contact time, and V is the
growth rate of the hydrate under the gas phase condition.

(2) Model 2: New hydrate shells forms at the fracture

After the liquid bridge hydrate shell is pulled apart, the un-
converted water inside the liquid bridge forms a new hydrate shell
during the pull-off process (Fig. 8(b)). In this model, due to the
uncertainty of the interval time At between the pulling off of two
hydrate shells, the thickness of the hydrate shell rings will be
inconsistent, and the force curve will have multiple peaks when
the hydrate shell breaks.

In this case, the change in the area of the hydrate shell ring with
time can be expressed as follows:

S=S. — S , = [ZE)(th - n(th)z] - [2n;(th,1 — a(Vtg_ 1)
= 2myV(tn — ty 1) — 2V2 (tnz - t,%_])
9)

At this time, the breaking force is

X
F=1 [anV(rn —tyq)— V2 (rnz - t,zH)] o< (10)
where t, —t,_1 = At is the time between the pulling off of two
successive hydrate shells. At this time,
(11)

F=1z [ZR)(V(At) — V2 (Atz + 2At-tn,1) ] < %

4.2. Comparison of the calculated results of the model and the
measured force curve

By comparing the model calculation results with the measured
force curve, it was found that the model calculation results are
close to the experimental results over time. Model 1 is quite
consistent with the force curve characteristic that no new hydrate
shell is formed at the CP hydrate fracture (Fig. 9(a)). The tensile
force increases rapidly, and the force curve rapidly slopes upward
to zero at the maximum peak value (Time and force was about 75 s
and 156 mN respectively). Compared with the previous models,
the calculated results of our model are closer to the measured
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force curve. Model 2 explains the force curve characteristic of the
formation of a new hydrate shell at the THF hydrate fracture
(Fig. 9(b)). The force curve contains multiple peaks, and it de-
creases at a peak, but it does not return to zero. In this example,
where At = 0.1 and the force value is about 0.28 mN at 84 s, the
calculated force value curve starts to decrease, which is close to the
measured curve. During the calculation of the model, z; is the
previous test results, and y is the radius of the liquid bridge in the
contact area (obtained from the measured of Image J). The calcu-
lation parameters are described in Table 1.

5. Conclusions

Previous MMF tests between hydrate particles have shown
that the adhesion force values vary significantly between the gas
and liquid phase environment. However, due to the relatively
insufficient testing work conducted in the gas environment, the
mechanism behind these differences is still unclear. In this study,
the typical morphology and consolidation characteristics of a
liquid bridge during the contact and pull-off processes between
hydrate particles and water droplets were observed using an
improved hydrate MMF testing device in a gas phase environ-
ment. The influences of the particle properties on the capillary
liquid bridge force were investigated. A simplified calculation
model that considers the weak consolidation state of the liquid
bridge was established. The reasons for the differences between
the gas and liquid phase in the MMF test of hydrates were dis-
cussed and analyzed. The findings of this study are summarized
below.

(1) Under the gas phase condition, when the particle size is
100-500 pm, the initial contact force between hydrate par-
ticles and water droplets is about 0.20 mN. When a hydrate
shell is formed on the surface of the liquid bridge, the sensor
will feel the extrusion pressure value of 0.46-2.36 mN.
When the liquid bridge is fully consolidated, the force value
of pulling the hydrate from the section of the probe can
reach 156 mN. This shows that the consolidation process of
hydrate plays a decisive role in the change of the mechanical
property of the liquid bridge.

(2) When hydrate particles are in contact with water droplets in
the gas phase, hydrate shells easily form on the surface of
the liquid bridge. The hydrate growth velocity of the THF
and CP hydrate particles in contact with the water droplets
were approximately 5-9 and 14-17 um/s respectively. And
the initial contact force between the CP hydrate particles
and water droplets is about 120 mN/m. Which are higher
than those for the liquid phase reported in previous studies.

(3) The interfacial tension, pressure difference, and surface
roughness of hydrate particles are greater in the gas phase
than in the liquid phase. This may be the main reason for the
difference between the test results for hydrate particles in



Q. Luo, Z.-H. Liu, X.-F. Dou et al.

different test environments when the liquid bridge is
unconsolidated.

(4) Under the gas phase condition, the liquid bridge will exhibit
a more obvious weak consolidation phenomenon, and
complex mechanical behavior will occur during the tensile
fracturing of the liquid bridge. Multiple peaks will appear in
the corresponding force curve, which causes the measured
force values for gas and liquid phase environments to
exhibit more differences and instability.

(5) A simplified calculation model for the weak consolidation of
a liquid bridge in a gas phase environment was supple-
mented to explain the observed weak consolidation of the
liquid bridge, on which hydrate shells continuously form
and are pulled off. A comparison with the measured force
curve preliminarily verifies this model.

However, this model cannot explain the exponential decline of
the force curve at the end of the real-time force curve for a weakly
consolidated liquid bridge (Fig. 4(a5)), which exhibits creep charac-
teristics (Fig. 4(b5) P4-P5). During the process of the hydrate shell
being broken, the failure of the shell’s extensibility, the expansion of
cracks, and the viscoelastic effect of the consolidated structure are all
possible causes for the aforementioned changes in the force curve. In
the subsequent research, we will attempt to characterize the above
speculation and analyze the relationship between the creep char-
acteristics and the viscosity of the internal unconverted water.
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