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ABSTRACT

We performed a sequence of tests on a partially water-saturated sand sample contained in an x-ray-
transparent aluminum pressure vessel that is conducive to x-ray computed tomography (CT)
observation. These tests were performed to gather data for estimation of thermal properties of the
sand/water/gas system and the sand/hydrate/water/gas systems, as well as data to evaluate the kinetic
nature of hydrate dissociation. The tests included mild thermal perturbations for the estimation of the
thermal properties of the sand/water/gas system, hydrate formation, thermal perturbations with hydrate
in the stability zone, hydrate dissociation through thermal stimulation, additional hydrate formation, and
hydrate dissociation through depressurization with thermal stimulation. Density changes throughout the
sample were observed as a result of hydrate formation and dissociation, and these processes induced
capillary pressure changes that altered local water saturation.

Keywords: hydrate formation, dissociation, porous medium, thermal stimulation, depressurization, x-ray

computed tomography, capillary pressure

INTRODUCTION

To efficiently produce natural gas from hydrate
reservoirs, an understanding of how hydrate and
porous media behave upon dissociation is needed .
This understanding must be gained using field,
laboratory, and numerical modeling studies.
Laboratory studies using pure hydrate and hydrate
in porous media are needed, and detailed data on
when and the location these processes occur within
a sample is paramount to understanding measured
phenomena. We used core-scale laboratory porous
medium samples containing hydrate, and
performed temperature and pressure measurements
along with x-ray computed tomography (CT)
imaging to quantify and visualize physical
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changes. Heat transfer (as defined by thermal
properties), dissociation kinetics, and mass transfer
(as effected by intrinsic and relative permeability)
will all affect natural gas production from
hydrates[1-6]. Our goals here were to increase our
understanding of heat transfer and kinetics.

HYDRATE EXPERIMENTS

We formed and dissociated methane hydrate in
partially water-saturated sand contained in an x-
ray-transparent vessel. Temperature measurements
were collected at four locations in the sample, and
total system pressure was measured. All tests were
performed at temperatures above 0°C, and thus no
water freezing occurred. The tests we performed
included thermal perturbations of the partially
saturated sand/water/gas (s/w/g) system, hydrate
formation, three thermal perturbations (one within



the hydrate stability zone and two resulting in
dissociation), a second hydrate formation, and final
dissociation by depressurization and thermal
stimulation.

Method

An x-ray transparent aluminum pressure vessel
with an inside diameter of 7.62 cm and sample
length of 25.4 cm was packed with moistened
F110 Silica Sand (U.S. Silica, Berkeley Springs,
West Virginia) (Figure 1). The sand, consisting of
rounded to subangular quartz grains primarily in
the 100-200 micron size range, was moistened
with distilled deionized water and packed in the
vessel, resulting in a porosity of 36% and a water
saturation of 58%. The vessel contained four type-
T thermocouples inserted through one of the end
caps. Packing was performed from the opposite
end, using metal tubing to maintain the
thermocouple position during packing. The
pressure vessel was enclosed in a heat exchanger
composed of a PVC jacket through which a
temperature-controlled water/propylene glycol
solution was flowed. CT measurements were made
at specified intervals using a modified Siemens
Somatom HiQ CT scanner.
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Figure 1. Vessel schematic.

We performed a sequence of tests on the sample
(Figure 2) including thermal perturbations of the
s/w/g system, hydrate formation (denoted by “1” in
Figure 2), thermal perturbations of the
sand/hydrate/water/gas (s/h/w/g) system including
thermal stimulation (denoted by “3, 4, and 5” in
Figure 2), a second hydrate formation (denoted by

“6” in Figure 2), and dissociation from
depressurization and thermal stimulation (denoted
by “8” in Figure 2). Each test is described below.
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Figure 2. Experiment path: (1) hydrate formation,
(2) stable depressurization, (3) stable temperature
perturbation, (4) and (5) thermal-stimulation-
induced dissociation, (6) second hydrate formation,
(7) depressurization prior to dissociation, and (8)
dissociation by depressurization/thermal
stimulation. Hydrate is stable above the hydrate
stability curve.

Thermal Tests

Heat transfer through the s/w/g system was
investigated by abruptly changing the temperature
of the bath fluid flowing through the heat
exchanger. Temperature was both increased and
decreased. Inverse modeling of these
measurements is discussed in a companion paper

[7].
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Figure 3. Comparison of the thermal response of
the s/w/g system (no hydrate, solid curves) to the
s’/h/w/g system (with hydrate, dashed curves).
“Bath” temperature is the temperature of the
temperature-controlled fluid, “bottom” temperature
is a mid-radius temperature, and “center” is the
temperature in the center of the sample.



Figure 3 shows the temperature response for the
s/w/g system (solid curves) as well as the
temperature response for the s/h/w/g system
(dashed curves). Observations from this figure are
presented below.

Hydrate Formation

Methane hydrate was formed by increasing
methane pressure in the vessel to 6.2 MPa while
maintaining the temperature at 1.1°C (within the
hydrate stability region). This method is similar to
that used by Handa [8], and has been thought to
produce hydrate that surrounds and cements
mineral grains [9]. Upon pressurization, the
temperature immediately rose as much as 3.5°C
due to gas compression and hydrate formation.
The initial formation subsided, and later was
followed by rapid and then slow continued
formation, with intermittent minor formation
spikes. Hydrate was allowed to form over 28
hours, and was still slowly forming when the next
test began. Based on pressure and temperature
measurements, approximately 63% of the water in
the sample was converted to hydrate (assuming
100% cage occupancy).

Thermal Tests with Hydrate

Prior to the thermal tests with hydrate present, the
pressure in the system was reduced (“2” in Figure
2). Three abrupt temperature increases were then
sequentially applied to the sample. The first was
applied entirely within the hydrate stability region
to examine the system response in the presence of
hydrate (“3” in Figure 2). The second and third
(“4” and “5” in Figure 2) were applied to induce
dissociation. In these tests, the system was vented
to a small vessel. When dissociation occurred, the
pressure in the system increased, and the change in
pressure was used to quantify the amount of
dissociation.

The first thermal perturbation with hydrate present
is shown as “3” in Figure 2, and dashed curves in
Figure 3. Figure 3 shows that the temperatures in
the sample increased faster with the hydrate
present than without, indicating higher thermal
conductivity. This indicates that the hydrate/water
system provides a more thermally conducting
bridge between sand grains. The first temperature
increase (within the stability region) was unusual
in that the sample temperature increased above the

bath temperature (Figure 3) with concomitant
pressure decline, indicating additional hydrate
formation. The rate of hydrate formation increased
as the conditions went from strongly stable
towards the stability curve. This hydrate formation
brought the system very close to the stability curve
for the second temperature increase.
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Calibrated CT scans from a single
central location at twelve times over the thermal

Figure 4.

stimulation steps. 1 through 6 were collected
during the second thermal increase, and 7 through
12 were collected during the third thermal increase.

The second and third temperature increases were
similar to each other. Figure 4 shows the CT scans
at a single central location over time calibrated to
density and indicate the locations where changes
occur. Initially, hydrate near the vessel wall began
to dissociate (indicated by areas getting darker in
color in Figure 4), and the dissociation front
moved inwards towards the center with time. As
dissociation continued, the system pressure
increased. Because of the large thermal inertia of



the porous medium (i.e. low thermal conductivity
and large specific heat), there is a delay in the
system thermal response at the center of the sample
following the change in the boundary temperature.
The lower temperature near the sample center,
coupled with the increase in pressure (resulting
from hydrate dissociation at the sample periphery)
and the relatively high permeability of the medium,
lead to the increased stability of the hydrate near
the sample center. This is indicated in Figure 2 by
the location of the “center” curve above the
“stability” curve, and in Figure 4 as a slight
increase in density in the middle region.
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Figure 5. Changes in average density (heavy line),
moles of methane produced from hydrate (dotted
line). Numbers correspond to images in Figure 4.

Figure 5 shows the average change in density
indicated by CT, in addition to the amount of
hydrate dissociated during the two thermal
stimulation steps (“4” and “5” in Figure 2). In “4,”
25% of the hydrate present dissociated; in “5,” an
additional 22% of the original hydrate dissociated.
As expected, the average density change and the
dissociated hydrate curves tend to mirror each
other. The mirror image is not perfect, however,
because as the pressure increased later in the test,
more methane was present in the gas phase, which
affected x-ray attenuation.

Second Hydrate Formation

Following the temperature increases, hydrate was
reformed by connecting the vessel to a pressurized
methane reservoir and lowering the temperature to
well within the stable zone (“6” in Figure 2).
Figure 6 shows the density changes at a single
central location over time during the hydrate
formation, and Figure 7 shows the average density
change from CT, as well as the amount of hydrate
formed in the sample. The memory effect causes
the reaction to occur very rapidly (on the order of

one hour as opposed to many hours in the initial
formation)[10-12]. The density increased greatly
in the mid-radius zone (a ring away from the center
and away from the vessel wall), and decreased in
the remainder of the sample. We believe this is the
result of hydrate formation changing capillary
pressure and inducing water redistribution.
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Figure 6. Calibrated CT scans from a single slice at
nine times over the second hydrate formation. The
increases in density are due to hydrate formation
and water saturation changes.
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Figure 7. Average change in density (heavy line)
and moles of methane converted to hydrate
(dashed line) during the second hydrate formation.
Numbers correspond to images in Figure 6.



Dissociation by Depressurization and Thermal
Stimulation

After the second hydrate formation, the system
pressure was lowered to just above the stability
point and the system was allowed to equilibrate.
Like the stable thermal test with hydrate present, as
the system approached the stability point hydrate
formed as indicated by a decrease in pressure and
an increase in temperature that exceeded the bath
temperature. Prior to the depressurization test, the
system conditions were very close to equilibrium
(3.75 MPa and 3.7°C). The system was then
depressurized through a back-pressure regulator set
to about 2.85 MPa (equilibrium temperature
0.95°C) to a Marriotte bottle, where the gas was
collected and quantified. Upon depressurization,
the sample temperature dropped below 1°C, despite
the bath temperature being maintained at 3.6°C.
Temperatures at the outer thermocouples increased
slowly and monotonically towards the bath
temperature. However, the temperature in the
sample center remained near 1.3°C for about an
hour and a half before rapidly climbing
monotonically to the bath temperature.
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Figure 8. Calibrated CT scans from a single central

location at nine times over the
depressurization/thermal stimulation. The changes
in density are the result of hydrate dissociation and
water saturation changes.

Upon depressurization, dissociation occurred
throughout the sample, resulting in the near-
equilibrium temperature being established
throughout. Because the temperature of the entire
sample had dropped and the bath temperature
remained steady, the subsequent dissociation was
thermally induced, occurring as heat was
transferred into the sample. Figure 8 shows the
changes in density at a single central location over
the course of the dissociation. The density changes
between the first and second image are evident
across the bright circle in the mid-radius region.
From then on, the dissociation front moved radially
inwards from the vessel wall.
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Figure 9. Average change in density (heavy line)
and moles of methane hydrate dissociated (dashed
line) during the depressurization/thermal
stimulation. Numbers correspond to images in
Figure 8.

Figure 9 shows the average density change over
the dissociation process and the number of moles
of methane collected. As with Figure 5, the two
curves mirror each other. Because the pressure
remains constant over this test, methane pressure
does not affect the mirroring of the curves.

DISCUSSION
CT Scanning

The use of CT has provided a better understanding
of how hydrate behaves in our experimental
systems [13, 14] and also in natural samples [15,
16]. In these systems, CT enables us to determine
the locations where processes occur, allowing
better interpretation of measurements made on the
bulk samples.

Prior to our using CT to investigate hydrate and
porous medium behavior on formation and



dissociation of hydrate, our conceptual model
consisted of water uniformly distributed
throughout the sample in pendular structures
between grains. This model did not consider the
impact of hydrate on the capillary pressure-(water)
saturation function of the combined sand/hydrate
medium. This function is further complicated
upon either hydrate formation or dissociation by
the changing hydrate saturation, and is expected to
be different for pore filling or cementing hydrate
configurations.

Figures 5, 7, and 9 show the relative accuracy with
which the averaged CT data can be used to indicate
density changes, and these changes are directly
related to the amount of methane consumed or
produced by the processes occurring. This
provides confidence in using the data to investigate
bulk system behavior. Figures 4, 6, and 8 show us
the locations where processes are occurring,
allowing us to properly attribute the measurements
to local changes, rather than to the bulk of the
sample

Capillary Pressure and Saturation

In our CT imaging, we noticed density changes
greater than those that could occur from hydrate
formation or dissociation alone. Other processes
that affect local density include saturation changes,
mechanical deformation, and gas pressure. Of
these, saturation has the greatest effect. In our
tests, we believe these density changes are due to
hydrate formation changing capillary pressure and
causing water to flow.

The direction of the thermally induced dissociation
(“4” and “5” in Figure 2) was from the outside
towards the sample center. As it occurred and
water was freed, the water moved towards the
lower capillary pressure region in the center
(where hydrate was present). This left the outer
zone drier. On the second hydrate formation (“6”
in Figure 2), little hydrate formation occurred in
the outer zone. Most hydrate formation occurred
in the more central zone, and less in the sample
center. We think this occurred because the hydrate
near the vessel wall formed rapidly, and because
little water was present there, the capillary pressure
at this location was not strongly changed. When
the formation front reached the more saturated
mid-radius zone, the hydrate formation changed
the capillary pressure and caused water to flow

from the sample center. Hydrate formation then
proceeded towards the center, where water
saturation was lower. Following the final
dissociation by depressurization and thermal
stimulation (“8” in Figure 2), water was again
redistributed very similarly to the initial condition.

Thermal Data

Our measurements have allowed us to observe
more rapid heat transfer in our sample with hydrate
present than with only water. Because the thermal
conductivities of water and hydrate are similar
(hydrate 0.5 Wm'K™" [17], water 0.58 Wm K"
[18]), and because for a constant water volume,
hydrate has a greater volume, we expected heat
transfer to be approximately the same for the s/w/g
and s/h/w/g cases. It is apparent from Figure 3 that
the thermal conductivity of the system with
hydrate is higher than that without the hydrate.
This may indicate a cementing type of hydrate
configuration, however these data alone are
insufficient to conclude this.

Modeling

The set of experiments described here provide a
wealth of data for numerical modeling. Because of
the complexity of the system and system changes
that occur throughout the series, history matching
or inverse modeling approaches will be needed.
Modeling of one of the tests described is presented
in a companion paper[7].

Kinetics

In the depressurization/thermal dissociation step
(“8” in Figure 2), the temperature in the sample
center (1.3°C) was clearly not the equilibrium
temperature for the dissociation pressure (0.95°C).
The actual pressures at which the hydrate
dissociated in this test are not precisely known,
however, and would have been higher than the
measured system pressure because of the pressure
needed to drive the generated methane through the
connected pore space. We did not measure either
the absolute or relative permeability of the system
under test conditions. These parameters can be
estimated, but additional measurements would be
needed to allow us to determine the impact of
dissociation kinetics on gas production.



CONCLUSIONS

We have collected an important data set that will
provide insights into heat transfer in porous
medium-hydrate systems, and hydrate dissociation
kinetics. Using CT, we observed the locations
where changes were occurring, enabling us to
attribute bulk measurements to these locations
instead of to the entire sample. The CT
observations also enabled us to observe the effects
of changes in saturation due to capillary pressure
differences caused by hydrate formation and
dissociation. These changes may strongly affect
relative permeability, and need to be considered in
experiment design.
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