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Hydrate crystals growth on the surface of methane bubble (hydrate film) in pure water was studied by
using a high-pressure visible microscope under the conditions of subcooling AT = 5.44-13.72 K and
methane concentration difference AC = 2.92-8.19 mol-L~". It was found the hydrate film is porous and
the hydrate crystals grow towards the liquid phase on the film substrate. The crystal morphology and
growth rate are affected by AT and AC. When AT < 8.82 K and AC < 4.12 mol-L™", the hydrate grows into
scattered columnar crystals, and the axial growth rate of the crystal gradually decreases. When

ﬁé’;‘:g;f: AT >8.82 K or AC> 4.12 mol-L™, the hydrate crystals grow in dendritic shape, and the axial growth rate
Hydrate increases first and then decreases. The perimeter and area of the growing hydrate crystals were mea-
Crystal growth sured, and the fractal dimension of hydrate crystal under different AC and AT was calculated. The results
Morphology show that the fractal dimension of columnar hydrate crystal is greater than 3. When

3.87 mol-L™' < AC<4.20 mol-L™" and 7.4 K < AT < 8.8 K, the fractal dimension of columnar hydrate crystal
is greater than 4; The fractal dimension of dendritic hydrate crystal is less than 3. When AC > 4.77 mol
.L71, AT < 8.52 K, the fractal dimension of dendritic hydrate crystal is less than 2.

© 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
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1. Introduction

Natural gas hydrate (NGH) is a type of non-stoichiometric clath-
rate crystal compound formed by natural gas and water under low
temperature and high pressure conditions. NGH is also called
methane hydrate due to the main component of natural gas [1].

Due to its huge resources, NGH is considered to be an important
alternative energy source in the future. During the trial production
of NGH in the sea area, it was found that hydrate re-formed on
bubbles in the drainage pipeline, which hindered the trial produc-
tion. In conventional oil and gas production, in low-temperature
and high-pressure wellbore and gathering pipelines, hydrates usu-
ally form on the surface of bubbles, and then accumulate and block,
seriously threatening the flow safety [2]. In addition, gas hydrates
have large gas storage capacity, could separate gas mixtures, and
have high latent heat. These properties are expected to be used
in the development of new technologies, such as the transportation
and storage of hydrogen and natural gas, separation of mixed
gases, and secondary refrigeration. In all the above applications,
hydrate form and grow on the surface of the bubbles. In order to
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develop NGHs, ensure the safety of oil and gas flow, and develop
hydrate-based technologies, people need to understand the growth
characteristics of hydrate crystals on the bubble surface (film sub-
strate) [3,4].

The growth of gas hydrate is a complex crystallization process.
Morphological research could help to understand the growth
mechanism of hydrate crystals. Ohmura et al. [5] conducted a study
on the formation and growth of methane hydrate crystals in
methane saturated water under the conditions of 273.5 K and 6-
10 MPa by visual observation. They found the hydrate crystals
grow in liquid water based on the hydrate film. The morphology
of the crystals changes significantly with pressure. At a pressure
of 6-8 MPa, the hydrate crystals are columnar; at a pressure of
10 MPa, the columnar crystals are replaced by dendrites. The
hydrate crystal growth morphology might depend on the mass
transfer controlled driving force. Melikhov et al. [6] found that, in
the early stage of methane hydrate film formation in solution,
the hydrate crystals and their aggregates move at a speed of 2-
5 mm-s~}, and the crystal aggregates rotate and collide at a rate
of @ ~ 0.2-2 rad-s~'. A hydrodynamic model is used to explain
the movement of crystals and aggregates. The relationship
between the strong chemical reaction force accompanying the for-
mation of hydrate crystals and the crystal size, shape, and growth
rate is revealed. Freer et al. [7] studied the formation of hydrates at
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Fig. 1. A schematic of the high pressure visible reactor system.

the methane-water interface at 1.0-4.0 °C and 3.55-9.06 MPa by
using an optical microscope. They found that the hydrate growth
rate is directly proportional to the degree of subcooling. The influ-
ence of the driving force on the growth rate is analyzed, and a pos-
sible mechanism of molecular adhesion is proposed by observing
the crystal morphology, and a model that combines interface adhe-
sion kinetics with convective heat transfer is developed. Li et al. [8]
visualized the hydrate crystals under different gas compositions
and subcooling. The results show that the growth of hydrate films
is controlled by the growth of single crystals at low degrees of sub-
cooling. At higher degrees of subcooling, the lateral growth rate is
controlled by both the seeding rate of crystal seeds and the growth
rate of a single crystal.

Besides the pure methane-water system, Lee et al. [9] studied
the growth of methane-propane hydrate crystals on the surface
of liquid water under different subcooling conditions. They found
the growth of the hydrate phase always starts from the formation
of a hydrate film on the surface of the liquid water, and the detailed
characteristics of crystal nucleation, migration and growth in the
reactor were observed with a microscope. The results show that
the degree of subcooling is a key parameter to control the mor-
phology of the hydrate crystal on the hydrate film, and it affects
the growth rate and structure of the crystal. Ozawa et al. [10] visu-
ally observed the hydrate morphology formed by methane and
tetrahydropyran. Pits were observed on the hydrate crystals
formed under high subcooling, and the hydrate crystals formed
under low subcooling are relatively smooth. Hayama et al. [11]
studied the growth morphology of methane hydrate at the
gas-liquid interface under different sodium dodecyl sulfate (SDS)
concentrations and different subcoolings. They found in the SDS

|- u

Fig. 3. Formation of hydrate film at gas liquid interface.

solutions, the size of a single hydrate crystal is smaller than in pure
water. As the subcooling increases, the hydrate crystals gradually
become slender. When the subcooling is extremely high, the
hydrate grows into upright crystal fibers. Veluswamy et al
[12,13] used a non-stirred reactor to study the morphology of
methane hydrate in the presence of 5.6% (mol) tetrahydrofuran
(THF) solution and 0.1%-0.5% (mass) amino acid, and observed
the methane hydrate formed in the presence of THF is needle-
shaped, and the methane hydrate formed in the presence of amino
acid is fluffy and flocculent.

Except for methane hydrate, Hussain et al. [14] studied the
kinetics and morphology of ethane hydrate formation under the
conditions of 270-280 K and 8.83-16.67 bar using a batch reactor.
They found the formation kinetics depends on pressure, tempera-
ture, subcooling and stirring rate. Morphological studies have
shown the appearance of ethane hydrate is similar to thread or cot-
ton. Ohmura et al. [15] studied the macroscopic morphological
changes of carbon dioxide hydrate crystals in liquid water. The
results show that as the system subcooling increases, the carbon
dioxide hydrate crystals changes from thick polyhedral crystals
to fine dendrites. The increase in system subcooling leads to an
increase in the driving force for guest substance (carbon dioxide)
dissolved in the water to transfer to the surface of the hydrate crys-
tal, thereby increasing the crystal growth rate, and the crystal
growth rate determines the crystal morphology. Saito et al. [16]
observed the formation and growth of clathrate hydrate crystals
on the surface of water droplets exposed to mixed gas (containing
methane, ethane and propane), and classified the hydrate crystal
morphology according to the system subcooling. The lateral
growth rate of hydrate crystals was measured. The results show
that when the subcooling AT, > 3.0 K, the hydrate crystals are

Fig. 2. Methane hydrate crystals on film substrate.

Fig. 4. Hydrate crystals grow towards the liquid phase on the film substrate.
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t=0 min

t=3 min

t =57 min

Fig. 5. Seed induced formation of hydrate shell substrate. The given time is the start recording time, T = 3.8 °C, P = 8.19 MPa.

t=270s

t=390s

t=660s

Fig. 6. Hydrate crystals induce hydrate formation on the surface of other bubbles. The given time is the start recording time, T = 3.8 °C, P = 8.72 MPa.

usually sword-shaped or triangular. When 3.0 K > AT, > 2.0 K, the
hydrate crystals become a polygon, and then a larger-sized poly-
gon. The length of one side of the polygon is usually 0.5-1.0 mm.
The size of hydrate crystal decreases with the increase of subcool-
ing, and the lateral growth rate of hydrate crystal increases with
the increase of subcooling. Huang et al. [17] observed the forma-
tion process of THF hydrate in situ with a high-resolution atomic
force microscope and found the subcooling is a key factor affecting
the hydrate morphology. They observed the special dendrites and
protrusions on the edge of the hydrate crystal. Wang et al. [18] con-

ducted a THF hydrate formation experiment under flow conditions
in a visualization reactor, analyzed the changes in the microscopic
morphology of THF hydrate, and obtained a microscopic model of
the THF hydrate formation and agglomeration process. In addition,
statistical methods were used to study the different forms of THF
hydrate, and the particle size changes and distributions during
their formation were analyzed. Zheng et al. [19] studied the mor-
phology and formation kinetics of methane-carbon dioxide mix-
ture and 2.57% (mol) TBAB/TBPB formed semi-clathrate. They
found the needle-like and columnar hydrate crystals are formed
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t=0 min

t =45 min

t= 14 min

=49 min

Fig. 7. Bubbles dissolve and disappear during adjacent hydrate crystals grow. The given time is the start recording time, T = 3.8 °C, P = 8.72 MPa.

near the gas-liquid interface, and the columnar hydrate crystals
become thicker and thicker over time. Zhao [20] observed the for-
mation process of HCFC-141b refrigerant gas hydrate through
experiments, and calculated the growth rate of hydrate crystals
using microscopic images.

Although many scholars have conducted visual studies on the
crystal growth and morphology of methane hydrate, their research
observations are carried out at a single condition, and the detailed
features of the hydrate crystals are still unclear. In this work, the
influence of subcooling and methane concentration differences
on the growth of hydrate crystals is studied, the methane hydrate
crystals growth on the shell substrate is observed, and the mor-
phology of methane hydrate crystals is analyzed. The growth rate
of hydrate crystals under different conditions are measured. In
order to quantify the morphology of hydrate crystals, the fractal
theory was applied, and the relationship between the formation
conditions, crystal morphology and fractal dimension was
obtained.

2. Experimental

A high-pressure visual reactor system is used for the experi-
ment (Fig. 1). The main body of the high-pressure reactor is a
245 ml stainless steel cylindrical cavity wrapped by a
temperature-controlling jacket. High pressure resistant glass made
windows are installed on the upper and lower side of the reactor.
There is a ¢ 3 cm x 1 cm cylindrical depression on the top of the
reactor. The depression makes the bubbles completely gathered
in the visible area during the experiment. The methane gas used
in the experiment was provided by Qingdao Xinkeyuan Technology
Co., Ltd., with a purity of 99.999%. The pressure is measured by
using a TRAFAG sensor (8251 type, 0-16 MPa, +0.05 MPa). The
temperature is measured by using a PT100 platinum resistance
sensor (0.1 K).

During the experiment, the following steps were adopted: (1)
flush the reactor and pipeline with methane gas to discharge resid-
ual air (open V1, V2 to inject gas into the reactor, then close V1,
open V3 to vent, repeat three times); (2) inject a certain amount

of methane into the reactor (gas pressure is controlled by valve
switches V1 and V3), close V2, and temporarily seal the reactor;
(3) inject water and pressurization (open V2 and V4, and inject a
certain amount of liquid into the kettle, so that methane will
gather into bubbles in the visible window, the bubble rises to the
inner surface of the window as a result of buoyancy. The bubble
remains stationary because the liquid phase in the system is not
flowing, and the kettle will reach a certain pressure); (4) turn on
the water bath and start to cool down; (5) turn on the light source
and microscope, and start to observe the bubbles.

In the experiment, a stereo microscope (Osway, T1-HD228S)
was used to observe the formation and growth of hydrate crystals
on the shell substrate.

3. Results and Discussion

The growth of methane hydrate is believed to be controlled by
heat and mass transfer. In this work, the subcooling AT and the
methane concentration difference AC are used as control factors
to study the growth law of hydrate crystals on the surface of bub-
bles in pure water.

The subcooling is the temperature difference for crystal growth
and is calculated by Eq. (1) [21]:

AT = Teq — Texp (1)

In Eq. (1), Teq represents the hydrate phase equilibrium temper-
ature, calculated by Chen-Guo model, K; Tex, represents the exper-
imental temperature, K.

The methane concentration difference is another driving force
for crystal growth, which is calculated by Eq. (2):

AC = Cbubble - CH (2)

In Eq. (2), Goubble represents the concentration of methane in the
bubble, mol-L~!; Cy represents the solubility of methane in water
in the presence of hydrate [21], mol-L~".

Cy is calculated from Eq. (3):

Cy = exp[15.4802 +0.0191P — (4996.2 + 6.6488P) /T (3)
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t =40 min

t="71 min

t=116 min

(a) Formation conditions: 7=3.7 ‘C, P=9.79 MPa

t=169 min

t=197 min

t =267 min

(b) Formation conditions: 7=3.8 ‘C, P=8.19 MPa

© Formation conditions: 7=2.9 ‘C, P=7.36 MPa

Fig. 8. The individual hydrate crystal in liquid phase. The given time is the starting time of hydrate crystal growth.

In Eq. (3), P represents the pressure in the system when con-
taining hydrate, MPa; T represents the temperature in the system
when containing hydrate, °C.

In the experiments, the AT range is 5.44-13.72 K, and the AC
range is 2.92-8.19 mol-L~'. Within the range, the hydrate crystals
growth on the surface of methane bubbles are visually observed at
micron scale, and a series of images of hydrate crystals were
obtained (Fig. 2). According to the observed images, the growth
law of hydrate crystals on the shell substrate was analyzed. The
hydrate crystals were classified according to the morphology. The
perimeter and area of the hydrate crystals were measured, and
the fractal dimensions of hydrate crystals under different AT and
AC conditions are calculated.

3.1. The formation mechanism of shell substrate and hydrate crystals

3.1.1. The formation mechanism of hydrate shell substrate

After reaching the temperature and pressure conditions for
hydrate formation, if there is no external seeding trigger, methane
bubbles in the water need to pass a certain induction period to
form hydrate at the gas-liquid interface. Once the hydrate forma-
tion started, the gas—-liquid interface is quickly covered, forming a

hydrate film, and then the hydrate crystals grow toward the liquid
phase on the film substrate (Figs. 3 and 4).

If a seed crystal is triggered, the hydrate film substrate will form
almost instantaneously. As shown in Fig. 5, the bubbles become
dark instantly after being contacted by the hydrate crystals, that
is, the bubbles rapidly form a hydrate film. At the same time, dur-
ing the hydrate crystal growth process, as observed in Fig. 5, no
hydrate crystals growth was observed at the around of the contact
point. On the other side, the large chunk crystal near the shell grew
obviously. Considering the growth of the small crystals on shell
and the large chunk as a whole, we believe the ‘no crystal growth
around the contact point’ should be caused by the Ostwald ripen-
ing. Hydrate tends to form on large chunk to minimize the total
energy of the system. As shown in the right image in Fig. 5, no crys-
tal growth was found around the contact point, while a large num-
ber of hydrate crystals grew towards the liquid phase in other
areas.

When there are multiple similar bubbles in the liquid phase, the
induced seed formation shown in Fig. 5 will occur in a chain. Fig. 6
shows the chain reaction of hydrate film substrate formation
induced by seed crystals. The chain reaction occurred in 660 sec-
onds. The hydrate crystals grow on one hydrate film substrate,
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(a) Dendritic hydrate

(b) Columnar hydrate

Fig. 9. Hydrate morphology.

once the crystal contact with the adjacent bubble, hydrate forma-
tion will be quickly triggered and the bubble will be covered soon.
New hydrate crystals grow on the newly formed hydrate shell. The
repeated crystal growth and shell formation enabled the chain
reaction.

3.1.2. The formation mechanism of hydrate crystals

The growth of hydrate crystals consumes methane. The
methane supply mechanism have an important influence on the
growth of hydrate crystals. Experiments have found that during
the growth of hydrate crystals, in addition to the consuming of
methane in the hydrate shell, it will also absorb methane in nearby
bubbles. As shown in Fig. 7, the diameter (major axis) of the
hydrate shell in the blue dashed circle is reduced from 0.42 mm
at t= 0 min to 0.40 mm at t = 49 min. The bubbles in the red dotted
circle gradually dissolve and disappear with the growth of nearby
hydrate crystals.

In addition to growth of columnar or dendritic crystals from the
shell substrate, hydrate crystals will also appear in the liquid phase
as independent crystals. Fig. 8 shows the images of independent
hydrate crystals gradually emerging in the liquid phase after the
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Fig. 10. Regional division of dendritic hydrate and columnar hydrate.

hydrate crystals on the shell surface have grown for a certain per-
iod of time under different temperatures and pressures. It could be
seen from Fig. 8 that the crystals have regular edges. The surface of
the individual crystal particles with a smaller particle size is
smooth, and there are depressions on the surface of the larger indi-
vidual crystal. The independent crystal should be mainly due to
heterogeneous nucleation which occurs due to suspended and dis-
solved impurities and this crystal growth defect facilitates the stor-
age of solvent inclusions (water saturated with methane).

3.2. Morphology and growth rate of hydrate crystals

3.2.1. Morphology of hydrate crystals

In this work, 42 groups of experiment for hydrate crystal
growth on independent methane bubbles were carried out, The ini-
tial thickness of the hydrate layer and the shape of hydrate crystals
are quite varied due to distinct driving factors [22]. According to
the images, the methane hydrate crystals containing the hydrate
axis are classified as dendritic hydrates (Fig. 9(a)), and the methane
hydrate crystals without the hydrate axis are classified as colum-
nar hydrates (Fig. 9(b)). Taking AT and AC as the influence param-
eters, the formation condition regions of the two hydrate crystals
were divided (Fig. 10).

In Fig. 10, the abscissa is the methane concentration difference
during the formation of methane hydrate crystals, while the ordi-
nate is the subcooling during the formation of methane hydrate
crystals. The black dashed line is the maximum and minimum sub-
cooling margin that could be obtained under this methane concen-
tration difference. It can be seen from Fig. 10 that the morphology
of hydrate crystals has a clear relationship with subcooling and the
methane concentration difference. When in the range of Region I,
that is, AT < 8.82 K and AC < 4.12 mol-L™!, methane hydrate crys-
tals on the shell substrate grow in a columnar shape. When
AT > 8.82 K or AC > 4.12 mol.L"! in the Region II, the methane
hydrate crystals on the shell substrate grow in a dendritic shape.

The independent crystals formed in the liquid phase also pre-
sent dendritic or columnar characteristics. Two independent crys-
tals are shown in Fig. 11. Independent crystal 1 is in symmetrical
leaf-like shape with obvious growth spindles and could be classi-
fied as a dendritic shape. The independent crystal 2 is a hexagonal
fragmented crystal, and no obvious growth axis could be seen. By
adjusting the focal length of the microscope, we find that the inde-
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(a) Individual crystal 1.

(b) Individual crystal 2

Fig. 11. The individual hydrate individual crystal formed in liquid phase at T = 2.9 °C and P = 7.36 MPa.

t=23 min

t=81 min

t=35 min

t=223 min

Fig. 12. The growth process of columnar hydrate crystal on bubble surface at AT=7.97 K and AC =4.11 mol-L™'. The given time is the starting time of hydrate crystal growth.

pendent crystal 2 is not plane. Therefore, it could be speculated
that the independent crystal has a polyhedral structure. Both of
these two types of crystals have obvious crystal growth defects
(i.e., dents on the crystal) which are conducive to the storage of sol-
vent inclusions.

3.2.2. Growth rate of hydrate crystals

By photographing, the growth rate of methane hydrate on the
shell substrate under different subcooling and methane concentra-
tion differences was experimentally studied. Take a set of experi-
ments as an example to illustrate the research method.

Fig. 12 shows the growth images of methane hydrate crystals on
the shell substrate at different times under the conditions of AC =

4.11 mol-L™! and AT = 7.97 K. It could be seen from Fig. 12 that the
growth of hydrate crystals changes significantly from 23 min to
81 min, and the length of the hydrate crystals does not increase
significantly after growing to a certain extent. In the image shown
at 223 min, the hydrate crystals change little and hardly grow, and
the overall growth process is very slow. Columnar hydrates are
mostly irregular prisms in shape, and there are dents on the crystal
surface. This kind of crystal defects is conducive to the storage of
solvent inclusions.

Fig. 12 shows the growth process of hydrate crystals at various
time points. The hydrate growth rate could be calculated:

Vi = — (4)
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Fig. 13. The radial length and growth rate of columnar hydrate versus time at
AC=4.11 mol-L™" and AT = 7.97 K.

In Eq. (4), t; represents the hydrate crystal growth time, min. L;
represents the axial length of the hydrate at time ¢t;, mm.

After processing the crystal growth images obtained in the
experiment, the axial length of the columnar hydrate crystal and
the growth rate with time under this condition (AC =4.11 mol.L™},
AT = 7.97 K) was obtained, as shown in Fig. 13. It could be seen
from the Fig. 13 that the maximum growth rate of columnar
hydrate under this condition is 0.0143 mm-min~'. The growth rate
decrease gradually over time. The reason could be explained as
below: with the thickening of hydrate film, the mass transfer of
methane gas is gradually restricted, therefore the growth rate of
the hydrate axis length gradually decreases with time going. How-
ever, due to the porosity of the hydrate film, the mass transfer of
methane gas is restricted but not prohibited, so the hydrate crys-
tals continue grow until the driving force (concentration differ-
ence) no longer exists.
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Fig. 15. Axial length and growth rate of dendritic hydrate with time when
AC=5.55mol-L™" and AT = 10.87 K.

Compared with columnar hydrates, dendritic hydrates grow
faster and produce more hydrates. When AC = 5.55 mol-L™! and
AT = 10.87 K, after a period of induction time, a hydrate film is
formed at the gas-liquid interface first. After the hydrate film cov-
ers the entire bubble, dendritic hydrates gradually formed on the
shell substrate toward the liquid phase. Fig. 14 shows the growth
of dendritic hydrate crystals at different times. It could be seen
from Fig. 14 that the hydrate crystal length grows to 2 mm in
5 min, the growth rate is extremely fast. The hydrate crystal length
reaches 5.0 mm in 33 min, and the growth rate decreases slowly
until 292 min, the final length is close to 5.5 mm. Except the axial
length, but hydrate crystals also grow in branches and leaves. The
breanches and leaves become thicker and stronger.

The method for calculating the growth rate of dendritic hydrate
crystals is the same as that of columnar. The crystal growth images

t=33 min

=292 min

Fig. 14. The growth process of dendritic hydrate crystal on bubble surface under the conditions of AT = 10.87 K and AC = 5.55 mol.L™'. The given time is the starting time of

hydrate crystal growth.
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Fig. 17. Curve of growth rate of partial hydrate crystal with time.

obtained in the experiment are processed to obtain dendritic
hydrate crystals growth rate. The length in the axial direction
and the growth rate with time is shown in Fig. 15. It could be seen
from Fig. 15 that the maximum growth rate of dendritic hydrate
under this condition is 0.4410 mm-min~'. Compared with colum-
nar hydrates, the growth of dendritic hydrate crystals is much fas-
ter, and the growth rate increases first and then decreases. The
reason is that after the crystal grows to a certain length, with the
progress of the hydration reaction, the hydrate film gradually
thickens, the mass transfer of methane gas is gradually limited,
and the crystal growth rate gradually decreases. However, because
the hydrate film has certain pores, the mass transfer of methane
gas is limited but not prohibited, so hydrate crystals will continue
grow.

In this work, AT and AC are used as the controlling factors of
crystal growth. let IT = AT x AC, it could be seen from Fig. 16, gen-
erally speaking, the larger the I1, the longer the final length of the
hydrate crystals, and generally dendritic hydrates are longer than
columnar hydrates. Fig. 17 is a curve of the growth rate of partial
hydrate crystals with time. The larger the II, the faster the growth
rate of hydrate crystals. Generally, the growth rate of dendritic
hydrates is one order of magnitude higher than that of columnar
hydrates. With the growth of hydrate crystals, the hydrate film
gradually thickens, and the diffusion of methane gas from the bub-
bles to the liquid phase is gradually inhibited.

3.3. Fractal characteristics of hydrate crystals growth on the
membrane substrate

Fractal growth refers to the growth following a certain self-
similar law everywhere as time goes by, which is always carried
out in a certain form that reflects the law of self-similarity, and
the fractal dimension is constant during the growth process. The
formation of snowflakes and the growth of branches in nature
are both the process of generating certain fractal dimensions
[20]. By observing the overall structure of methane hydrate den-
drites (Fig. 18), it can be found that the entire growth process of
methane hydrate has three main characteristics (Fig. 19): (1) There
are branches on the main stem (hydrate axis), and the growth of
the main stem and the branches proceed simultaneously (2) There
are sub-branches growing on the branches (3) The growth is inhib-
ited when the branch meets the main trunk or branch. The crystal
growth is with typical self-similarity, which is the characteristics of
fractal growth.

The hydrate crystal growth is a typical fractal growth-viscous
finger extension process. Viscous finger extension refers that in a
quasi-two-dimensional system, when a low-viscosity fluid enters
into a high-viscosity fluid, the interface between the two fluids
changes from a plane to an irregularly bifurcated interface. During
hydrate crystal growth, methane supply might be the rate-
determining step. The low-viscosity methane gas in bubble dif-
fuses into the high-viscosity liquid phase, the methane transporta-
tion process could be equivalent to a quasi-two-dimensional
system. Due to hydrate formation, the methane concentration in
the liquid on crystal surface is equal to Cy, which is lower both
than the methane solubility and the methane concentration in
bubble Cyyppie- Therefore, as long as hydrate crystal form in the liq-
uid, methane gas can be continuously transported from the bub-
bles. The methane concentration difference between bubbles and
crystal surface is equivalent to the external driving force of the vis-
cosity index [23].

The growth dimension is exhibited by the growth speed and
compaction degree of hydrate crystals at certain external condi-
tions. In this work, the principle of perimeter-area method is used
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Fig. 18. Overall structure of hydrate dendrites.

t=43 min

t=152 min

=67 min

t =85 min

Fig. 19. Backbone and branches in hydrate crystal growth. The given time is the starting time of hydrate crystal growth.

to calculate the fractal dimension of the hydrate crystal morphol-
ogy by using an Image] image analysis software [24]. The perime-
ter Pe and area A of the hydrate crystal was measured by Image]. In
one experiment, the area A and perimeter Pe of different crystal
branches was measured at different times. The perimeter and area
data was plotted in double logarithmic and regressed in linear.
Taking Fig. 20 as an example, by measuring the perimeter and area
of different dendrites at different times under the same generation
conditions, and Table 1 is obtained.

Fitting the IgPe and 1gA data in Table 1 to a straight line, the
slope of the straight line could be obtained, and the fractal dimen-
sion of hydrate crystals is the twice of the slope of the regression
line (Fig. 21). Under the conditions of AC = 5.46 mol.L"! and
AT = 9.16 K, the slope of the fitted straight line is 1.041, then the
fractal dimension of the dendritic hydrate crystal is 2.082. Under

the conditions of AC = 4.05 mol-L™! and AT = 8.82 K, the slope of
the fitted straight line is 1.813, then the fractal dimension of the
columnar hydrate crystal is 3.626.

A total of 18 sets of experiments were processed, and the
fractal dimensions of hydrate crystals under various tempera-
ture and pressure conditions were obtained. The fractal dimen-
sion cloud maps under different temperature and pressure
conditions is shown in Fig. 22. In the Fig. 22, Area I represents
columnar hydrate, Area Il represents dendritic hydrate, and the
upper left part above the white dashed line is the theoretically
unreachable area.

It could be seen from Fig. 22 that the fractal dimension margin
between dendritic and columnar hydrate crystals is 3. The fractal
dimension of columnar hydrate crystals is greater than 3, that is,
area I. The edge of area I becomes darker inward. When
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dimension of dendritic hydrate crystals is less than 3, that is, area
II. On the whole, the smaller the AT and the larger the AC, the dee- Fig. 22. Fractal dimensions of methane hydrate crystals under different AC and AT
per the blue and the smaller the fractal dimension. When conditions.
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4. Conclusions

The growth process of methane hydrate crystals on the shell
substrate was experimentally studied, main conclusions could be
draw as follows:

(1) The hydrate film on the surface of methane bubbles in water
could be formed in two ways. One is the spontaneous nucle-
ation and growth after a certain induction period. The other
one is the rapid growth triggered by the external crystal
seeding. The hydrate film is porous.

(2) Hydrate crystals grow towards the liquid phase on the shell
substrate. The hydrate crystal morphology on the shell sub-
strate could be divided into two types. One is a dendritic with
a main axis, the other one is a columnar shape without a spin-
dle. The subcooling AT and the methane concentration differ-
ence AC are the major factors that determine the morphology
of hydrate crystals. When AT < 8.82 K and AC < 4.12 mol-L™",
hydrate crystals grow in columnar shape. When AT > 8.82 K or
AC > 4.12 mol-L ™!, hydrate crystals grow in a dendritic shape.

(3) During hydrate crystals growth, methane gas in nearby bub-
bles is consumed, causing the bubbles to shrink and disappear.
The growth rate of dendritic hydrates accelerates first and then
slows down, the growth rate of columnar hydrate gradually
slows down. The larger the product of subcooling AT and
methane concentration difference AC, the faster the growth
of hydrate crystals. The growth rate of dendritic hydrate is
an order of magnitude higher than that of columnar hydrate.

(4) Inaddition to the dendritic and columnar hydrates on the shell
substrate, independent hydrate crystals could also formed in
the liquid phase. The edges of the individual crystals are regu-
lar, with the characteristics of dendritic and columnar hydrate
crystals. There are dents on the surface of the crystals.

(5) The growth of hydrate crystals has self-similarity and shows
the characteristics of fractal growth. The fractal dimension of
columnar hydrate is greater than 3, when 3.87 mol-L™! <-
AC<4.20mol-L ! and 7.4 K < AT < 8.8 K, the fractal dimen-
sion of columnar hydrate is greater than 4. The fractal
dimension of dendritic hydrate is less than 3, When
4.77 mol-L™! < AC and AT < 8.52 K, the fractal dimension
of dendritic hydrate is less than 2.
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Nomenclature

A area, mm?

Coubble  COncentration of methane in the bubble, mol-L~!

Cy solubility of methane in water in the presence of hydrate,
mol-L~!

AC concentration difference of methane, mol-L~!

L; axial length of the hydrate crystal at time t;, mm

P pressure, MPa

Pe perimeter, mm

T temperature, °C

Teq temperature of the hydrate phase equilibrium, K
Texp temperature of the experimental temperature, K
AT subcooling, K

t time

t; time of hydrate crystal growth, min

v hydrate growth rate at time t;, mm-min~!

i the product of AT and AC, K-mol-L™!
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