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Gas hydrates consist of guest gas molecules encaged in water cages. Methane hydrate forms in marine

and permafrost sediments. In this study, we use optical, mechanical and electrical measurements to

monitor hydrate formation and growth in small pores to better understand the hydrate pore habit in

hydrate-bearing sediments. Hydrate formation in capillary tubes exposes the complex and dynamic

droplet between transparent plates shows that the hydrate shell does not grow homogeneously but

advances in the form of lobes that invade the water phase; in fact, the hydrate shell must be

discontinuous and possibly cracked to justify the relatively fast growth rates observed in these

experiments. Volume expansion during hydrate formation causes water to flow out of menisci; expelled

water either spreads on the surface of water-wet substrates and forms a thin hydrate sheet, or remains

next to menisci when substrates are oil-wet. Hydrate formation is accompanied by ion exclusion, yet,

there is an overall increase in electrical resistance during hydrate formation. Hydrate growth may

become salt-limited in trapped water conditions; in this case, aqueous brine and gas CH4 may be

separated by hydrate and the three-phase system remains stable within the pore space of sediments.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Gas hydrate consists of guest gas molecules encaged in water
cages under the high fluid pressure and low temperature.
In nature, methane gas hydrates are found in sediments under
high pore pressure and low temperature. The low solubility of
methane in water (e.g. 1CH4 in �800H2O molecules) contrasts
with the high concentration of methane in hydrate (1CH4 every
6H2O). Several laboratory methods have been developed to
circumvent the long time required for diffusion-limited hydrate
formation in sediments, such as flushing methane gas through
partially water-saturated sediments [1,2], advecting gas dissolved
in water [3], and mixing ground ice to exploit the presence of pre-
existing ice cages [4–11], and pre-mixing ground hydrate with the
sediments [12].

Each of these methods produces different hydrate patterns in
pore-scale [5,13–15], which eventually affect the macro-scale
mechanical properties of hydrate-bearing sediments [16]. For
example, even a small amount of hydrate at interparticle contacts
causes a much higher increase in the small strain stiffness of
hydrate-bearing sediments, as compared to the same hydrate
mass resting within the pore space [16,17].

The purpose of this study is to investigate hydrate formation
and growth patterns including hydrate shapes and growth rates
ll rights reserved.

: þ1 404 894 2281.
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on water-wet and oil-wet substrates, and to explore the effect of
salts when the water volume is limited in a closed system.
2. Preliminary concepts

2.1. Hydrate nucleation on surfaces

Preferential hydrate nucleation on substrates, i.e., heteroge-
neous nucleation, can be explained in thermodynamic terms
using the concept of Gibbs free energy. The change in Gibbs free
energy from water to hydrate DG is lower when hydrate forms on
substrates DGn than when it forms in the bulk water DG. The
value of DGn varies according to particle characteristics such as
composition, crystallography, and surface charge [18]. It can be
related to the bulk water DG through the contact angle between
the liquid, gas hydrate, and the mineral [19]

DGn
¼DG 1

4ð2þcosyÞð1�cosyÞ2
h i1=3

ð1Þ

The contact angle relates the interfacial tensions g(J m�2) between
mineral and liquid gml, mineral and hydrate gmh, and hydrate and
liquid ghl,

cosy¼
gml�gmh

ghl

ðYoung’s equationÞ ð2Þ

Molecular dynamic simulations corroborate thermodynamic
predictions and provide molecular-scale insight. In particular,
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these simulations show lower activity near substrates and early
water structuring that favors hydrate nucleation (see simulations
in Kvamme et al., 2007 [20] and Walsh et al., 2009 [21]).

2.2. Hydrate growth

After nucleation, hydrate grows forming a thin shell along the
water–gas interface [2,23]. Then, it starts to grow into the liquid
phase as shown by water droplet tests [22,24–28] and gas–water
tests in tubes [23,25,27,29–37]. It is generally thought that the
hydrate growth rate is gas diffusion controlled. Gas diffusion is
low in water (D¼1.37–1.49�10�9 m2/s—Thomas [38]; Withersp
and Bonoli [39]) and even lower through the CH4 hydrate mass
(D¼3.4�10�13 m2/s—Davies and Fear[40]). Hydrate may also
grow into the gas phase forming a tree-branch geometry as water
escapes confined liquid volumes [41].

2.3. Gas solubility and Ostwald ripening

Hydrate dissolution occurs inside the hydrate stability field
when the water that surrounds the hydrate mass is not gas-
saturated [42,43]. Gas solubility in bulk water at 6.6 MPa and
274 K is 1.66 mol/kg for CO2 and 0.12 mol/kg for CH4. However,
gas solubility decreases when hydrate is present [44–47]; for
example, it falls to 0.83 mol/kg for CO2, and to 0.063 mol/L for CH4

at 6.6 MPa and 274 K [48].
Gas concentration increases near small hydrate nuclei. There-

fore, a concentration gradient develops between the water that
surrounds a small crystal and a nearby large one. Eventually,
diffusive transport leads to the growth of large crystals at the
expense of small ones. This process is known a Ostwald ripening
[49,50].
Fig. 1. Experimental device. Hydrate formation and growth. (a) In a capillary tube,

(b) between hydrophilic (glass) or hydrophobic (acrylic) plates and (c) between

two copper spheres.
2.4. Ion exclusion

Finally, we note that the formation of hydrate cages during
slow hydrate formation displaces nearby hydrated ions which
must diffuse back into the liquid water [51–54].
3. Experimental study

Three sets of experiments are conducted to study hydrate
formation near substrates. All experiments are monitored using
time-lapse photography (resolution: 1pixel �10 mm), pressure
transducers and thermocouples. Tests are conducted inside P–T
controlled pressure chambers. Experimental devices, materials,
and procedure are described next (refer to Fig. 1).

3.1. Hydrate in capillary tubes (Fig. 1a)

In this study, the capillary tube is its own pressure chamber
(polyphenylsulfone; rated for 106 MPa; outside diameter
3.15 mm; inside diameter 1.57 mm). The contact angle between
distilled water and the capillary tube is near �901. First, we fill
the tube with degassed water until the water–air interface is
centered in the field of view; then, the tube is placed in a cooler at
�275 K, and is pressurized to �3.4 MPa with CO2 gas.

3.2. Hydrate formation between water-wet or oil-wet surfaces

(Fig. 1b)

Transparent glass and acrylic plates are used to simulate
water-wet and oil-wet surfaces. A water droplet is placed
between two parallel glass or acrylic plates creating a quasi-
Fig. 2. Hydrate formation and growth in capillary tubes. The first image corre-

sponds to the first observation of hydrate formation after a long induction time of

�14 days. The time for subsequent images is referenced to the first one.
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cylindrical body of water [e.g. 8.7 mm diameter, 1.97 mm in
height (distance between two plates), and 120 mg water mass].
Water droplets with various salinities between 0 M and 1.28 M
NaCl are tested. This parallel-plate device is placed inside a
stainless steel pressure chamber (thickness �43 mm; design
pressure �30 MPa) that has a large size sapphire window for
visual observation (70 mm diameter) and multiple feed through
ports for instrumentation. The chamber is maintained at �275 K
and it is pressurized to �8 MPa for CH4 hydrate formation studies
and to �3.4 MPa for CO2 hydrate formation studies. Nucleation is
triggered by causing transient ice formation at low temperature
Fig. 3. Rate of hydrate formation in capillary tubes. Data are shown for two typical

experiments [Note. Hydrate length is obtained by sum of discontinuous hydrate

length which is the distance from top and bottom of each hydrate in Fig. 2].

Fig. 4. Hydrate formation and growth—Meniscus between two surfaces. The first image

is assigned time t¼0 min. The time for subsequent images is referenced to the first on

substrates.
(258–263 K); thereafter, constant temperature (�275 K) and
pressure (�3.4 MPa or �8 MPa) conditions are maintained dur-
ing the test.
3.3. Hydrate formation in a water meniscus between spherical

particles (Fig. 1c)

In this third set of tests, a droplet of salt water (NaCl; various
concentrations between 0 M and 1.28 M) is placed between two
copper spheres, creating a geometric configuration similar to that
of a naturally occurring water meniscus between two non-
touching grains (copper sphere: 5.2 mm diameter. water droplet:
3.4–4.1 mm in diameter, 1.3–1.89 mm in height, and 12–25 mg in
mass). The copper spheres are glued onto cylindrical piezocrys-
tals. This configuration allows us to measure electrical resistance
and relative stiffness during hydrate formation. Fig. 1c shows the
electrical circuit and peripheral electronics used. Electrical resis-
tance is determined at 50 kHz to avoid electrode polarization
effects. The resistance of the meniscus R is a function of the
measured voltages V1 and V2 (Fig. 1c), and the known resistance
of the series resistor Rn

¼4700 O,

R¼
V2

V1�V2
Rn

ð3Þ

The source piezocrystal is connected to a sinusoidal signal
generator operated at �60 kHz. The signal amplitude produced
by the output piezocrystal is measured using an oscilloscope. The
test device is placed inside a pressure chamber and is subjected
to P–T conditions similar to the previous test except that no
transient ice formation is used to trigger hydrate nucleation;
therefore, these tests experienced long induction times.
in each sequence corresponds to the first observation of hydrate formation and it

e. (a) Hydrophilic, water-wet glass substrates and (b) hydrophobic, oil-wet acrylic
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4. Experimental results

4.1. Hydrate formation in capillary tubes

A collection of images gathered during a single test is pre-
sented in Fig. 2. Multiple similar tests allow us to make the
following observations. Hydrate nucleates suddenly at the inter-
face between the gas and water phases after long induction times
(after �14 days). Growth into the water phase is rather discrete,
i.e. in steps (Fig. 3). Hydrate also grows into the gas phase in part
due to the water volume expansion during water–hydrate trans-
formation (Vhyd/Vw¼1.279). We often see that a fraction of the
hydrate mass dissolves after some growth and begins to re-grow.
Hydrate dissolution-growth cycles repeat multiple times with an
overall growth-trend. The hydrate mass is elongated, and does not
adhere to the plastic capillary tube.
4.2. Hydrate formation between water-and oil-wet substrates

The evolution of hydrate formation in the water droplet between
the two parallel plates is documented in Fig. 4. Nucleation is triggered
Fig. 5. Rate of hydrate formation between plates. (a) Hydrophilic water-wet p
by causing transient ice formation to prevent long induction times;
hydrate nucleates at the gas–water interface after ice melts (see also
Jung and Santamarina [55]). Hydrate does not grow homogeneously
but advances in the form of lobes that invade the water meniscus.
Volume expansion during hydrate growth causes water to flow out of
the meniscus. The displaced water coats water-wet surfaces and
forms a thin hydrate layer on them (Fig. 4a); however, water does not
flow away from meniscus onto hydrophobic surface (Fig. 4b). When
salt solutions are used, water trapped inside the meniscus may not
change into hydrate (observation times as long as �11,000 min), and
remains as liquid water surrounded by the hydrate shell that
separates the gas phase from the liquid water. In all cases, hydrate
appears suddenly (within the time interval of two successive images
DT¼10 s), but grows slowly as a shown in Fig. 5.
4.3. Hydrate formation at menisci between grains

The chamber P–T conditions, the meniscus electrical resistance
and changes in stiffness during hydrate formation and dissocia-
tion are monitored in this set of tests (Fig. 6). We do not observe a
pressure drop during formation (circle in Fig. 6a) because the
lates and (b) hydrophobic oil-wet plates. Data for CO2 and CH4 hydrates.



Fig. 7. Change in the meniscus electrical resistance and relative stiffness before and after hydrate formation. Solutions with different initial ionic concentration. (a) CH4

hydrate and (b) CO2 hydrate.

Fig. 6. CH4 hydrate formation at a water meniscus between two particles—Salt solution (NaCl 0.26 mol/L). (a) Pressure, (b) temperature, (c) voltage drop across the

meniscus (used for calculating electrical resistance) and (d) instantaneous vibration amplitude detected by the receiving piezocrystal (used for relative stiffness estimation).
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chamber volume is much larger than the volume of water in the
meniscus (approximately �17,000 times larger). Hydrate forma-
tion causes ion exclusion; in turn, hydrate growth is hindered by
high salt concentration. These two processes define the evolution
of electrical resistance and stiffness in these experiments. The
initial electrical resistance is lower in drops with higher salt
concentration; in all cases, electrical resistance increases after
hydrate formation. The change in electrical resistance before and
after hydrate formation (both CO2 and CH4) decreases as the salt
concentration increases (Fig. 7).

The strength of the transmitted mechanical vibration is not
sensitive to salt concentration before hydrate formation. The
sensing piezocrystal output increases after hydrate formation.
The increase in mechanical transmission is more pronounced
when the initial salt concentration is low as shown in Fig. 7 (both
CO2 and CH4 hydrate).
5. Analyses and discussion

5.1. Fast early hydrate growth

The sudden formation of an initial hydrate mass is faster than
that can be justified by concurrent gas diffusion through (e.g.,
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results in Fig. 5). Let us compute the initial hydrate thickness in
terms of (1) the saturation concentration of methane in water
before hydrate formation Cbh assuming that the induction time for
nucleation exceeds the diffusion time (Cbh¼0.12 mol/kg for CH4–
275 K, 8 MPa and 1.39 mol/kg for CO2–275 K, 3.4 MPa), (2) the gas
concentration after hydrate formation Cah (Cah¼0.063 mol/kg for
CH4–275 K, 8 MPa and 0.89 mol/kg for CO2–275 K, 3.4 MPa), and
(3) the gas concentration in hydrate (Ch¼8.06 mol/kg for CH4

hydrate and 6.57 mol/kg for CO2 hydrate for a hydration number
n¼6). Then, the conservation of gas molecules requires (Fig. 8),

pR2rwCbh�pðR�hÞ2rwCah ¼ ½pR2
�pðR�hÞ2�rhCh ð4Þ

The estimated initial hydrate thickness that can form by
consuming the dissolved gas is h¼0.16 mm in CH4 and h¼136 mm
in CO2 hydrate (for a water droplet radius R¼4.3 mm, water
density rw¼1 g/cm3 and hydrate density rh_CO2

¼1.11 g/cm3,
rh_CH4

¼0.94 g/cm3) [Note. The hydrate thickness (�2 mm) mea-
sured in Fig. 5 is overestimated due to the shape of water droplet
which is not perfect cylindrical shape].

5.2. Hydrate dissolution—transients

Gas diffuses into the water mass during the induction time
(Fig. 9a and b). Then, rapid hydrate growth takes place and
consumes the excess gas Cbh–Cah that dissolved during the
induction time, as discussed above (Fig. 9c). After this initial
hydrate formation stage, gas continues diffusing into the liquid
water from the gas phase supporting further hydrate growth
(path I—Fig. 9c). At the same time, diffusion tends to homogenize
Fig. 9. Changes in gas concentration within a capillary tube. (a) Initial gas concentratio

after sudden hydrate formation. Note: CO2 gas solubility in water at 3 MPa, 273 K is: C

Fig. 8. Fast early hydrate formation by the consumption of excess gas (Cbh–Cah).

(a) Before hydrate formation and (b) after hydrate formation. Note: CO2 gas

solubility in water at 3 MPa, 273 K is: Cah¼0.06 mol/kg with hydrate and

Cbh¼0.11 mol/kg without hydrate.
the gas concentration at the lower tip of the hydrate mass (path II
in Fig. 9c); this second transport process causes dissolution at the
tip. The coexistence of these two processes explains the transient
formation–dissolution cycles during the first few hours, and the
overall increase in hydrate mass observed in tube experiments
(see Fig. 3).
5.3. Hydrate growth on different substrates

5.3.1. Water–mineral interaction

All our data show that hydrate growth in pores takes place in
discrete steps rather than gradually. Hydrate growth rate can be
obtained by thickness increase after initial hydrate nucleation.
The CO2 hydrate growth rate in the context of oil-wet surfaces is
between 0.38 mm/min and 0.74 mm/min (Fig. 5). The hydrate
growth rate in the meniscus between water-wet surfaces is
higher (0.9–1.9 mm/min) than that between oil-wet surfaces.
Hence, hydrate growth is affected by sediment surface boundaries
(Fig. 10).
5.3.2. Shell breakage

Very slow growth rates are anticipated for diffusive gas
transport through the hydrate shell. However, the fast growth
rates observed in these experiments suggest that gas must reach
the water inside the meniscus through discontinuities in the
hydrate shell that separates the gas from the liquid water
(Fig. 5). Our complementary FEM simulations of hydrate forma-
tion around the water droplet confirm the formation of tensile
fractures in the hydrate shell due to water-to-hydrate expansion
(Vhyd/Vw¼1.23–1.28).
5.3.3. Hydrate growth topology

Hydrate does not grow homogeneously as a planar front but
advances in the form of lobes that invade the water phase. Tensile
fractures in the hydrate shell may explain lobe formation in
menisci (Fig. 4); however, this is not the case in capillary tubes
shown in Fig. 2. This elongated hydrate topology exhibits a higher
surface area than a planar front and is consistent with hydrate
formation by gas from supersaturated water: there is a shorter
distance for diffusive transport to these long lobes than to a
planar front. This shorter diffusive distance causes a faster initial
hydrate growth (3.6–5.3 mm/min) than a planar front growth.
Higher surface area also favors heat diffusion following phase
transformation [36].
n, (b) after gas diffusive transport during the induction time and (c) immediately

ah¼0.06 mol/kg with hydrate and Cbh¼0.11 mol/kg without hydrate.



Fig. 10. Change in salt concentration by ion exclusion as a function of hydrate

thickness (closed system, i.e., mass conservation). Lines show the increase in salt

concentration in the remaining free water during hydrate growth. The dotted line

shows the salt concentration saturation at 275 K. Points represent final hydrate

thickness and molar concentration estimated for the experiments reported in

Fig. 7. Salt precipitation is anticipated.

J.-W. Jung, J.Carlos Santamarina / Journal of Crystal Growth 345 (2012) 61–68 67
5.4. Relative stiffness and electrical resistivity

Relative stiffness measurements can be analyzed assuming a
mechanical system made of three springs in series held between
fixed boundaries to represent the source piezocrystal, the menis-
cus, and the receiver piezocrystal. The relative amplitude between
the input Vi and output Vo voltages is a function of the displace-
ment in the input piezocrystal di and the output piezocrystal do.
The latter one depends on the meniscus response dm¼do–di

through a function that combines the stiffness of piezocrystals
kpiezo, the meniscus height Lm, the medium Young’s modulus Em,
and the area of the meniscus Am,

Vo

Vi
¼ ado

di
¼ a do

doþdm
¼ a 1

1þ
kpiezoL
EmAm

ð5Þ

Therefore, the relative amplitude Vo/Vi reflects the evolution of
the meniscus stiffness during hydrate formation. Electrical cur-
rent flows through the free water that remains inside the hydrate
shell. Therefore, when an annular CH4 hydrate shell forms, the
measured resistance reflects the contributions of water and
hydrate [55]. Electrical resistance R is a function of resistivity r,
meniscus length Lm area Am, and a shape factor b,

1

Rwaterþhyd
¼

1

Rhyd
þ

1

Rwater
¼

1

bLm

Ahyd

rhyd

þ
Am�Ahyd

rwater

 !

�
1

bLm

Am�Ahyd

rwater

ð6Þ

The simplification in the last equality recognizes that the
electrical conductivity of hydrate is much lower than the con-
ductivity of salt water.

The relative amplitude Vi/Vo from the mechanical excitation
(Eq. (5)) and electrical resistance Rwaterþhyd (Eq. (6)) are propor-
tional to the hydrate area Ahyd. The analysis of experimental
results shown in Fig. 7 using these expressions leads to the
conclusion that the final hydrate thickness decreases as the initial
salt concentration in the meniscus increases.

5.5. Ion exclusion-salt precipitation-salt limited hydrate growth

The ionic concentration C(h) in the free water that remains
inside the hydrate shell increases during hydrate growth as a
consequence of ion-exclusion; from mass concentration,
C(h)¼Co[1�(h/r)2]. The back analysis of experimental results in
Fig. 7 shows that the molar concentration may reach salt satura-
tion and salt may precipitate during hydrate growth.

On the other hand, ions and gas molecules compete for water,
and the hydrate phase boundary shifts to lower temperature and
higher pressure with increasing salt concentration [51–54,56,57].
Eventually, hydrate growth may stop for a given P–T condition.
Our P¼8 MPa and T¼275 K conditions for CH4 hydrate corre-
spond to the phase boundary for a salt concentration of c¼4.0 M
[54]. We conclude that hydrate formation in our tests ended due
to the high concentration of salt in the liquid water inside the
hydrate shell. Low ionic and gas diffusive transport through the
hydrate shell will render the gas–hydrate–brine system stable for
relatively long periods.
6. Conclusions

Hydrate formation implies a pronounced transition from a
condition of low gas concentration in water to a condition of high
gas concentration in hydrate. In addition, the concentration of gas
in water is lower in the presence of hydrate than in hydrate-free
systems (CahoCbh) and it is crystal size-dependent. These phe-
nomena suggest complex nucleation and growth processes and
anticipate the emergence of unexpected phenomena, including
transient formation/ dissociation.

Rapid hydrate growth after the induction time consumes the
excess gas (Cbh–Cah) that dissolved by diffusive transport (the
solubility of CO2 in water is higher than that of CH4, therefore, a
larger mass of CO2 hydrate may form during early growth).
Thereafter, diffusion at the tip of the hydrate mass causes dis-
solution. These processes explain transient formation–dissolution
following early hydrate growth.

Experimentally observed fast growth rates cannot be justified
by diffusive gas transport through the hydrate shell that separates
the gas from the liquid water. We anticipate that successive
hydrate formation and water-hydrate volume expansion create
tensile discontinuities in the hydrate shell which facilitate gas
transport.

Hydrate does not grow homogeneously as a planar front but
advances in the form of lobes that invade the water phase. These
lobes may correspond to the discontinuities in the hydrate shell.
The early elongated topology observed in capillary tubes provides
a higher surface and a shorter distance for diffusive gas transport
from the bulk water. A short diffusive distance supports fast early
hydrate growth.
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