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Abstract

The growth and morphology of carbon dioxide and methane hydrates were studied in sessile water droplets under equivalent de-
grees of subcooling. Pressures were maintained constant at 4.00 MPa for methane and at 2.12 MPa for carbon dioxide experiments.
Temperatures were varied in the range of (273.6 to 277.60) K. The hydrate-film-growth velocity of carbon dioxide hydrates was
measured to be one order of magnitude higher than that of methane. Crystal habit was found to be highly dependent on the guest
molecule. Methane hydrates grew mostly as granular films that transitioned into faceted, polygonal-type growth at lower driving
forces, whereas carbon dioxide hydrates grew mostly in a feather-like fashion and largely independent of driving force. Crystal
propagation outside of the original water boundary was observed for CO2 and to a lesser extent for CH4 hydrates.
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1. Introduction

Gas hydrates, hereafter called hydrates, are crystalline, non-
stoichiometric compounds (approximately composed of 85 %
water and 15 % guest on a molar basis) that are formed when
a small molecule (guest) is trapped inside an hydrogen bonded
cage [1]. Hydrates are typically formed at temperatures below
300 K and pressures above 0.6 MPa [2]. Depending on the size
of the guest molecule, different crystalline structures might be
formed during hydrate formation. Both CO2 and CH4 hydrates
are known to form a cubic structure sI [3].

Carbon dioxide and methane hydrates have been found to
have many applications in environmental and industrial fields.
For instance, atmospheric CO2 could be sequestered by hy-
drate formation in deep sea sediments as a way to reduce the
greenhouse effect and facilitate CH4 extraction from natural gas
reservoirs [4, 5]. Another application is the CO2 and CH4 ex-
traction from power plants emissions by hydrate based gas sep-
aration (HBGS) [4]. Understanding the differences between the
morphologies and growth kinetics of CO2 and CH4 hydrates
could be key to the practical application of hydrate based tech-
nologies.

In hydrate research, there are several types of reactors that
allow the analysis of specific properties of the hydrates. These
reactors can be classified according to their mode of opera-
tion in batch reactors, semi-batch reactors and continuous re-
actors. The reactor itself is either a tank, which might or not
be a stirred, or a tube, resembling a pipeline [6]. Usually, the
equilibrium conditions and phase equilibria of the hydrates are
studied in stirred reactors and its morphology in un-stirred re-
actors.

Morphological reactors, as it name suggest, allow the study
of the crystal morphology of hydrates [3]. In these reactors,
a sample droplet, whose composition might vary depending of
the goal of the study, is exposed to pressurized liquid or gaseous
guest molecules at its respective hydrate forming conditions.
The reactors are equipped with image recording devices that
allow the observation of the hydrate forming process and the
morphology of the formed hydrate on the sample droplet. In
them, the hydrate forms as a film, or shell, in the sample droplet
liquid phase - guest molecule interface and might undergo sub-
sequent changes depending on the experimental conditions, like
thickening of the hydrate film by growth into the sample droplet
[7].

While several studies on the crystal morphology of CO2 and
CH4 hydrates have been carried out in the past [8, 9, 10, 11, 12,
7], a clear difference between the morphology of these hydrates
has not been established. In general, CH4 hydrates that grow
over water droplets have been reported to have granular crystal
morphologies [? 13, 10], although there are reports of den-
tritic growth [14]. However, some discrepancies appear among
the few studies on CO2 hydrate morphologies. For example,
Servio and Englezos reported jagged hydrate film morphologies
for both CO2 and CH4 hydrates, with no appreciable difference
between the guest molecules [10] as opposed to Decarie, which
reported spherulitic hydrate films for CO2 hydrates and granu-
lar hydrate films for CH4 hydrates [15]. Furthermore, Uchida
et al reported dendritic CO2 hydrate morphologies [16]

In addition, the experimental conditions used in these various
studies [8, 10, 17] are different. Sometimes CO2 hydrates were
crystallized from water droplets in contact with liquid CO2 [8],
sometimes from water droplets in contact with CO2 or CH4 va-



por [10] and sometimes from gaseous CO2 bubbles in liquid
water solutions [17]. Furthermore, subcoolings varied consid-
erably among researchers.

For both CO2 and CH4 hydrates, an important dependence
between the driving force, mainly the degree of subcooling,
and the morphology has been established. DuQuesnay [18]
and Decarie [15] reported a decrease in the size of the crys-
tals that composed the hydrate film at higher driving forces.
Furthermore, DuQuesnay reported a transition between small
granular crystals to big faceted crystals with CH4 hydrates
[13]. Servio and Englezos reported slightly jagged morpholo-
gies with ’needle-like’ crystals extending from the hydrate film
into the hydrate guest phase at high driving forces, but not at
low driving forces [10].

Additional growth mechanisms have been reported for both
CO2 and CH4 hydrates after formation of the hydrate film over
the sample droplets. One such mechanism is the ’Bridge’ ef-
fect, as hypothesized by Servio and Englezos [10] for CO2 and
CH4 hydrates, or ’halo’ growth, as reported by Beltran [14] and
DuQuesnay [13] for CH4 hydrates and Decarie [15] for CO2
and CH4 hydrates. This growth mechanism consists in the prop-
agation of an hydrate layer from the water droplet boundaries
over the experimental substrate, once the water droplet has been
covered with hydrate.

The growth kinetics of CO2 and CH4 hydrates have sepa-
rately been studied by different authors for a wide range of con-
ditions [19, 8, 20, 21, 22, 7], which has allowed the correlation
of hydrate-film-growth velocities to the degree of subcooling
(∆Tsub) as its driving force. Even though some differences have
been noted between these studies, as the experimental appara-
tuses and their control over the experimental conditions are dif-
ferent, most of the data agrees with each other [3]. Nonetheless,
no study has made the comparison of the growth kinetics of
hydrate crystallization over water droplets exposed to gaseous
CO2 and CH4 under the same driving force and experimental
conditions.

The objective of this work was to compare the growth mecha-
nism, growth kinetics and crystal morphology of CO2 and CH4
hydrates under an equivalent driving force, as represented by
the degree of subcooling ∆Tsub, at the same experimental tem-
peratures.

2. Methods

2.1. Exerimental apparatus

Figure 1 shows an schematic of the experimental apparatus.
It consisted of a pressure vessel made of 316 stainless steel with
sapphire windows positioned vertically on both ends of the ves-
sel (Rayotek, CA,USA). Its temperature was controlled by a
Thermo Scientific AC200 refrigerated circulator (Fisher Scien-
tific, Canada), which was made to circulate a 50/50 (v/v) mix-
ture of ethylene glycol and water through a copper coil wrapped
around the reactor. The ambient temperature inside the reactor
was measured with a platinum RTD probe (Omega Engineer-
ing, QC, Canada) with an accuracy of ±0.32 K. Its pressure was

Figure 1: Experimental apparatus schematic (A) 316 stainless steel pressure
vessel. (B) Sapphire sight windows. (C) Video camera. (D) Cold light source.
(E) Coolant jacket. (F) Refrigerated circulator. (G) Bi-polar PID temperature
controllers [13].

Figure 2: Bilateral temperature control stage (HP-BTCS) schematic.(A) Ther-
moelectric cooler module. (B) Copper plate. (C) Sapphire substrate. (D) Water
droplet. (E) Heat sink [13].

measured with a Rosemount 3051s pressure transmitter (Lau-
rentide Controls, QC, Canada) with an accuracy of ±0.025% of
the span.

The reactor was illuminated from the bottom sapphire win-
dow with a Schott KL2500 LCD cold light source (Optikon,
ON, Canada). Images were obtained with a PCO.edge 5.5
sCMOS camera (Optikon,ON, Canada). A Nikon AF-Micro-
Nikkor 60 mm lens (Optikon, ON, Canada) was used for low
magnification images. An Infinity KC microscope and IF-3.5
lens (Optikon, ON, Canada) were used for high magnification
images. The reactor was equipped with a stage that allowed
local temperature control.

Figure 2 shows an schematic of the bilateral temperature con-
trol stage (HP-BTCS), which allowed precise control of the
temperature on the slide. It featured thermoelectric coolers
(TEC) (TE Technology, MI, USA) at both ends of the stage.
Copper plates were placed at the top and bottom of each TEC
to distribute the temperature on the top and bottom surfaces.
Its temperature was controlled by two bi-polar PID tempera-
ture controllers (TE Technology, MI, USA), with a resolution
and a temperature control stability of ±0.01 K. Its temperature
was measured by fast-response thermistor elements (TE Tech-
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Figure 3: Droplet treatment before hydrate formation. (I) Ice formation at 0.25
MPa. (II) Vessel pressurization to experimental pressure. (III) Hydrate forma-
tion from ice. (IV) Hydrate dissociation.

nology, MI, USA) with a resolution of 0.01 K and an accuracy
of ±1 K [13]. The HP-BTCS was mounted over a Nylon 66
structure inside the reactor, which allowed prolonged exposure
of the stage to pressurized atmospheres of CH4 and CO2 [23].

2.2. Experimental procedure

At the beginning of each experiment a sapphire slide was
throughly cleaned with deionized water, liquid detergent, ace-
tone and isopropanol. The slide was then placed over the copper
plates with thermal paste, making sure it spread evenly along
the slide. Then a 20 uL sample of deionized water was placed
on the center of the slide. The reactor vessel was then sealed
and purged with nitrogen to remove any air inside the reactor,
and was purged with 99.99% (molar) gaseous CH4 or CO2 (Air
Liquide, ON, Canada), depending on the guest molecule to be
studied.

Before the water sample was taken to experimental condi-
tions, it was first treated to generate crystal formation history,
as shown in Figure 3. The vessel was cooled to 274 K at 0.25
MPa with the coolant jacket. Then, the stage was cooled to
253.2 K to form ice (Figure 3, step i). Once ice formed, the ves-
sel was taken to the experimental pressure while increasing the
jacket temperature, so that the surroundings of the stage were
above the H-L-V equilibirum temperature at the experimental
pressure. Then the stage was heated to 268 K (Figure 3, step
ii). In order to have the same degree of subcooling (∆Tsub), ex-
perimental pressures were fixed at 4.00 MPa for CH4 and 2.12
MPa for CO2. The degree of subcooling was defined as:

∆Tsub = THLV − Texp (1)

Were THLV is H-L-V equilibirum temperature and Texp is the
experimental temperature. For both CH4 and CO2, these pres-
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Figure 4: Constant temperature gradient schematic. One TEC is held at TH >
THLV and the other at TL < THLV .
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Figure 5: Uniform surface temperature schematic. Both TECs are held at TH =

TL < THLV .

sures have an THLV of 277.5 K, as predicted from data in the
literature [3]. The stage was then heated above 273 K to form
hydrate from ice (Figure 3, step iii), and to 278.7 K to dissoci-
ate the newly formed hydrate (Figure 3, step iv). The sample
droplet was held at these conditions for 3 minutes for CH4 and
for 30 seconds for CO2 before cooling to the experimental tem-
perature.

Depending on the temperature configuration of the TECs,
two types of experiments were performed: constant tempera-
ture gradient experiments (Figure 4) and uniform surface tem-
perature experiments (Figure 5). During the constant temper-
ature gradient experiments, one of the TECs was cooled near
THLV to 277.6 K while the other TEC was set to 273.6 K, to
achieve a 4 K temperature difference along the slide. This kind
of experiments allows the observation of hydrates under several
driving forces at the same time. For uniform surface temper-
ature experiments, both TECs were cooled to either 275.5 K
(∆Tsub = 2 K) or 274.5 K (∆Tsub = 3 K).

Hydrate dissociation was achieved by setting one of the
TECs to 277.6 K and the other to 273.6 K, to achieve a 4 K
temperature difference along the slide, as shown in Figure 6.
Then, the temperature in both TECs was increased in 0.2 K
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Figure 6: Hydrate dissociation process. One of the TECs is set to 277.6 K and
the other to 273.6 K, then, the temperature in both TECs is increased in 0.2 K
steps.

steps, slowly moving the Texp over the THLV at the experimen-
tal pressure, while keeping the temperature gradient constant.
Five minutes were allowed to elapse between each dissociation
step.

2.3. Experimental conditions

Table 1 shows the conditions of the experiments performed
in this work. Six experimental conditions were run for each
guest molecule, CH4 or CO2, with three replicates each, for a
total of 18 experiments. Experiments 1 and 2 were constant
temperature gradient experiments and experiments 3, 4, 5 and
6 were uniform surface temperature experiments.

The experimental pressures were chosen in order to have
identical degrees of subcooling for CH4 or CO2. Thus, un-
der the assumption that ∆Tsub is an adequate representation of
the crystallization driving force, comparison of the crystal mor-
phologies of the hydrates could be performed on the same basis.

The conditions of the first experiment are the same as the
ones used in DuQuesnay’s work [13]. Although the extent of
the studies is different, these conditions were chosen for the
first experiment as an starting point for the work. DuQuesnay’s
results with CH4 hydrates were used as a reference to validate
the results obtained in the present work, giving a solid basis for
comparison with CO2 hydrates.

3. Results

3.1. Hydrate Morphology

3.1.1. Uniform surface temperature
Figure 7 shows hydrates formed with a uniform surface tem-

perature of 275.5 K and of 274.5 K. The difference between

Table 1: Experimental conditions for gas hydrate formation from water droplets
immersed in guest atmosphere. THLV , Calculated H-L-V equilibrium tempera-
ture at experimental pressure. TH , Highest temperature of the stage. TL, Lowest
temperature of the stage. In the experiment column (Expt), the numeral in the
ones place represents a set of conditions, while the numeral in the tenths place
represents the replicate number.

Expt Guest molecule P /MPa THLV /K TH /K TL /K
1.1 CH4 3.94 277.2 277.6 273.6
1.2 CH4 4.00 277.4 277.6 273.6
1.3 CH4 4.01 277.5 277.6 273.6
2.1 CO2 2.13 277.6 277.6 273.6
2.2 CO2 2.10 277.6 277.6 273.6
2.3 CO2 2.08 277.4 277.6 273.6
3.1 CH4 3.97 277.2 275.5 275.5
3.2 CH4 4.01 277.5 275.5 275.5
3.3 CH4 4.00 277.5 275.5 275.5
4.1 CO2 2.09 277.5 275.5 275.5
4.2 CO2 2.09 277.5 275.5 275.5
4.3 CO2 2.07 277.4 275.5 275.5
5.1 CH4 3.99 277.0 274.5 274.5
5.2 CH4 4.01 277.6 274.5 274.5
5.3 CH4 4.00 277.5 274.5 274.5
6.1 CO2 2.08 277.4 274.5 274.5
6.2 CO2 2.12 277.5 274.5 274.5
6.3 CO2 2.08 277.4 274.5 274.5

the hydrate morphologies of CH4 and CO2 can be seen in im-
ages 7(a) and 7(b) for the experiments with a driving force of
∆Tsub ≈ 2 K and in images 7(c) and 7(d) for the experiments
with a driving force of ∆Tsub ≈ 3 K. CH4 hydrates exhibited
granular crystal morphologies, with large single crystals near
the initial growth points. CO2 hydrates exhibited spherulitic
crystal morphologies.

For both CH4 and CO2 hydrates, a crystal layer was observed
to propagate from the original boundaries of the water droplet.
This growth is denoted as ’halo’ and will be further commented
in section 3.1.4.

Details of the morphology of CO2 hydrates formed at uni-
form surface temperatures can be seen in Figure 8 (275.5 K,
∆Tsub = 2 K) and Figure 9 (274.5 K, ∆Tsub = 3 K). As can be
seen in the magnified images, CO2 hydrates exhibit ’feather-
like’ crystals which resembles spherulitic growth with primary
branching [24]. The crystals grew from the initial growth point
of the hydrate to the boundaries of the water droplet. Ridges
can be seen in the colliding points of hydrate films that grew
from different initial growth points.

Details of the morphology of CH4 hydrates formed at uni-
form surface temperatures can be seen in Figure 10 (275.5 K,
∆Tsub = 2 K) and Figure 11 (274.5 K, ∆Tsub = 3 K). As can
be seen in the magnified images, CH4 hydrates exhibit granu-
lar crystal morphologies. Though less evident than with CO2,
ridges can be seen in the colliding points of hydrate films that
grew from different initial growth points (Figure 11c). The large
single crystals that can be seen in the hydrate films formed ran-
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Figure 7: Hydrates formed with a uniform surface temperature. (a)-(b) T = 275.5 K. ∆Tsub ≈ 2 K. (c)-(d) T = 274.5 K. ∆Tsub ≈ 3 K. (a) CH4 hydrate. P = 3.99
MPa. THLV = 277.39 K. The hydrate film exhibits a granular crystal morphology, big crystals can be seen near the initial growth point. (b) CO2 hydrate. P = 2.08
MPa. THLV = 277.45 K. The hydrate film exhibits an spherulitic crystal morphology, a ’halo’ propagates from the original droplet boundary. (c) CH4 hydrate. P
= 4.00 MPa. THLV = 277.35 K. The hydrate film exhibits a granular crystal morphology, with smaller grain sizes which gives a smoother film, big crystals can be
seen near the initial growth point. (d) CO2 hydrate. P = 2.09 MPa. THLV = 277.45 K. The hydrate film exhibits an spherulitic crystal morphology, with smaller
’feather-like’ crystals which gives a denser film, a ’halo’ propagates from the original droplet boundary.
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𝑇 = 275.5 𝐾

Figure 8: CO2 hydrate formed in a uniform surface temperature. T = 275.5 K.
P = 2.09 MPa. THLV = 277.5 K. ∆Tsub = 2 K (a) Crystal growth at a middle
point in the water droplet. (b) ’Feather-like’ crystals extending from the initial
growth point. (c) Boundary between the water droplet and the ’halo’ growth.

domly during the initial stages of the hydrate formation. Its
sizes did not seem to depend on the ∆Tsub.

3.1.2. Constant temperature gradient
Figure 12 shows hydrates formed with a constant tempera-

ture difference along the slide of 4 K. The effect of the hydrate
guest molecule in the crystal morphology can be seen on im-
ages 12(a), CH4 hydrates, and 12(b), CO2 hydrates. CH4 hy-
drate morphology was seen to be more affected by the ∆Tsub

than CO2 hydrates. The black dots that can be seen in both
hydrates are guest molecule bubbles which were formed dur-

(a)

(c)

(b)

2 mm

500 μm

𝑇 = 274.5 𝐾

Figure 9: CO2 hydrate formed in a uniform surface temperature. T = 274.5
K. P = 2.08 MPa. THLV = 277.4 K. ∆Tsub = 2.8 K. (a) Boundary between the
water droplet and the ’halo’ growth. (b) ’Feather-like’ crystals extending from
the initial growth point. (c) Crystal growth far from one of the initial growth
points.

ing the dissociation of the first hydrate formed from ice, at the
beginning of the experiment.

Carbon dioxide hydrates exhibit ’feather-like’ crystals which
decrease slightly in size changes with increasing driving force,
as seen in Figure 13. The main stems which make every
’feather-like’ crystal become thinner and more tightly packed
as the driving force increases (Figure 13). In contrast, the grain
size of CH4 hydrates was markedly changed with increasing
driving force, as seen in Figure 14. At ∆Tsub > 1.3 K, the CH4
grain size decreases with increasing driving forces and the hy-
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(a)
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Figure 10: CH4 hydrate formed in a uniform surface temperature. T = 275.5 K.
P = 4.00 MPa. THLV = 277.5 K. ∆Tsub = 2 K. (a) Granular crystals. (b) Large
single crystals in the hydrate film. (c) Boundary between the water droplet and
the sapphire slide.

(c)
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Figure 11: CH4 hydrate formed in a uniform surface temperature. T = 274.5 K.
P = 4.00 MPa. THLV = 277.5 K. ∆Tsub = 3 K. (a) Boundary between the water
droplet and the sapphire slide. (b) Large single crystals in the hydrate film. (c)
Granular crystals.

drate film becomes relatively smoother. Occasionally, large sin-
gle crystals became part of the hydrate film at these ∆Tsub (Fig-
ure 10b and 11b). At ∆Tsub < 1.3 K a transition between gran-
ular crystals to faceted crystals was observed. These faceted
crystals grew in size with lower driving forces.

3.1.3. Hydrate Growth
Figure 15 shows the formation sequences of CH4 and CO2

hydrates at a uniform surface temperature of 274.4 K or ∆Tsub

= 3 K. Once the hydrate was taken to experimental conditions,
the induction time for both guest molecules was of less than
a minute, due to the memory effect generated from the initial
treatment to the water droplet.

During the CO2 experiments, the site of the hydrate ini-
tial growth point would always be the periphery of the water

(a)

𝑇𝐻 =277.6 K 

𝑇𝐿 =273.6 K 

(b)

2 mm

CO2CH4

CO2CH4

Figure 12: Hydrates formed with a constant temperature gradient. TH = 277.6
K (top), TL = 273.6 K (bottom). (a) CH4 hydrate (Left). P = 3.98 MPa. THLV
= 277.38. The hydrate film exhibits a granular crystal morphology in which
the grain size changes with the driving force. (b) CO2 hydrate (Right). P
= 2.11 MPa. THLV = 277.54. The hydrate film exhibits a spherulitic crystal
morphology in which the density ’feather-like’ crystals in the film changes with
the driving force.
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Figure 13: CO2 hydrate formed in a constant 4 K temperature difference along
the slide. TH = 277.6 K (top), TL = 273.6 K (bottom). P = 2.08 MPa. THLV =

277.4 K.(a) ∆Tsub ≈ 0.7 K. A dark ’halo’ propagates from the original droplet
boundary. (b) ∆Tsub ≈ 1.7 K. ’Feather-like’ crystals extending from the initial
growth point. (c) ∆Tsub ≈ 2.4 K. A clear ’halo’ propagates from the original
droplet boundary.

droplet. In all of the constant temperature gradient experiments,
the growing hydrate moved to the center of the droplet. In most
of the uniform surface temperature experiments, the hydrate
continued to grow from the periphery. The hydrate quickly
covered the whole water droplet in a radiating fashion. Oc-
casionally, more than one growth point appeared in the same
droplet, creating marked ridges between the growing hydrate
films (Figure 8). In the cases in which the growing hydrate film
moved to the center of the droplet, it continued to move and ro-
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CO2

t = 0 t = 10 s t = 20 s t = 40 s

(e) (f) (g) (h)

2 mm

t = 0 t = 1 s t = 2 s t = 4 s

(a) (b) (c) (d)

CH4

Figure 15: Hydrate formation sequences. TH = TL = 274.4 K. (a)-(d) CO2. P = 2.12 MPa. THLV = 277.5 K. (e)-(h) CH4. P = 4.01 MPa. THLV = 277.6 K. (a) CO2
hydrate growth moments after nucleation at the periphery of the water droplet. (b)-(c) The hydrate continues to grow outward from the initial growth point towards
the top of the water droplet. (d) Moments before the hydrate covers the whole water droplet. (e) CH4 hydrate growth moments after nucleation from various points
in the center of the droplet. (f) Large crystals appear during methane hydrate growth of the hydrate film. (g) CH4 hydrate continues to grow outward from the initial
growth point and towards the periphery of the droplet (h) Moments before the hydrate covers the whole water droplet.
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Figure 14: CH4 hydrate formed in a constant 4 K temperature difference along
the slide. TH = 277.6 K (top), TL = 273.6 K (bottom). P = 4.01 MPa. THLV
= 277.4 K. (a) ∆Tsub ≈ 0.6 K. Big faceted crystals. (b) ∆Tsub ≈ 1.8 K. Crystal
granulates and a large single crystal in the film. (c) ∆Tsub ≈ 2.2 K. Smaller
crystal granulates and a smoother hydrate film. A ’halo’ propagates from the
original droplet boundary.

tate around the center of the droplet during the growth process.
These movements stopped the moment the hydrate film came
into contact with the sapphire slide at the boundary of the water
droplet. For all the CO2 experiments, the hydrate film grew by
lateral growth along the crystal plane, with no secondary nucle-
ation seen.

During the CH4 experiments, the hydrate started to grow in
the periphery or near the center of the water droplet, but always
moved to the center. From the center, the hydrate film advanced
as a circular front, moving outward from the initial growth point
until the whole water droplet was covered with hydrate. Occa-
sionally, more than one initial growth point would appear in
the droplet. The hydrate film usually grew by lateral growth
along the crystal plane. The big crystals formed as secondary
nucleation points near the growing hydrate film and attached
themselves to it (See Figure 12 in DuQuesnay et al 2015 [18]).
During hydrate growth, the CH4 hydrate film moved and rotated
as well, but in a less evident fashion than the CO2 hydrates that
grew from the center of the droplet. Similarly, this movement
ceased once the hydrate film came into contact with the sap-
phire slide at the boundary of the water droplet. The time from
the moment the hydrate growth could be seen until the water
droplet was completely covered with hydrate was an order of
magnitude higher for CO2, at the same ∆Tsub.

3.1.4. Halo growth
Once hydrate film had covered the water droplets, a crystal

layer propagated outward from the original boundaries of the
droplets. This phenomenon, or ’halo’ [14], was observed for
both CH4 and CO2 hydrates, and in both uniform surface tem-
perature and constant temperature gradient experiments.

The ’halo’ growth was present in all of CO2 experiments.
During the uniform surface temperature experiments, the ’halo’
propagated with equal velocity in every direction, as can be

seen in Figures 8 and 9. During the constant temperature gra-
dient experiments, the ’halo’ growth seemed to be affected by
the driving force, as can be seen in Figure 13. However, and
contrary to what the figure suggest, this ’halo’ growth also had
a constant growth velocity, which did not depend on the ∆Tsub.
Rather, the higher hydrate-film-growth velocity at higher ∆Tsub,
allowed the hydrate film to reach the bottom of the water droplet
first and consequently start the ’halo’ propagation prior to com-
plete hydrate coverage of the water droplet. The ’halo’ formed
at low driving forces was seen to be darker than the one formed
at high driving forces.

Unlike the case with CO2 experiments, the ’halo’ growth was
seldom seen with CH4. In Figure 14c, the ’halo’ can be seen to
propagate from the bottom of the droplet, but such growth can
not be seen in Figures 10 and 11.

Figure 16 shows the ’halo’ growth of a CO2 hydrate. To
verify the independence of the ’halo’ growth velocity with the
∆Tsub, its growth was measured in every CO2 experiment. The
velocity of propagation of the ’halo’ was measured to be vh =

2.11 ± 0.3 ×10−3 mm·s−1. The ’halo’ that could be seen in
some of the CH4 experiments was not measured, as it was not
observed in all experiments.

3.1.5. Hydrate aging

The hydrates were observed in the reactor for seven hours af-
ter formation, as shown in Figure 17. During the first hour, the
CO2 hydrate ’halo’ covered the whole sapphire slide. As time
progressed, the boundary between the hydrate and the ’halo’
became diffuse, and the hydrate covering the original water
droplet had a porous and deflated appearance

On the contrary, the CH4 hydrate film appeared to thicken
into the water droplet, which results in a smoother film. The
large single crystals become less visible as the hydrate film
thickened. A ’halo’ can be seen to propagate from one side
of the droplet after an hour, and in an irregular fashion from the
rest of the droplet after seven hours.

3.1.6. Hydrate Dissociation

Figure 18 shows the dissociation process for CO2 and CH4
hydrates. The interface that formed in the dissociation process
was different for the CO2 and CH4 hydrates. As CO2 hydrates
dissociated, a black line delimited the THLV (Figure 18b). A
secondary interface was also observed (Figure 18c), but as time
progressed this secondary interface disappeared as the black
line thickened. With each dissociation step the water phase was
driven toward the cold side of the stage. This occurred simulta-
neously with new ’halo’ growth on the cold side.

As CH4 hydrates dissociated a very clear interface between
the hydrate and the liquid water phase could be seen. When
the position of the interface corresponded to the position of the
large crystals in the hydrate film, these would dissociate com-
pletely, leaving a dent in the interface corresponding to the di-
ameter of the large crystal.
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(a) (b) (c) (d)

𝑡 = 0 𝑡 = 2.5 𝑚𝑖𝑛 𝑡 = 4 𝑚𝑖𝑛 𝑡 = 20 𝑚𝑖𝑛

1.55 mm

Figure 16: CO2 hydrate ’halo’ growth sequence. T = 275.5 K. P = 2.09 MPa. THLV = 277.5 K. ∆Tsub = 2 K. (a) Hydrate moments after the hydrate has covered
the whole water droplet. (b)-(c) The ’halo’ propagates outward from the water droplet. (d) The ’halo’ has almost doubled the water droplet diameter.

t = 0

CH4

CO2

t = 1 h t = 7 h

t = 0 t = 1 h t = 7 h

2 mm

(a) (b) (c)

(d) (e) (f)

Figure 17: Hydrate aging sequences under uniform surface temperature. T = 275.5 K. (a)-(c) CO2. P = 2.11 MPa. THLV = 277.5 K. (d)-(f) CH4. P = 3.98 MPa.
THLV = 277.5 K. (a) CO2 Hydrate moments after the hydrate has covered the whole water droplet. (b) The halo has propagated extensively outside of the original
water droplet boundary. There is a considerable reduction in size of the original droplet. (c) Hydrate on the original droplet appears porous and deflated. The hydrate
’halo’ thickens and appear to have retracted from the sapphire slide. (d) CH4 Hydrate moments after the hydrate has covered the whole water droplet. (e) The ’halo’
starts spreading outside of the original droplet boundary. There is a considerable reduction in size of the original droplet. (f) The hydrate film inside the droplet
thickens considerably obscuring the large crystals formed initially. Halo continues to propagate irregularly.
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𝑇𝐻 =277.6 K 

(e) (f) (g) (h)

𝑇𝐿=273.6 K 

𝑇𝐻 =279.0 K 

𝑇𝐿=275.0 K 

𝑇𝐻 =279.6 K 

𝑇𝐿=275.6 K 

𝑇𝐻 =280.2 K 

𝑇𝐿=276.2 K 

2 mm

(a)

(b)

(c) (d)

CO2

CH4

Figure 18: Hydrate dissociation sequences. (a)-(d) CO2. P = 2.07 MPa. THLV = 277.4 K. (e)-(h) CH4. P = 4.01 MPa. THLV = 277.5 K. (a) CO2 hydrate moments
after the hydrate has covered the whole water droplet. (b) As the temperature increases the hydrate dissociates, forming an interface (the black line) between the
hydrate and the liquid water phase. (c) As the hydrate continues to dissociate, the liquid water is pushed to the cold side of the stage. (d) The water droplet has lost
its original form by the end of the dissociation process. (e) CH4 hydrate moments after the hydrate has covered the whole water droplet. (f) As the temperature
increases the hydrate dissociates, forming an interface between the hydrate and the liquid water phase. (g) The hydrate continues to dissociate. (h) As the hydrate
has dissociated almost completely, the liquid water of the water droplet can be seen once again.
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Figure 19: H-L-V equilibrium temperatures for the system water + CO2. Red
markers, this work. Black markers, literature data as compiled by Sloan Jr and
Koh [3]. Error bars correspond to one standard deviation. The black curve
represents the best fit to literature data. The green curves represent a 95%
prediction interval for the literature data.
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Figure 20: H-L-V equilibrium temperatures for the system water + CH4. Red
markers, this work. Black markers, literature data as compiled by Sloan Jr and
Koh [3]. Error bars correspond to one standard deviation. The black curve
represents the best fit to literature data. The green curves represent a 95%
prediction interval for the literature data.

3.2. Thermodynamics

For a given step j in the dissociation process of the hydrate,
the THLV was:

THLV = gl j
L + T j

L (2)

Where l j
L is the position of the interface from the cold side of

the stage at the step j, T j
L is the temperature of the cold side of

the stage at the step j and g is the temperature gradient along
the slide. This measurement was made several times for each
experiment, one for each dissociation step.

Figures 19 and 20 show the H-L-V equilibrium temperatures
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Figure 21: CO2 hydrate-film-growth velocity versus the degree of subcooling
(∆Tsub) . Black markers represent constant temperature gradient experiments
and red markers represent uniform surface temperature experiments. Each uni-
form surface temperature velocity has a related error bar, equal to one standard
deviation. +, P = 2.13 MPa. ∗∗∗, P = 2.10 MPa. ×××, P = 2.08 MPa. 1◦1◦1◦, P = 2.09
MPa. 2◦2◦2◦, P = 2.09 MPa. 3◦3◦3◦, P = 2.08 MPa. 4◦4◦4◦, P = 2.08 MPa. 5◦5◦5◦, P = 2.12
MPa. 6◦6◦6◦, P = 2.08 MPa.

for CO2 and CH4 hydrates. This work’s data is plotted along-
side previous studies as compiled by Sloan Jr and Koh [3]. Each
point of this work has a related error bar, which is equal to one
standard deviation, as the THLV was measured multiple times
for each experiment. The black curve represents the best fit to
literature data and the green curves represent a 95% prediction
interval for the literature data.

3.3. Kinetics

Figures 21 and 22 show the change in the hydrate-film-
growth velocity, v, for CO2 and CH4 hydrates with subcooling,
∆Tsub. In both figures, black markers (+, ∗∗∗ and ×××) represent
constant temperature gradient experiments and red markers (◦◦◦)
represent uniform surface temperature experiments.

The hydrate-film-growth velocity, v, was measured for each
experiment from its growth sequence. For this, an arbitrary
point the growing hydrate film was taken and the change in its
position was measured for a given time lapse. DuQuesnay et
al [18] demonstrated that the temperature profile in the slide is
linear. Hence, by knowing the endpoints of the temperature and
the length of the slide, it was possible to calculate the tempera-
ture in the slide in each hydrate growth point.

During constant temperature gradient experiments, the
hydrate-film-growth velocity increased towards the cold end of
the stage, as ∆Tsub increased, and decreased towards the hot
end of the stage, as ∆Tsub decreased. During uniform surface
temperature experiments, the hydrate-film-growth velocity re-
mained constant throughout the water droplet. Multiple mea-
surements were made for each experiment, which resulted in
the error bars, which equal to one standard deviation, for the
uniform surface temperature experiments. The hydrate-film-
growth velocity increases with increasing subcooling for both
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Figure 22: CH4 hydrate-film-growth velocity versus the degree of subcooling
(∆Tsub) . Black markers represent constant temperature gradient experiments
and red markers represent uniform surface temperature experiments. Each uni-
form surface temperature velocity has a related error bar, equal to one standard
deviation. +, P = 3.94 MPa. ∗∗∗, P = 4.00 MPa. ×××, P = 4.01 MPa. 1◦1◦1◦, P = 3.97
MPa. 2◦2◦2◦, P = 4.01 MPa. 3◦3◦3◦, P = 4.00 MPa. 4◦4◦4◦, P = 3.99 MPa. 5◦5◦5◦, P = 4.01
MPa. 6◦6◦6◦, P = 4.00 MPa.

CO2 and CH4.
Figure 23 shows the hydrate-film-growth velocities for CO2

and CH4 hydrates. In this figure, Blue markers represent CO2
experiments and red markers represent CH4 experiments. For a
given ∆Tsub, the CO2 hydrate-film-growth velocity was an order
of magnitude higher than CH4.

Figure 24 shows the change in the hydrate-film-growth ve-
locities for CO2 and CH4 hydrates as a function of the differ-
ence in solubility (∆xg), scaled by the hydration number n 1.
The velocities measured in this work are plotted with the ones
measured in past studies for comparison. The hydrate-film-
growth velocity increases with increasing n∆xg for both CO2
and CH4. The difference in solubility ∆xg is defined as [25]:

∆xg = xeq,int − xeq,hyd (3)

Where xeq,int is the mole fraction of the guest molecule in the
liquid water phase at the liquid water - guest gas interface, far
away from the growing hydrate front, and under hypothetical
liquid - vapor equilibrium at Pexp and Texp, and xeq,hyd is the
mole fraction of the guest molecule in liquid water phase, very
close to the growing hydrate interface, under H-L-V equilib-
rium at Pexp and THLV . The equilibrium mole fractions (xeq,hyd,
xeq,int) were calculated following Englezos et al [19],who calcu-
lated the solubility of a guest molecule in the liquid phase using
the following expression:

xeq =
f (P,T )

H
(4)

1The hydration number is defined as the number of water molecules per
guest molecule.
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Figure 23: CO2 (Blue markers) and CH4 (Red markers) hydrate-film-growth
velocity versus subcooling (∆Tsub). ◦◦◦ represent uniform surface experiments,
and the other markers correspond to temperature gradient experiments. Error
bars are equal to one standard deviation. +, P = 2.13 MPa. ∗∗∗, P = 2.10 MPa.
×××, P = 2.08 MPa. 1◦1◦1◦, P = 2.09 MPa. 2◦2◦2◦, P = 2.09 MPa. 3◦3◦3◦, P = 2.08 MPa. 4◦4◦4◦,
P = 2.08 MPa. 5◦5◦5◦, P = 2.12 MPa. 6◦6◦6◦, P = 2.08 MPa. +, P = 3.94 MPa. ∗∗∗, P
= 4.00 MPa. ×××, P = 4.01 MPa. 1◦1◦1◦, P = 3.97 MPa. 2◦2◦2◦, P = 4.01 MPa. 3◦3◦3◦, P =

4.00 MPa. 4◦4◦4◦, P = 3.99 MPa. 5◦5◦5◦, P = 4.01 MPa. 6◦6◦6◦, P = 4.00 MPa.
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Figure 24: CO2 and CH4 hydrate-film-growth velocity versus the difference in
solubility (n∆xg). •••, CO2 This work. ���, CO2 Uchida et al 1999 [16]. ���, CO2
Daniel-David et al 2015 [7]. •••, CH4 This work. +, CH4 Daniel-David et al
2015 [7]. ©©©, CH4 Li et al 2014 [22]. ∗∗∗, CH4 Freer et al 2001 [20]. OOO CH4
Kitamura and Mori 2013 [21].

Where f is the fugacity of the pure guest molecule at the pres-
sure and temperature of the system and H is Henry’s constant.
All fugacities were calculated at constant experimental pres-
sure, Pexp. In the case of xeq,int, Texp was used to calculate
fugacity, whereas THLV was used to calculate the fugacity for
xeq,hyd. The fugacities were calculated with the Trebble-Bishnoi
equation of state [26] and Henry’s law constants were taken
from Fogg and Gerrard [27]. The difference in solubility was
scaled by the hydration number n for the guest molecule, fol-
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lowing Kishimoto and Ohmura [28]. Hydration numbers for
methane (nCH4 = 6) and carbon dioxide (nCO2= 6.2) were con-
sidered constant, as its change with temperature is not signifi-
cant compared to the change in ∆xg [29, 8].

4. Discussion

4.1. Hydrate Growth and Morphology
The bubbles shown in Figure 12 appeared with higher fre-

quency and in higher number with CH4, mainly due to the dif-
ference in solubility between these guest molecules in water,
which is significantly greater for CO2 (Almost 20 times higher
for CO2 at a given ∆Tsub [30]). These bubbles were not found
to have a significant effect on the hydrate-film-growth kinetics
and the final morphology of the hydrate.

The actual site of nucleation of the hydrate films was not
actually seen for any of the experiments. To the date, the ac-
tual nucleation process has never been seen, as this occurs at
a molecular level. However, it is plausible to expect that the
nucleation process occurred near the points were the hydrate
film growth was first seen. CH4 hydrates have lower densities
than water at the experimental conditions [3], meaning that the
formed hydrate should float at the top of the water droplet, as
was seen. On the other hand, CO2 hydrates have higher densi-
ties than water at the experimental conditions [31]. The site of
nucleation of these hydrates should be at the bottom of the water
droplets, at the liquid phase - guest gas interface, as was seen.
However, the fact that the hydrate moved to the center was not
expected. This phenomena could be an effect of the convec-
tion currents present in the sample droplet during the growth
process, as heat is constantly being removed from the forming
hydrate film front.

Both CH4 and CO2 hydrates form an sI crystalline structure
at the experimental conditions [3]. Given this, and the repro-
ducible character of the morphologies obtained, the difference
between the morphologies of these hydrates is explained by the
difference in their crystal habits.

The crystal habit refers to the particular size of the faces of
a crystal. Depending on its growth mechanism, this habit can
change considerably, giving a completely different crystal mor-
phology, while keeping the same crystal structure [24]. As can
be compared from Figures 8 (CO2 hydrate) and 10 (CH4 hy-
drate), CO2 hydrate crystals exhibit elongated, needle-like ge-
ometries while CH4 hydrates exhibit polyhedral, grain-like ge-
ometries. The difference in the habits of these crystals gives the
characteristic hydrate film morphologies when packed together.

The variation in the crystal habit of these hydrates can be
explained from the differences in their growth process. Com-
pared to CH4 hydrates, CO2 hydrates have higher exothermic
heats of formation (-74 kJmol−1 for CO2 and -54 kJmol−1 for
CH4 ) [3], which has been shown to have significant effect on
the exothermic hydrate growth [32]. Higher heats of formation
means that the forming hydrate must get rid of more heat to
reach its equilibrium condition, which in turn would make the
growth process slower, however that is not the case.

On the other hand, CO2 solubility in water is higher than
CH4. This implies that the difference in solubilities drives

the growth process of these hydrates. In this way, the higher
hydrate-film-growth velocities of CO2 hydrates allow the for-
mation of these ’needle-like’ crystals, denoted ’feather-like’ in
this work, while the lower velocities of CH4 hydrates form these
granular crystals that make for a smooth film. Moreover, the
lower velocities of CH4 hydrates give the forming crystals more
time to change their habit, resulting in the higher dependency
with the ∆Tsub.

The morphologies observed for the CH4 hydrates formed un-
der a uniform surface temperature are comparable with those
reported in past studies. The dependency of CH4 hydrates mor-
phology with the ∆Tsub , in which the hydrate film becomes
smoother with increasing driving force, and its granular habit
has been reported by several authors [33, 12, 28, 18, 22, 34].
The spherulitic films of CO2 hydrates were reported by Daniel-
David et al for water solutions with non-ionic surfactants [7],
but not by other authors that made morphological analyses of
CO2 hydrates [10, 35]. Uchida et al [16] reports a dendritic hy-
drate film, for morphologies comparable to those of this work.

Figure 16 shows the ’halo’ growth process of a CO2 hydrate.
As the hydrate film covered the water droplet, the hydrate con-
tinued to propagate in the sapphire slide, effectively displac-
ing the liquid water from its original boundaries in the water
droplet. This phenomenon implies a continued mass transfer of
liquid water from the sample droplet, under the ’halo’, and to
the front of the ’halo’ propagation. Given that the ’halo’ prop-
agated over the sapphire substrate, a capillary-driven transfer
through the porous hydrate ’halo’ could have taken place.

Beltran and Servio showed that this propagation mechanism
ocurred in CH4 hydrates formed in water droplets on glass sur-
faces [14]. As hypothesized in their work, the water that lies
underneath the formed hydrate film is drawn by capillarity to
the growing ’halo’ front. Given our observations, and the sim-
ilarity to those of previous CH4 studies with CH4 [14, 36] it is
plausible that the CO2 halo propagation occurs by capillarity.
The fact that the halo propagation velocity appeared to be in-
dependent of the driving force ∆Tsub supports the idea that it is
limited by the bulk mass transfer of water from the droplet to
the advancing halo interface.

4.2. Hydrate Dissociation and Thermodynamics
As can be seen in Figures 19 and 20, there are error bars re-

lated to the phase equilibrium calculations. Larger error bars
can be seen for CO2 hydrates, mainly due to the difference in
the dissociation process when compared to CH4 hydrates. The
dissociation interface was more diffuse for CO2 hydrates than
for CH4 hydrates 18, which made determining the exact posi-
tion of the interface less precise for CO2. The H-L-V equilib-
rium temperatures measured in this work were well within a 95
% prediction interval from the regression fitted to the data com-
piled by Sloan Jr and Koh [3]. Furthermore, the technique was
highly reproducible with uncertainties estimated at uTHLV ,CO2 =

0.06 K and uTHLV ,CH4 = 0.04 K.
Aside from the morphology of the interface, the contraction

of the liquid water phase into the cold side of the stage during
the CO2 hydrates dissociation was a key difference between the
dissociation of the guest molecules. As the CO2 hydrate was
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dissociated, the ’halo’ growth, whose propagation velocity was
found to be independent of the ∆Tsub, continued on the hydrate
forming region on the slide. This region was delimited by the
dissociation interface and the cold side of the stage, as anything
below the interface would still be under hydrate forming con-
ditions. The ’halo’ growth then displaced the liquid water from
its original boundaries, as discussed above.

4.3. Kinetics
As can be seen in Figures 21 and 22, the magnitude of the

scatter in the velocity calculations of the constant temperature
gradient experiments, is bigger than that of the uniform sur-
face temperature experiments. This is mainly because the num-
ber of measurements that could be done for a single ∆Tsub in
the uniform surface temperature experiments was higher than
in the constant temperature gradient experiments, where only
one measurement was possible for a given ∆Tsub, in each ex-
periment.

For similar ∆Tsub, the CH4 hydrate-film-growth velocities
measured in this work have the same order of magnitude as
those reported in past studies [7, 22, 20, 21] (10−2 mms−1 at
∆Tsub = 2.5 K). The velocities obtained for CO2 are consid-
erable lower than those reported by other authors [16, 7] (4.4
times lower than Uchida et al at ∆Tsub ≈ 1.4 K). This difference
was attributed to the experimental apparatuses, as the velocity
calculations in these works are done from lateral views of the
sample droplets, while in this work its done from an axial view.
The fact that CH4 hydrates have lower velocities than CO2 hy-
drates is consistent to other studies which analyzed both guest
molecules [35, 7]. This difference in velocities is due to the
higher solubility CO2 hydrates, as discussed above.

The use of the difference in solubility ∆xg as a driving force
was motivated by Kishimoto and Ohmura’s study [28], in which
a mass transfer limited model was proposed. In this study, the
idea that the growth rate is controlled by the mass transfer of
the guest molecule dissolved in the bulk of liquid water, to the
front of the growing hydrate film along the liquid water - guest
gas interface is developed to the following relation:

V̇h ∝ n∆xg (5)

Where V̇h is the volumetric growth rate of the crystal per its unit
surface area. This relation proved to correlate the hydrate-film-
growth velocity data better than the degree of subcooling ∆Tsub

as a driving force for different guest molecules [28]. As can
be seen in Figure 23, the experimental data correlates better to
n∆xg than to ∆Tsub. This however does not imply an explana-
tion on the actual limiting factor of the hydrate growth, which is
not yet completely understood [3]. Rather, it denotes the impor-
tance of considering both heat transfer limited and mass transfer
limited models in this kind of studies.

5. Conclusions

The growth mechanism, growth kinetics and crystal mor-
phology of CO2 and CH4 hydrates was compared. Hydrate
formation experiments under a constant temperature gradient

and uniform surface temperatures were performed to study the
growth mechanisms and kinetics of CO2 and CH4 hydrates. For
a given ∆Tsub, CO2 hydrates were found to have hydrate-film-
growth velocities an order of magnitude higher than CH4 hy-
drates. CO2 hydrates nucleated in the periphery of the water
droplet and, depending on whereas the hydrate film reached
the boundary of the sample droplet with the sapphire slide in
time, grew from the periphery or translated to the center of the
droplet. CH4 hydrates nucleated in any part of the water droplet,
translated to its center and grew from there.

Carbon dioxide hydrates grew in a feather-like fashion from
the initial growth point while CH4 hydrates grew as a circular
front. The higher solubility in water of CO2 hydrates was con-
sidered the factor that made CO2 hydrate-film-growth velocities
higher than CH4 hydrates.

’Halo’ growth was seen for both CO2 and CH4 hydrates, but
was only a consistent and more noticeable phenomena in CO2
hydrates. This ’halo’ growth was found to have no dependence
on subcooling and was hypothesized to be limited by bulk mass
transfer of water by capillarity, from the water droplet to the
propagating hydrate front.

The morphology of the formed hydrate films was compared
to study the morphological differences in the hydrates crystal
habits and their dependence with the ∆Tsub. CO2 hydrates were
found to have elongated, ’feather-like’ crystals that formed an
spherulitic hydrate film. With higher ∆Tsub, the crystals became
thinner, and the hydrate film became denser. CH4 hydrates were
found to have granular crystals that formed an smooth film.
With higher ∆Tsub, the grain size of CH4 hydrates decreased,
forming an smoother film. At ∆Tsub ≈ 1.3 K, a transition can be
seen between the small granular crystals to big faceted crystals,
which increased in size with lower ∆Tsub. The morphologies
observed for CH4 hydrates are comparable to most that can be
found in similar studies, unlike CO2 hydrates, which have been
reported to have different morphologies.

Finally, the hydrate films were dissociated in a step wise pro-
cedure to study the hydrates phase equilibrium. During the dis-
sociation process, hydrates formed an interface between the hy-
drate and the liquid water phase of the sample droplet, which
worked as an indicator of the position of the THLV in the tem-
perature gradient of the slide. The interface of the CH4 hydrates
was a straight line between the hydrate and the water, unlike the
one of CO2 hydrates, which was a black line. This black line
thickened over time and a secondary interface, composed of hy-
drate that had not dissociated completely, could be seen.

The Hydrate-Liquid-Vapor equilibrium temperatures mea-
sured in this work were well within a 95 % prediction interval
from the regression fitted to the data compiled by Sloan Jr and
Koh [3]. Furthermore, the technique was highly reproducible
with uncertainties estimated at uTHLV ,CO2 = 0.06 K and uTHLV ,CH4

= 0.04 K.
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Nomenclature

f Fugacity

H Henry’s law constant

v Hydrate-film-growth velocity

n Hydration number

x Mole fraction

P Pressure

g Temperature gradient

T Temperature

V̇ Volumetric growth rate

Superscipts/Subscripts

L Coldest side of the stage

j Dissociation step

exp Experimental value

h Halo

H Hotest side of the stage

hyd Hydrate front

HLV Hydrate-Liquid-Vapor

int Interface

sub Subcooling
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