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We recently reported the development of a high pressure electrical conductivity probe (HP-ECP) for
experimental studies of formation of gas hydrates from electrolytes. The onset of the formation of
methane-propane mixed gas hydrate from salt solutions was marked by a temporary upward spike in
the electrical conductivity. To further understand hydrate formation a second generation of window-
less HP-ECP (MKII), which has a much smaller heat capacity than the earlier version and allows
access to faster cooling rates, has been constructed. Using the HP-ECP (MKII) the electrical conduc-
tivity signal responses of NaCl solutions upon the formation of ice, tetrahydrofuran hydrates, and
methane—propane mixed gas hydrate has been measured. The concentration range of the NaCl solu-
tions was from 1 mM to 3M and the driving AC frequency range was from 25 Hz to 5 kHz. This data
has been used to construct an “electrical conductivity response phase diagrams” that summarize the
electrical conductivity response signal upon solid formation in these systems. The general trend is that
gas hydrate formation is marked by an upward spike in the conductivity at high concentrations and
by a drop at low concentrations. This work shows that HP-ECP can be applied in automated measure-
ments of hydrate formation probability distributions of optically opaque samples using the conductiv-
ity response signals as a trigger. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900658]

INTRODUCTION

Gas hydrates or clathrate hydrates have been the sub-
ject of intense scientific and industrial research for some
time since they have been suggested as gas storage me-
dia, and as a potential energy source.! The formation of
gas hydrates can also be problematic for some applications
such as flow assurance in natural gas pipelines.” It is thus
of great interest to understand hydrate formation probability
distributions under given experimental conditions. The chal-
lenge is that the measurements of induction time at a con-
stant subcooling (a common measure of hydrate formation
probability) are very time consuming and the results highly
stochastic.’ A different approach is therefore required for the
experimental establishment of hydrate formation probability
distributions.

To this end a High Pressure Automated Lag Time Ap-
paratus (HP-ALTA) for flow assurance applications has re-
cently been developed.® The physical principles of HP-ALTA
are based on an ambient pressure version of ALTA devel-
oped earlier.* The instrument can experimentally measure
gas hydrate formation probability distributions by subject-
ing a sample to >100 of linear cooling ramps and record-
ing the hydrate formation temperature, 7;. The use of linear
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cooling ramps effectively keeps increasing the driving force
for hydrate formation until nucleation is forcibly induced.
This protocol effectively compresses the long and highly
stochastic induction time distributions at a constant subcool-
ing temperature to more compact maximum achievable sub-
cooling distributions.’ The typically deep subcoolings that are
achieved in a HP-ALTA causes the growth of the hydrate
phase in the forms of films at the aqueous—gas interface to
take place rapidly once the nucleation barrier is surmounted.®

The HP-ALTA was used to study the effect of gas
pressures, cooling rate, and gas composition as reported
previously.” An empirical equation that relates the induction
time at a constant subcooling to 7} during a linear cooling
ramp was also developed in a prior study.” Most recently, the
utility of the HP-ALTA was demonstrated by applying the in-
strument for inhibition efficacy ranking of a batch of kinetic
hydrate inhibitors (KHIs) and for the quantification of the so
called memory effect in those systems.®

There are several limitations in the HP-ALTA tech-
nologies, however. The most important is that the use of
optical techniques renders it unsuitable for the study of
optically opaque samples. In addition, HP-ALTA is unsuit-
able for the study of surfactant solutions (common hydrate
promoters®~!!). Dissociation of gas hydrates after each cool-
ing cycle causes formation of bubbles (because the solubility
of non-polar gases in water is low), and the presence of

© 2014 AIP Publishing LLC
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surfactants stabilizes these bubbles which continue to scatter
light and prevent measurements of subsequent runs.

In order to overcome the experimental problems relating
to bubbles, a high pressure electrical conductivity probe (we
refer to this first generation of the instrument as HP-ECP MkI)
for experimental studies of formation of gas hydrates from
electrolytes was developed.'?> We note at this stage that elec-
trolytes (salts) are thermodynamic hydrate inhibitors (THIs)"3
and that brine is encountered in sea bed sediments and in
deep sea natural gas pipelines, especially in aged fields.'* > In
HP-ECP MKI, the onset of the formation of methane-propane
mixed gas hydrate from 2M NaCl solution was marked by a
temporary upward spike in the electrical conductivity. Like-
wise, the onset of the formation of ice from 1M NaCl solution
was also marked by an upward spike in the electrical con-
ductivity. It was also observed that the sharpness of the spike
depended on the AC frequency used for the measurement and
that the optimum AC frequency for the best signal to noise
(S/N) ratio depended on the concentration of the electrolyte.'?
However, the details of the interdependence are yet to be
examined.

HP-ECP MKI was equipped with two high pressure win-
dows to allow visual inspection of an electrolyte sample
together with the monitoring of the electrical conductivity
signal.'” However, the bulky design of HP-ECP MkI rendered
its heat capacity large and hence limited the maximum acces-
sible cooling rate during a cooling ramp to 0.005 K/s. Con-
sequently, each experiment was highly time-consuming, even
with the use of linear cooling ramps.

In this work the use of the second generation of the high
pressure electrical conductivity probe (we refer to this instru-
ment as HP-ECP MKII) is reported. MKII inherits the advan-
tage of the MKkI which is the capacity to detect hydrate forma-
tion in optically opaque samples. However, unlike MkI, MKII
is window-less and its more compact design allowed the use
of faster cooling rates during cooling ramps. To demonstrate
the capability of HP-ECP MKII, we systematically studied the
electrical conductivity changes of NaCl solutions upon the
formation of ice, tetrahydrofuran (THF) model hydrates, and
methane—propane (C1/C3) mixed gas hydrate.

MATERIALS AND METHODS
HP-ECP MKkil

Figure 1 shows the schematic description of the HP-ECP
MKII. The pressure chamber is made of stainless steel (ap-
proximately 40 mm x 30 mm X 45 mm). The chamber is
pressure rated up to 15 MPa. The pressure chamber is sand-
wiched between two Peltier devices (Peltier-CP1.4-127-06L-
RTYV, Melcor) of approximately 40 mm x 40 mm each, which
in turn are sandwiched between two custom made aluminum
heat sinks. The heat sinks have channels inside them so that
they can be cooled using an appropriate coolant such as an
alcohol or glycol. The coolant is cooled and circulated by
an external refrigerated bath (Model WCR-P12, All-Lab Sci-
entific). The chamber is also equipped with a thermometer
(PT100 HEL705, Honeywell) that is placed at a reference
point in the chamber block, approximately 5 mm away from

Rev. Sci. Instrum. 85, 115101 (2014)

iy @ ®
) [ v\‘
® il QX l
4 | |
£ !
@
=) ‘ >
’*\l\}f A ©®
) , "

FIG. 1. Schematic description of the HP-ECP MKII. The basic features and
the operating principles are the same as the original version of the HP-ECP.!?
To reduce the heat capacity of the chamber and speed up measurements, the
two high pressure windows that had been present in the earlier version of the
HP-ECP were eliminated.

the centre of the chamber (the thermometer is under ambi-
ent pressure). This thermometer reading is output to a PC,
which also allows feedback control of the current to the Peltier
devices.

The conductivity probe is made of two platinum wires
of 0.8 mm diameter (99.95%, A&E Metal Merchants, Mar-
rickville, NSW, Australia) 7.5 mm apart, and goes into the
high pressure chamber vertically from the top. Epoxy Araldite
was used to fill the gap between the platinum wire and the
2.5 mm diameter vertical through hole of the stainless steel
block for electrical insulation. The epoxy araldite was 53 mm
thick along the vertical dimension of the hole and it ade-
quately withstood the pressure of up to 15 MPa. A spring with
a weak spring constant was placed at the bottom of the cham-
ber and a glass sample cell (approximately 5 mm in diameter
and 10 mm in height) was placed on top of the spring. This
configuration ensures that the ends of the two platinum wires
are in contact with the bottom of the glass sample cell during
an experiment while protecting the platinum wires from being
bent. The liquid level of a sample electrolyte is adjustable but
we only used the depth of 5 mm in the current study to allow
for systematic comparison.

Custom written software (Labview, version 8.5, National
Instruments) is used to measure and control the temperature of
the sample using the thermometer and Peltier inputs/outputs.
The same software also records the electrical conductivity of
the sample. AC voltage of 200 mV in amplitude and a se-
lection from a range of 25 Hz—10 kHz in frequency can be
applied to the sample.

A series of calibration measurements were carried out to
(1) calculate the temperature of the sample inside the chamber
from the temperature reading from the thermometer which sit
about 5 mm away, (2) find the required electric current sup-
ply to the Peltier devices to control the temperature of the
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sample to desired values. A calibration factor which relates
the thermometer temperature response to the actual sample
temperature was derived from control experiments using an-
other thermometer immersed in ethanol in the sample cell
within the sample chamber (under atmospheric pressure).
Another series of control experiments was carried out to cal-
culate the electric current that is required to ensure that the
Peltier device maintained the temperature of the sample cell at
a specified value. Within the physical constraints of this hard-
ware (i.e., the heat capacity of the chamber and the power of
the Peltier device), the instrument could cool the sample at a
constant (linear) cooling rate of up to 0.05 K/s.

Once the sample cell is in place, the high pressure
gas line is connected to the HP-ECP MKII using a }1”
Swagelok connector (SS-400-1-2, Swagelok, Broadmeadows,
Australia). The methane—propane (C1/C3) mixed gas (90 mol.
% methane and 10 mol. % propane) was purchased from BOC
and used as received. We note at this stage that C1/C3 mixed
gas forms a Structure II (sIT) hydrate.? The gas cylinder regu-
lator of a desired gas is opened and a pressure booster pump
(Model AG-62, Haskel Australasia Pty Ltd, Queensland, Aus-
tralia) is activated to pressurize the instrument to a desired
value.

While the gas pressure in the system stabilizes, the refrig-
erated bath is switched on and the temperature is usually set
to 268 K. The electronics and the computer are switched on
and the program is activated. At this point, the gas cylinder is
isolated from the pressure line, and the pressure booster pump
is switched off for safety reasons. Pressure transducers in the
pressure line allow continued monitoring of gas pressure in
the system for the duration of the measurements.

Measurements of the formation of ice and THF
hydrate at ambient pressure

For the study of ice and THF hydrates which does not
require elevated pressures, a simple probe constructed from
two platinum wires and that can be fitted onto an NMR-type
glass tube of an ambient pressure version of the automated
lag time apparatus was used (ALTA-A). Briefly, an essen-
tially identical set of control software and electronics were
installed for ALTA-A, and appropriate calibration measure-
ments were carried out. This modified ALTA-A allows elec-
trical conductivity measurements of formation of ice and THF
hydrate at ambient pressure and simultaneous monitoring of
the optical transmittance through the electrolyte in the so-
called “bulk transmittance configuration.”® Unlike HP-ECP
MKII, the ends of the platinum wires in ALTA-A are not
in contact with the bottom of the sample cell. Rather, the
window for the optical measurement is placed approximately
9 mm above the bottom of the glass sample cell (3 mm below
the ends of the platinum wires).'> Approximately 200 ul of
the salt solution was cooled at a constant rate of 0.05 K/s until
the formation of ice or THF hydrate.

Aqueous solutions of sodium chloride between 1 mM to
3M were selected for the study. The Milli-Q water (resistiv-
ity >18.2 MQ) was used for the preparation of all samples
and cleaning the glassware. Sodium chloride was purchased
from MERCK and purified by re-crystallization. For the sam-
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ples that involve tetrahydrofuran (THF), the liquid mixture of
THF (MERCK; 99.9%) and water (MilliQ-water) with a sto-
ichiometry of 1:17 fraction (19 wt. % THF) was used for all
samples. For a salt solution that involves THF, the molar ratio
of THF to H,O was maintained at 1:17 in each case.

RESULTS AND DISCUSSION

Types of electrical conductivity signal response upon
formation of ice and gas hydrates

Figures 2—4 show examples of the electrical conductiv-
ity signal response upon formation of (1) ice, (2) THF hy-
drate, and (3) C1/C3 mixed gas hydrate in the measurement
by MKII. The driving AC frequency used in these specific ex-
amples was 100 Hz and 2.5 kHz for ice, 5 kHz, and 2.5 kHz
for the THF hydrate and 25 Hz and 5 kHz for the mixed gas
hydrate systems, as shown in the figure captions. We started a
cooling ramp from 295 K for the ice and the THF hydrate for-
mation measurements and from 310 K for the C1/C3 mixed
gas hydrate formation measurements. These starting temper-
atures ensure complete dissociation of ice/gas hydrates and
avoid the memory effect. In the results presented below, how-
ever, we do not show the whole range of the results. We omit
the high temperature section of the results, which do not con-
tain any significant events, to provide details of the tempera-
ture regions of interest.

As the temperature decreased from 290 K to 265 K
in NaCl solutions (Figure 2), the conductivity gradually
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FIG. 2. Example electrical conductivity profiles of NaCl solutions in the am-
bient pressure during a cooling ramp. The cooling rate was 0.05 K/s. (a) A
temporary increase in the conductivity (“spike”) was observed upon forma-
tion of ice for the concentrated solutions (red). In the example shown, the con-
centration was 0.1M and the AC driving frequency was 100 Hz. (b) A drop
in the conductivity (“drop”) was observed for more dilute solutions (blue).
In the example shown, the concentration was 0.01M and the AC driving fre-
quency was 2.5 kHz.
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FIG. 3. Example electrical conductivity profiles of NaCI-THF mixed solu-
tions in the ambient pressure during a cooling ramp. The cooling rate was
0.05 K/s. (a) A temporary increase in the conductivity (“spike”) was observed
upon formation of THF hydrate for the concentrated solutions (red). In the ex-
ample shown, the NaCl concentration was 1M and the AC driving frequency
was 5 kHz. (b) A drop in the conductivity (“drop”) was observed for more
dilute solutions (blue). In the example shown, the NaCl concentration was
0.001M and the AC driving frequency was 2.5 kHz.
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FIG. 4. Example electrical conductivity profiles of NaCl solutions in the at-
mosphere of 7.7 MPa of C1/C3 mixed gas during a cooling ramp. The cooling
rate was 0.005 K/s. (a) A temporary increase in the conductivity (“spike”) was
observed upon formation of C1/C3 mixed gas hydrate for rather concentrated
solutions (red). In the example shown, the NaCl concentration was 0.1M and
the AC driving frequency was 25 Hz. (b) A drop in the conductivity (“drop”)
was observed for more dilute solutions (blue). In the example shown, the
NaCl concentration was 0.001M and the AC driving frequency was 5 kHz.
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decreased. Likewise, the conductivity of THF aqueous solu-
tion gradually decreased as it cooled from 290 K to 265 K
(Figure 3). The conductivity of NaCl solutions in pressurized
C1/C3 mixed gas atmosphere also decreased as it cooled from
300 K to 270 K (Figure 4). Therefore in each system, the
electrical conductivity decreased with cooling prior to a phase
transition,'®!” which is consistent with the previous report.'?
Such gradual decrease in conductivity is due to the increase
in the viscosity of the aqueous solution with cooling;'%!? the
mobility of the ions in the solution falls accordingly.

With further cooling, a sudden change in the electrical
conductivity was eventually observed, which was attributed
to the formation of ice or gas hydrate. ALTA-A monitored
and recorded both the intensity of the transmittance light
through the sample and the electrical conductivity, as reported
earlier.'” The sudden change in the electrical conductivity sig-
nal occurred simultaneously when the transmittance light in-
tensity dropped sharply.'? This event marked the formation
of ice or THF hydrate. For C1/C3 mixed gas hydrate, HP-
ECP MKII is windowless and its formation cannot be inde-
pendently visually confirmed. Nevertheless, HP-ECP MKI al-
lowed visual inspection of the sample and the formation of
gas hydrate was visible after the detection of conductivity
spike.!? Here we assume that the electrical conductivity signal
response in HP-ECP MKII also corresponded to the formation
of C1/C3 mixed gas hydrate.

Ice formation occurred around 262 K in 0.1M NaCl so-
lution (Figure 2(a)) and around 265 K in 0.01M NaCl solu-
tion (Figure 2(b)). Figure 3 shows that THF hydrate formed
around 254 K in 1M NaCl solution (Figure 3(a)) and around
264 K in 0.001M NaCl solution (Figure 3(b)). Likewise,
Figure 4 shows that C1/C3 mixed gas hydrate formed around
268 K in 0.1M NaCl solution (Figure 4(a)) and around 270 K
in 0.001M NaCl solution (Figure 4(b)).

Detailed examination of the data showed that there were
two different types of electrical conductivity signal responses
upon formation of ice or gas hydrates: a temporary increase
followed by a decrease (we call it a “spike” hereafter) shown
in Figures 2(a) and 3(a), and 4(a) (each coloured with red) or
a decrease without a “spike” (we call it a “drop” hereafter)
shown in Figures 2(b) and 3(b), and 4(b) (each coloured with
blue).

Sometimes it was difficult to determine if a transition was
marked by a drop or by a very small spike. For example, it
is unclear if there was a tiny spike before a sharp drop in
Figure 3(b). We classified such change that was comparable
in magnitude to the noise level at the end of the linear cooling
as a “drop.”

It remains unclear at this stage what physical mechanisms
cause the appearance of a spike or a drop at particular com-
binations of salt concentrations and driving frequencies.'? In
order to be able to use these types of electrical conductivity
response signal as a trigger for automated measurements, we
decided to explore how the types of signals was related to
the concentration of the salt solutions and the optimal driving
AC frequency that yields the best S/N ratio. We expanded our
study of these electrical conductivity signal responses in MKII
measurements to cover a wider range of electrolyte concentra-
tion and the driving AC frequency. We then constructed a map
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115101-5 Sowa et al.
or an “electrical conductivity response signal phase diagram”
for each system.

Electrical conductivity signal response “phase
diagram” upon formation of ice and gas hydrates

Figures 5-7 summarize the electrical conductivity re-
sponse signal upon formation of (1) ice, (2) THF hydrate, and
(3) C1/C3 mixed gas hydrates, respectively. In each diagram,
the abscissa shows the selected electrolyte concentration and
the ordinate shows the selected driving AC frequency. Note
that the scale is not linear in either coordinate. We first sealed
a selected concentration of NaCl solution in HP-ECP MKII
and pressurized with C1/C3 mixed gas. Then we selected the
driving frequency to one of the values shown in Figures 5-7.
Once the driving frequency was selected, the sample was sub-
jected to a linear cooling ramp. The sample was kept being
cooled until some conductivity response signal was observed.
Then the sample was manually heated to 310 K for 300 s. The
conductivity signal recovered to the original value after this
heating. The measurement was then repeated 4 or 5 times for
each set of selected electrolyte concentration and the driving
AC frequency. Figure 8 shows an example of such repeated
measurements for the case of 1M NaCl and the AC frequency
of 1 kHz. As can be seen, the repeatability within these 4 or 5
repeat runs under the same experimental conditions was good.

In Figures 5-7, the region in which a “spike” was ob-
served upon transition is mapped with red and the region in
which a “drop” was observed is mapped with blue. It can be
seen that there was a trend that a spike was commonly ob-
served at higher salt concentrations whereas a drop was com-
monly observed at lower salt concentrations, for each system.
As noted above, it is possible that the presence of a very small
spike that was comparable in magnitude as the noise level was
ignored. This uncertainty may somewhat shift the boundary of
the “phases,” but the basic trend remains the same.

‘We found that the spike at a higher concentration was eas-
ier to observe than that at a lower concentration at the same
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FIG. 5. “Electrical conductivity response phase diagram” upon formation of
ice from NaCl solutions of a range of concentrations. A temporary increase
in the conductivity (“spike”) was observed upon formation of ice for rather
concentrated solutions (red region). A drop in the conductivity (“drop”) was
observed for more dilute solutions (blue region).
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FIG. 6. “Electrical conductivity response phase diagram” upon formation of
THF hydrate from NaCl solutions of a range of concentrations. A temporary
increase in the conductivity (“spike”) was observed upon formation of ice for
rather concentrated solutions (red region). A drop in the conductivity (“drop”)
was observed for more dilute solutions (blue region).
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FIG. 7. “Electrical conductivity response phase diagram” upon formation of
C1/C3 mixed gas hydrate from NaCl solutions of a range of concentrations
under an atmosphere of C1/C3 mixed gas at 7.8 MPa. A temporary increase
in the conductivity (“spike”) was observed upon formation of ice for rather
concentrated solutions (red region). A drop in the conductivity (“drop”) was
observed for more dilute solutions (blue region).
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FIG. 8. An example which shows good repeatability within the 4 to 5 re-
peat runs under the same experimental conditions. This particular example is
for C1/C3 mixed gas hydrate formation at 7.8 MPa of the C1/C3 mixed gas
pressure. The NaCl concentration was 1M and the AC driving frequency was
1kHz. In each of the four cooling ramps a spike was observed immediately
prior to a sharp drop in the electrical conductivity.
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frequency. However, we could not find a good method to nor-
malize the size of a spike. For example, the absolute magni-
tude of a spike was clearly greater the greater the concentra-
tion. On the other hand, the relative magnitude of a spike as
a percentage of the conductivity value of the base (immedi-
ately prior to the “spike” event) was clearly greater the lower
the concentration (and hence the normalization factor in the
denominator was small). As such, below we only confine our-
selves to more qualitative distinctions.

When a “spike” was observed, the electrical conductivity
then either came down to a smaller but clearly non-zero value
or came down all the way to virtually zero (below the sensi-
tivity of the instrument). The former was observed at high salt
concentrations. The latter was observed at low salt concentra-
tions.

Similarly, when a “drop” was observed, the electrical
conductivity then either dropped to a smaller but clearly non-
zero value or came down all the way to virtually zero (below
the sensitivity of the instrument). Once again, the former was
observed at high salt concentrations. The latter was observed
at low salt concentrations.

If an additional “phase” is assigned to each of “a spike
followed by a drop to a non-zero value,” “a spike followed
by a drop to zero,” “a drop to a non-zero value,” and “a drop
to zero,” then the phase diagrams for ice, THF hydrate, and
C1/C3 mixed gas hydrate become Figures 9-11, respectively.

These observations are complex and difficult to explain,
as multiple factors may be simultaneously at play. First, we
consider the effect of electrolyte concentration. One possible
factor is that the presence of NaCl, a thermodynamic hydrate
inhibitor (THI), inhibits the growth of the C1/C3 mixed gas
hydrate. Heterogeneous nucleation of gas hydrate is likely to
occur at the container wall at the three-phase line, and then
the hydrate may grow away from the wall toward the centre
of the sample cell. This process could increase the concen-
tration of the salt in the liquid section of the sample, includ-
ing where the platinum probes are located. If the growth rate
of the C1/C3 mixed gas hydrate slows down with increasing
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FIG. 9. A more detailed version of the “Electrical conductivity response
phase diagram” upon formation of ice from NaCl solutions shown in
Figure 5. “Spike followed by a drop to non-zero conductivity” (dark red),
“spike followed by a drop to zero conductivity” (light red), “drop to non-zero
conductivity” (light blue), “drop to zero conductivity” (dark blue).
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FIG. 10. A more detailed version of the “Electrical conductivity response
phase diagram” upon formation of THF hydrate from NaCl solutions shown
in Figure 6. “Spike followed by a drop to non-zero conductivity” (dark red),
“spike followed by a drop to zero conductivity” (light red), “drop to non-zero
conductivity” (light blue), “drop to zero conductivity” (dark blue).

NaCl concentration, then the presence of NaCl may slow the
drop of electrical conductivity. For dilute solutions for which
the growth inhibition effect is insignificant, electrical conduc-
tivity drops more readily.

There may be several other factors, but here we merely
note that (1) gas hydrate itself is an insulator, (2) gas hydrate
will exclude ions as it forms (that is why it can be applied for
desalination'-2%), (3) this ion exclusion would cause the elec-
trolyte concentration in the unconverted part of the sample to
increase, (4) formation of ice is also known to exclude ions
from its lattice, albeit to a lesser extent.”! >3 The solubility of
NaCl in water is significantly higher than the concentration
range we studied, even at the lowest temperature studied,* so
we can preclude the possibility of precipitation of NaCl due
to cooling.
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FIG. 11. A more detailed version of the “Electrical conductivity response
phase diagram” upon formation of C1/C3 mixed gas hydrate from NaCl so-
lutions at 7.8 MPa shown in Figure 7. “Spike followed by a drop to non-zero
conductivity” (dark red), “spike followed by a drop to zero conductivity”
(light red), “drop to non-zero conductivity” (light blue), “drop to zero con-
ductivity” (dark blue).
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We now consider the effect of driving AC frequency. We
observe from Figures 5 and 6 that there was only a very weak
trend, if any, in relation to the driving AC frequency for the
ice and the THF hydrate systems. There may be a weak trend
that the higher the driving AC frequency the electrical con-
ductivity response was more likely to be a drop than a spike.
This trend was much more pronounced for C1/C3 mixed gas
hydrate formation, however, as shown in Figure 7.

The pronounced trend observed for C1/C3 mixed gas hy-
drate formation may be surprising given the limited range
of experimentally accessible driving frequency. The amount
of ions that is being excluded from a unit volume of aque-
ous solution upon the formation of C1/C3 mixed gas hydrate
is somehow decreasing with increasing driving frequency. It
could become more difficult for the ions to respond to the
more rapidly oscillating electric field in a timely manner.
Then some ions that would have escaped to the continuous
bulk portion of the unconverted phase may be trapped within
the grain boundaries of hydrate crystals and no longer con-
tribute to the electrical conductivity measured by HP-ECP.

Control experiments that demonstrate the reliability of
HP-ECP technology

It is conceivable that the presence of Pt wire provides
heterogeneous nucleation sites for gas hydrate formation and
shifts the measured C1/C3 mixed gas hydrate formation prob-
ability distributions. To investigate this effect, we first show
the effect of the presence of platinum (Pt) wire on the for-
mation probability distribution of C1/C3 mixed gas hydrates.
These control experiments were carried out by using HP-
ALTA. The Pt wire used here was from the same source as the
Pt wires used in the conductivity probe of HP-ECP. A short Pt
wire (<1 cm) was placed at the edge of a sample cell in a HP-
ALTA so that the wire was out of the optical path and part of
the wire was protruding through the water/gas surface, as is
the case in a HP-ECP. Figure 12 shows the T; distribution of
the sample of water with and without Pt wire. The results are
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e 18
—
o 25 -
N
[
E
S 15 -
=
=
n
5 water T water T water +Pt wire Twater +Pt wire 1

QIS CI/C3 CI/es Cles
7.4MPa 7.2MPa 7.2MPa 7.4MPa
Expt. | Expt. 2 Expt. 1 Expt2

FIG. 12. The effects of Pt wire on the formation probability distributions at
selected gas pressure for the control purposes. The open/closed symbols show
the most probable T; values which were calculated using the CPDF method®
of C1/C3 mixed gas hydrates in pure water. Pt wire was placed at the edge of
a “boat” of HP-ALTA. The following conditions were used here: cooling rate
0.025 K/s; heating temperature after each cooling ramp, 7 = 310 K; heating
time, t = 300 s. The “error bars” indicate the full width of experimentally
measured “stochasticity.”’
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FIG. 13. The formation probability distributions of C1/C3 mixed gas hy-
drates in 0.001M NaCl at 7MPa, using both HP-ALTA (red symbols) and
HP-ECP (black symbols) for control purposes. The most probable T; values
calculated from the respective CPDF were 24.81 K and 26.03 K, respectively.

expressed in the form of the most probable T; (open symbols)®
and the “stochasticity” (which appears like an error bar in
Figure 12).>7 The most probable T; was calculated from the
Cumulative Probability Distribution Function (CPDF) of gas
hydrate formation.® It can be seen that the presence of Pt wire
did not shift the T; of gas hydrates significantly compared to
that in pure water without Pt wire.

We now show example automated experiments by HP-
ECP (MKID). For the control purposes, we use an electrically
conductive but also optically transparent NaCl solution here,
so that the results can be compared to the results using HP-
ALTA. Figure 13 shows the S-Curves of C1/C3 mixed gas
hydrate formation in 0.001M NaCl measured using HP-ECP
(MKII) and HP-ALTA. Our results showed that the T} dis-
tributions obtained using both HP-ALTA and HP-ECP were
overlapping, albeit there may be a slight bias toward lower
T; (greater subcooling) for those measured using HP-ALTA.
Given that the presence of Pt wire alone did not cause any ap-
preciable shift in the T} distributions (see above), this slight
bias could be a result of the presence of electric current in
HP-ECP (but not in HP-ALTA).

CONCLUSIONS AND FUTURE STUDY

A second generation HP-ECP (MKII) instrument which
has a much smaller heat capacity than the earlier version is re-
ported. Using HP-ECP MKII the electrical conductivity signal
responses of NaCl solutions upon the formation of ice, THF
model hydrates, and methane—propane mixed gas hydrate has
been studied in detail. It is observed that the electrical con-
ductivity signal responses depended on the concentration of
the electrolytes and, to a lesser extent, to a choice of driving
AC frequency. Therefore, in the future studies on gas hydrate
formation by using HP-ECP the effect of frequency may be
dismissed.

Based on the knowledge gained in this study, we can
now select an appropriate type of response signal to de-
tect gas hydrate formation for automated measurements. The
control automated experiments using electrically conductive
and transparent NaCl solution showed that the C1/C3 mixed
gas hydrate formation probability distribution measured us-
ing HP-ECP is similar to that measured using HP-ALTA. The
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HP-ECP technology has not been applied in the study of gas
hydrates in different systems before. Our view is that our re-
sults presented here serve as a baseline for the future work.
We observed a high potential of that technology to exam-
ine opaque substances and their effect of gas hydrate for-
mation. We can now extend our investigation to the study of
gas hydrate formation probability distributions of cationic and
anionic surfactant solutions, which are well known hydrate
promoters.
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