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The initial thickness of methane hydrate film was directly measured by suspending a single methane bubble in water at
274.0, 276.0, and 278.0 K. The results show that the initial hydrate film thickness decreases from tens of micrometers to
about 10 um with the subcooling increased from 0.5 K to about 3 K. When subcooling is higher than 1.0 K, all initial
film thickness data measured under different temperatures vary inversely with the subcooling. Notable three-dimensional
growths of hydrate crystals of different sizes and shapes at film front and emergence of new crystal were clearly
observed at lower subcooling that resulting in the rougher surface of hydrate film and uncertainty of initial thickness
measurement under lower subcooling. The hydrate film growth was dominated by film growth in thickness, not by lateral
growth at low subcooling. The growth in thickness of hydrate shell covering one whole bubble surface was also investi-

gated. © 2013 American Institute of Chemical Engineers AIChE J, 59: 2145-2154, 2013
Keywords: methane hydrate, film thickness, three-dimensional, crystal growth

Introduction

Natural gas hydrate is a kind of large alternative energy
resource with huge reserves.' Gas hydrate can also be
applied to gas storage,z_4 transpor“[ation,s_7 and gas mixture
separation.® The growth kinetic law of gas hydrate is the ba-
sis of further studies on the accumulation of in situ natural
gas hydrate’ and the developments of hydrate-based applied
technologies.'” In general, gas hydrate growth initiates at
water/guest-fluid interface. Once one stable hydrate crystal
forms at water/guest-fluid interface, it grows not only later-
ally along the interface but also in the direction vertical to
the interface, thereby grows to a hydrate film of certain
thickness between water and guest fluid.'"'?

The lateral growth of hydrate film at the gas/liquid or gas/
solid interface has been experimentally and/or theoretically
studied by several groups.”’”‘18 Arguments regarding the
control steps of lateral growth of hydrate film are mainly on
intrinsic kinetics and heat transfer. The advantage of heat-
transfer control models is that the film thickness could be
formulated into the film growth kinetic equation.m’ls’18 In
this way, it is possible to establish the relationship between
lateral growth rate and the bulk hydrate-phase growth rate.
On the basis of the heat-transfer model developed by Mori,"*
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Peng et al.'® presented a more precise model of lateral
growth of hydrate film by introducing an assumption that the
initial thickness of hydrate film varies with driving force
inversely. Here, the initial thickness refers to the front thick-
ness of hydrate film growing laterally and should not be con-
fused with the final grown thickness of hydrate films, which
mainly depends on the mass transfer in the direction normal
to the film."* Because the driving force for mass transfer of
guest components or water through hydrate film increases
with the increasing subcooling, the thickening rate of hydrate
film might increase with it too. Thus, the final thickness of
hydrate film might increase with the increasing subcooling.'®
It is important to establish the relationship between the
initial film thickness and subcooling in modeling hydrate lat-
eral growth rate.'"® ! The initial thickness is also crucial for
investigating the vertical growth of hydrate film. However,
the experimental data directly manifesting the influence of
subcooling upon the initial thickness of hydrate film are
scarcely reported, because they are hard to measure. Previ-
ous reports related to thickness of hydrate film mainly
focused on the measurements'®*? of growth rate in hydrate
film thickness and final film thickness with respect to differ-
ent subcoolings. There also exist some measurements in the
literature about the thickening of hydrate film in the vertical
direction after initial lateral growth.zuy27 However, the ini-
tial thickness of hydrate film was not given definitely.
Ohmura et al.?' measured CH,FCF; hydrate film thickness
using laser interferometry and found that the film thickness
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at the beginning time increases with the decrease of the sub-
cooling. But in their experiments, the first data points are
several tens of minutes after film formation because of the
time required for adjusting their optical system and the film
thickness obtained is not an actual initial film thickness as
the authors pointed out. Peng et al.'® only qualitatively
proved that there exists inverse relation between the initial
thickness and the subcooling by observing the transparency
of the hydrate film. Thus, more precise measurement on ini-
tial film thickness is required to establish the relationship
between initial thickness and subcooling quantitatively.

The location of the initial hydrate film front is another im-
portant basic information for modeling the lateral growth of
hydrate film at the water-/guest-phase interface. Because
there is no direct experimental information on it, there exist
several assumptions about the location of hydrate film front.
In his convective heat-transfer model, Mori'* assumed that
half of the film front is in the water phase and the other half
is in the guest phase, whereas Mochizuki and Mori'’
assumed that the entire front is in the water phase. Peng
et al.'"® proposed a more flexible assumption that a part of
thickness x of hydrate film front is in the guest phase and
another part of thickness 6 — x is in the water phase. The
value of x was thought to be guest composition dependent.
However, they did not give the method to determine the
value of x. Therefore, delicate experimental investigation
should be carried out to clarify the location of hydrate film
front.

Study on the growth mechanism of hydrate crystals is also
of great importance for modeling of macroscopic kinetics of
hydrate formation with respect to different application fields
of gas hydrate. Many theoretical and experimental stud-
ies?®?%31 about the hydrate crystal growth have been per-
formed with respect to different subcoolings and composi-
tions of gas mixtures. However, a further understanding of
the growth patterns of hydrate crystals is necessary, in view
that most of those investigations only examined the forma-
tion pattern of hydrate crystals in two dimension. As already
reviewed,zg"“f33 the studies of in situ observations of
hydrate crystals in three dimensions were only performed on
structure 11*°2! and structure H*? hydrates formed with two
guests together. So far, to our knowledge, the crystal growth
in three dimension of a simple structure I or structure II
hydrate formed with only one guest component has not been
investigated.

In this work, the location of hydrate film front was deter-
mined, and the initial thickness of methane hydrate film on
the surface of bubble suspended in water was measured
directly by a microscope for the first time. The relationship
between the initial film thickness and subcooling was further
investigated. The process of methane hydrate crystals growth
on the surface of bubble was also observed using the micro-
scope, and the three-dimensional (3-D) growth patterns of
the hydrate crystals were discussed. Additionally, the growth
of hydrate shell covering the surface of bubble in thickness
was observed.

Experimental
Equipment and materials

The schematic diagram of the experimental device is shown
in Figure 1. The main part of the apparatus is a high-pressure
cell with an inner space of 36 mm in diameter and 15 mm in

2146 DOI 10.1002/aic

Published on behalf of the AIChE

vacuum

)

(a)
Gas bubble

Distilled water

Microscope

N

CCD camera

Glass window
Gas inlet
(b)

Figure 1. (@) Schematic diagram of the experimental
apparatus: 1, test cell; 2, thermostat; 3, liquid
sample cylinder; 4, JEFRI 10-1-12-NA pump;
5, gas cylinder; 6, JEFRI 100-1-10-HB pump;
7, microscope; 8, CCD camera; 9, computer;
and 10, gas sample cylinder. (b) Schematic
diagram of high-pressure cell.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

axial length. There are a pair of glass windows installed in two
opposite sides of the cell, through which the phenomenon
occurred in the cell can be observed using a microscope and
recorded by a CCD camera conveniently. A needle with a di-
ameter of 2.996 mm is extended into the cell from the bottom,
through which gas can be injected into the cell to produce gas
bubble. The pressure of the cell is controlled by supplying
methane from a gas cylinder through a pressure regulating
valve with a maximum scale of 20 MPa. The temperature
inside the cell is controlled by an air bath, and the temperature
can be adjusted in the range of 253.2-293.2 K. The system
temperatures are detected by three Eurotherm temperature
controllers with an average uncertainty of =0.1 K. All the
pressure gauges are calibrated using a standard RUSKA dead-
weight pressure gauge with an uncertainty of +0.25%. Analyt-
ical grade CHy (99.99%) supplied by Beijing Beifen Gas
Industry Corp. is used in the experiment. The water used in
the experiments is distilled twice, and its conductivity is found
to be less than 10 *Sm ™",

Experimental procedures

At first, the entire system is purged with gas and then
evacuated. Subsequently, distilled water is charged into the
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Figure 2. Pictures of methane hydrate film growth on the surface of a suspended bubble in water (rotated
anticlockwise 90°).

(a) A methane gas bubble suspends in water before the formation of hydrate layer atop the water phase; (b) a hydrate layer
forms at the bulk gas—water interface, and a bubble is injected slowly through the needle to contact with the hydrate layer. Once
the bubble contacts with the hydrate layer, the hydrate film growth on the surface of the bubble starts; (c) the hydrate film is
growing on the surface of the bubble; and (d) the suspended bubble is wholly covered with hydrate film. The hydrate film growth
processes and crystal morphology changes in experiments can be repeated. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

high-pressure cell until about three-fourths of its volume is
filled. The system temperature is then adjusted to a desired
value through the air bath. After the system temperature
becomes stable, methane gas is introduced continuously into
the cell through the needle at the bottom until the system
pressure is significantly higher than the equilibrium pressure
for hydrate formation. Subsequently, the gas is discharged
slowly out of the cell from a valve on the top of the cell. Af-
ter that, the high-pressure cell is recharged with methane gas
to agitate water phase, and this process of gas charging and
discharging is continued to reduce the induction time until a
quantity of gas hydrate forms atop the water phase. The gas—
liquid equilibrium can also be easily established in region
near gas—liquid interface through this process. The cell is
depressurized to dissociate the hydrate thoroughly, while the
temperature of the air bath keeps constant. Afterward, gas is
injected into the cell and maintained at a desired pressure
higher than the equilibrium value of hydrate formation at the
specified temperature.

Following above preparing procedures, the hydrate film
growth experiment is carried out as illustrated in Figure 2.
At first, a methane hydrate layer is formed at the bulk gas/
liquid interface in the cell (the left of Figures 2a,b). A meth-
ane gas bubble is then injected slowly into the cell through
the needle. When the bubble just contacts to the hydrate
layer, the hydrate film lateral growth on the suspended bub-
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ble starts and eventually terminates when the surface of sus-
pended bubble is fully covered with hydrate film (Figures
2b—d). Afterward, system pressure is decreased to the atmos-
pheric pressure to dissociate hydrate, and the gas and water
are discharged out of the cell. The fresh distilled water is
charged into the cell for another experimental run.

The whole methane hydrate film growth process is
observed by using a microscope, recorded by a CCD camera,
and stored by a computer. The image of a gas bubble recorded
is quantified in an established coordinate system as shown in
Figure 3. As shown in Figure 3b, there exists obvious distance
between the outer surface of growing hydrate film and the sur-
face of the gas bubble. Two parallel lines are drawn tangently
to the outer surface of hydrate film and that of the gas bubble.
The minimum distance between the two parallel lines is meas-
ured directly and taken as the thickness of hydrate film front,
that is, the initial thickness of hydrate film.

Results and Discussion
Film front location and thickness

A series of experiments on the lateral growth of hydrate
film on the surface of the methane bubble suspended in
water were performed, and the initial film thicknesses were
measured at three specified temperatures of 274.0, 276.0,
and 278.0 K and different subcooling AT values with the
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Figure 3. (a) A coordinate system established for the
image of hydrate film growth on the
suspended bubble and (b) the thickness
measurement carried out in the coordinate.
The unit for length in (a) and (b) is micrometer. [Color

figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

method mentioned earlier. The AT is defined as AT = T° —
T°*P, where T°*P is the temperature for hydrate film growth
specified in the experiment; 7% is the equilibrium formation

Bubble surface

2740 K, AT=2.0K.
Figure 4. Initial hydrate film formed on the surface of a bubble in three cases with different subcoolings and
temperatures.

Bubble surface

276.0 K, AT=0.9 K.

temperature of hydrate at experimental pressure, which is
calculated with the Chen—Guo hydrate model.** The experi-
mental results are shown in Figures 4 and 5 and Table 1.

Figure 4 shows the initial hydrate film formed on the sur-
face of a bubble in three cases of different subcoolings and
temperatures. It can be directly seen that the film front of
methane hydrate is entirely in the water phase in all three
cases. The observations of other researchers®>*® also indi-
cated that hydrate films first formed to intervene between the
gas guest and liquid water and then grew toward the liquid
water. The determination that whole film front is in water is
also the basis on which the initial film thickness was meas-
ured in this work, because the vertical distance of the surface
of hydrate film and that of the bubble was taken as the initial
film thickness.

One can see from Table 1 that the initial film thickness
decreases with the increase of AT when temperature is speci-
fied. To better display the influences of the subcooling and
temperature upon the initial thickness of hydrate film, the
measured initial film thickness data were plotted against 1/
AT in Figure 5. One can see that the initial film thickness
mainly depends on the subcooling at higher subcooling
region; its dependence on temperature is unremarkable.
When the subcooling is higher than 1.0 K, all initial film
thickness data measured under three different temperatures
can be fitted with the following Eq. 1 satisfyingly as shown
in Figure 5, with a correlation coefficient R> = 091. For
comparison, the initial thickness data of hydrate film formed
at the planar bulk methane/water interface measured by Tay-
lor et al.'? at a higher subcooling of 5.2 K were also plotted
in Figure 5. One can see that their experimental data are
also in good agreement with the fitted line by Eq. 1. These
results demonstrate that Peng et al.’s'® assumption that the
initial thickness of hydrate film varies with the subcooling
inversely is acceptable in higher subcooling region, that is,
AT > 1.0 K.

5=k/AT (1

where 6 is the initial thickness of hydrate film and k is the
inverse proportional coefficient.

However, at very low subcoolings, the experimental data
deviate from the fitted line obviously and become strongly
temperature dependent. This phenomenon might be attributed
to the fact that the growth of hydrate film is dominated by
the film growth in thickness, but not by lateral growth. That
will be discussed in more detail in the following section.

Bubble surface

278.0 K, AT=0.7 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Variation of CH, hydrate initial film thickness
with subcooling at different specified
temperatures.

Using Peng et al.’s'® kinetic model for lateral growth of
hydrate film as well as the parameters determined by them,
the initial thickness of hydrate film was calculated by assum-
ing that whole film front was in water phase. The calculation
results with respect to three temperatures specified in this
work are tabulated in Table 2. Compared with the experi-
mental data, the calculated initial thickness value is a little
smaller at the same subcooling and temperature, although
they are in the same magnitudes of order. This might be due
to the following reasons. First, in the heat-transfer
model,m’18 the heat-transfer surface is simplified as a surface
of semicircular whose area is smaller than that of the actual
hydrate film front shaped as polyhedron. Second, the porous
structure® of hydrate film is ignored, as the film is assumed

Table 1. The Initial Film Thickness of Methane Hydrate
Measured on the Surface of Bubble at Different AT and
Three Different Specified Temperatures (the Hydrate Film
Thicknesses Data Measured in the Experiments Are
Reproducible Within the Standard Deviations)

T (K) P (MPa) AT (K) 5+ 2 (um)
274.0 291 0.5 85
3.17 13 27
3.23 15 21
3.34 1.8 19
3.44 2.1 17
3.52 2.3 16
3.63 2.6 11
3.74 2.9 10
3.78 3.0 9
276.0 3.63 0.6 40
3.86 12 22
4.12 1.8 17
425 2.1 14
4.43 2.5 12
4.72 3.1 10
4.93 35 8
278.0 453 0.7 35
4.57 0.8 28
4.77 1.2 25
4.87 14 24
4.98 1.6 19
5.09 1.8 17
5.20 2.0 15
5.37 2.3 11
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Table 2. The Initial Film Thicknesses ¢ and k Value in Eq. 1
Calculated at Different Temperatures with the Model of
Peng et al.'® by Assuming the Whole Film Front Is
in Water Phase

T (K)  (um) k X 10° (m K) AT (K)
274.0 6.60-19.81 1.981 3.0-1.0
276.0 5.55-16.64 1.664 3.0-1.0
278.0 4.77-14.30 1.430 3.0-1.0

to be solid and of uniform thickness, then the heat-transfer
area is smaller than actual one. As a result, the efficiency of
heat transfer in the experiment is higher than that modeled.
Therefore, the calculated initial thickness is thinner than the
actual ones. This comparison of calculated results with
experimental data also demonstrates that the conclusion that
the whole film front is in water phase is accurate. Otherwise,
the calculated value of initial thickness of hydrate film
would become further smaller. (If the film front is partly or
entirely in the gas phase, parameter C in heat-transfer
model'® will be smaller, as the thermal conductivity of
gas is much smaller than that of water. Therefore, when
under a certain lateral growth rate vy and subcooling AT, a
smaller initial film thickness is calculated by the equation
ved = C AT*?).18

By considering the geometrical effect on heat transfer in
hydrate-film front, Mochizuki and Mori"? proposed a heat-
transfer control model. Using this model, the initial thickness
of methane hydrate film at a subcooling of about 10 K was
estimated to be 10-20 um, which is too thick to be accepta-
ble compared with present experimental results. The reason
might be that the heat-transfer rate was over estimated in
their model. The initial film thickness of methane hydrate
calculated by Freer et al.'” based on a convective heat trans-
fer plus intrinsic kinetics control mechanism ranges from 2
to 5 pum in a subcooling range of 2-11 K and a temperature
range of 274.15-277.15 K. Their calculation results agree
with our experimental data only at higher subcoolings. Over-
all, Peng et al.’s model gives the good evaluation on initial
thickness of methane hydrate film. (During the building of
convective heat-transfer control model in Peng et al.’s work,
it was assumed that the thickness of hydrate films is inver-
sely proportional to the subcooling. The relationship between
the lateral film growth rate and the subcooling can be repre-
sented using the equation, that is, vy = prTs/z, for all the
systems examined.)

Figure 6 shows the comparison of morphologies of meth-
ane hydrate films formed under different temperatures and
different subcoolings. As can be seen, the morphology of
hydrate film mainly depends on the subcooling. The surface
of hydrate film formed at higher subcooling is smoother than
that formed at lower subcooling. The roughness of the sur-
face of hydrate film formed at AT < 1.0 K is quite noticea-
ble, whereas the hydrate film formed at AT > 2.0 K is quite
smooth. The difference in the roughness of hydrate film sur-
face may be ascribed to the nonuniform growths of single
crystals in film front accompanying with the lateral growth
of hydrate film, which is also strongly subcooling dependent
and will be discussed in following section in detail.

The 3-D growth pattern of CH, hydrate

With the measurements of initial film thickness, the crystal
growth in three dimension of CH,4 hydrate was also observed
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Figure 6. Variation of CH,; hydrate shells covered on the surface of bubble with the subcooling at different
specified temperatures.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

under different experimental conditions. The polygonal
shapes of the single crystals®® as well as their variation with
elapsed time were observed. Figures 7 and 8 show the
sequential images of polygonal methane hydrate crystals
growing in three dimension at 276.0 K/3.70 MPa and 276.0
K/3.80 MPa, corresponding to two relatively low subcoolings
0.8 and 1.0 K, respectively. As shown by them, once a po-
lygonal crystal appears at the front of the hydrate film in the
form of a thin prism, it begins to grow in a peculiar way: (1)
the basal face (bottom face) grows much faster than the top
face of the crystal, as it contacts to gas phase directly, the
top face nearly remains unchanged with the elapsed time; (2)
the height of the crystal increases accompanying with the
growth of basal face. This kind of growth way makes the
crystal become a typical prismaid (see Figures 7a—d and
8a—e). As the top and bottom faces of prismaid are of differ-
ent areas, the gaps among neighboring crystals emerge cer-
tainly. This kind of gaps largely favors the transfer of water
molecules, increases the interface area between hydrate crys-
tals and water phase, and, therefore, favors the further
growth of hydrate crystals.”> Another interesting phenom-
enon is that the crystal sends forth new crystal in its side
face near bottom, when it grows to a certain scale (see Fig-
ure 7b). The growth of new crystal may hinder the growth
of mother crystal (see Figures 7c,d), as the appearance of a
new crystal breaks the contact of water and methane in front
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of the mother crystal. This behavior makes a single crystal
never grow to a bulk scale and results in porous polycrystal-
line bulk hydrate film. The size of single crystal should be
controlled by lateral growth rate of hydrate film, because
only the crystals in film front have the chance to contact
with both water and gas phase. At lower lateral growth rate,
the crystals in film front get more time to grow to larger
one. That is why higher subcooling, higher lateral growth
rate, and thinner hydrate film. It should be noted that the
growth of hydrate front in thickness stated above can only
be observed clearly under lower subcoolings.

At very low subcoolings, the initial thickness of the
hydrate front fluctuates with time because of the large differ-
ences in the size and shape of hydrate crystals in film front,
the origination of new crystals, and comparable growth rate
of single crystal with that of hydrate film in lateral. This
leads to larger uncertainty in the film thickness measurement
at subcoolings less than 1 K. That is why the experimental
data measured under subcooling lower than 1.0 K deviate
from the fitted line obviously in Figure 5. That is also why
the surface of hydrate film formed at lower subcooling looks
rougher. At higher subcoolings, the time for growth in thick-
ness is largely shortened due to the high propagation rate of
smaller crystals that the film thickness can be taken as a con-
stant in different positions in modeling the lateral growth
rate.'*'®!"® S0 the method used for film thickness

June 2013 Vol. 59, No. 6 AIChE Journal
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Figure 7. Sequential images of polygons growing
laterally and in thickness for CH, + water
system with the subcooling of 0.8 K when at
276.0 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

measurement in this work is more applicable to the cases of
higher subcoolings, that is, AT > 1.0 K. However, when
subcooling is higher than 3 K, the hydrate film becomes so
thin that its thickness is hard to be measured by a
microscope.

As discussed earlier, the growth of hydrate front in Fig-
ures 7 and 8 is confined on the underneath basal face and
the edge of the polygon. The growth of the hydrate crystals
at the bottom basal face of polygon is mainly the hydration
process of water. This is very similar to the growth of ice
crystals in subcooled water.’? Thus, the growth in thickness
of hydrate film may be governed by the similar interfacial
kinetics as ice crystals.32 Theoretical analysis37—40 and exper-
imental measurements*' of growth rates of ice crystals have
been performed systematically. The growth rate in thickness
of hydrate crystals in front of the hydrate film could be

AIChE Journal June 2013 Vol. 59, No. 6
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assumed expressed in the form of power law as that of the
ice crystals,41 that is

v =k, (AT)* 2)

where v, is the growth rate in thickness of the hydrate crys-
tals. According to the growth of ice crystals, in different sub-
cooling regions, power o is determined by the most ubiqui-
tous growth mechanisms of two-dimensional nucleation or
spiral growth‘“’42 and equals to 2 for 0.2 K < AT < 0.5 K
and 1 for AT > 0.5 K, respectively.*' Then v, is determined
at a certain subcooling in experiments, and the growth in
thickness of hydrate crystals is controlled by the growth time
in thickness. With the decrease of the subcooling, the time
for the growth of hydrate front in thickness is prolonged by
the decrease of lateral growth rate. The growth of hydrate
front in thickness should become more obvious with the
decreasing subcooling and predominate hydrate film growth
when the subcooling is low enough. The phenomenon was
also observed experimentally in the hydrate film growth at a
subcooling of 0.2 K as shown in Figure 9. The hydrate film
growth in thickness is observed in the whole time. The
hydrate film front is markedly thick with the growth of
hydrate film. It can be observed that the growth in thickness
is more obvious than that in lateral at AT = 0.2 K.

In addition, the comparison of the 3-D growth pattern of
hydrates and ice can be conducive to working out the

500um 100pum

(a)t=to

lUOm

(d)t=t+30s
Figure 8. Sequential
laterally and in thickness for CH, + water

system with the subcooling of 1.0 K when at
276.0 K.

(e)t=to+40 s
images of polygons growing

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 9. Methane hydrate film growing on the surface
of the bubble for CH; + water system with
the subcooling of 0.2 K when at 276.0 K.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

mechanism of hydrate crystal growth in other ways. The
power law that was taken from the growth mechanism of the
ice crystals and applied to describe the relationship between
the growth rate in thickness of hydrate film and the subcool-
ing will provide a new principle to understand the growth
mechanism of the hydrate film growing in thickness. But
when the hydrate shell completely covers the surface of bub-
ble, mass transfer directly through the hydrate film domi-
nates the growth kinetics of hydrate in thickness, and the
mechanism of hydrate growth under this condition is totally
different from that of the ice crystals.

(a)t=tr
Figure 10. Changes of hydrate shell for CH, + water

system at the subcooling of 0.4 K when at
274.0 K.

(b) t = tr +30 min

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Growth in thickness of hydrate shell

After the hydrate film covers on the surface of suspended
bubble, the bubble is like being enclosed by a hydrate shell.
The growth in thickness of hydrate shell is studied through
observing its morphological change in this work. Figure 10
shows the time-dependent morphological change of methane
hydrate shell formed at 274.0 K and 2.82 MPa, with a sub-
cooling of 0.4 K. As shown in Figure 10, at #; the time
when the hydrate shell was initially formed on the bubble
surface, the surface of the shell is quite coarse. This mor-
phology characteristic demonstrates that hydrate shell is a
polycrystal with nonuniform thickness. The thickening rate
at thinner positions should be higher than that at thicker
position because of lower mass-transfer resistance. Thus,
with the time elapsed, the thickness difference in different
positions decreases, and the shell surface becomes smoother
and smoother. The two shots taken at # and # + 30 min are
shown in Figure 10. As the mass transfer directly through
the hydrate film, the hydrate surface changes from roughness
to smooth with the time elapsed, and the gaps among neigh-
boring crystals in the film diminish. It may sink from its sur-
face with the continuous consumption of gas inside the bub-
ble, as shown in Figure 10b (see the area denoted by the
arrows). This phenomenon appears earlier and is more sig-
nificant at high subcooling as shown in Figure 11b for meth-
ane hydrate shell formed at 276.0 K and 4.10 MPa with a
subcooling of 1.8 K (see the area denoted by an arrow).

Conclusions

The hydrate film growth on a single methane bubble sus-
pended in pure water was observed by a microscope. It was
found that the film front is entirely in the water phase. Based
on this finding, we measured the initial thicknesses of CHy
hydrate film at different subcoolings and three fixed tempera-
tures of 274.0, 276.0, and 278.0 K through determining the
vertical distance between the outer surface of hydrate film
and that of methane bubble using a microscope and a CCD
camera. The experimental results show that the initial film
thickness is mainly subcooling dependent and varies with it
inversely in higher subcooling region, that is, AT > 1.0 K.
At subcooling region lower than 1.0 K, initial thickness of
film becomes both temperature and subcooling dependent
and fluctuates with elapsed time. This is because the lateral
propagating rate of hydrate crystals is very low, and single
hydrate crystal at film front has sufficient time to grow to
nonuniform 3-D shape, which were clearly observed and

500pum 500pum

(a)t=ts (b) t =t +10 min

Figure 11. Changes of hydrate shell for CH,; + water
system at the subcooling of 1.8 K when at
276.0 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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recorded. At subcoolings lower enough, it was observed that
the lateral growth of hydrate film was controlled by the 3-D
growths of individual hydrate crystals at film front; the
growth in thickness becomes more notable than in lateral.
The growth mechanism of ice crystal in subcooled water
was adopted to further interpret these phenomena, as we
found that there existed similarity between the 3-D growth
pattern of hydrate film front and ice. The experimental data
of initial film thickness measured at higher subcoolings were
compared with calculation results based on different film lat-
eral growth models. It was demonstrated that Peng et al.’s"®
model gives the good evaluation to the initial thickness of
methane hydrate film. The growth in thickness of hydrate
shell covering one whole methane bubble surface was also
investigated by observing its morphology change with
elapsed time at different subcoolings. It was found that the
hydrate shell surface became smoother and smoother with
elapsed time because of the continuing film growth in thick-
ness. The growth of hydrate shell in thickness may also
result in the shrink phenomenon, indicating the remarkable
consumption of gas inside the shell.
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Notation

C = parameter in heat-transfer model in Ref. 18
k = inverse proportional coefficient in Eq. 1
k.= parameter of growth rate in thickness of the hydrate crystals
in Eq. 2
AT = the subcooling in experiments
T° = equilibrium temperature of hydrate formation at experimental
pressure
T°*P = temperature for hydrate film growth
experiment
ve = lateral growth rate of hydrate film
v, = growth rate in thickness of the hydrate crystals

specified in the

Greek letters
o = exponent of subcooling in Eq. 2
J = initial thickness of hydrate film
y = parameter of lateral growth rate in Ref. 18
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