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Dynamic Viscosity of Methane and Carbon Dioxide Hydrate
Systems from Pure Water at High-Pressure Driving Forces
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The viscosity of methane and carbon dioxide hydrate systems were measured using a high-
pressure rheometer up to 30 MPag. Where hydrate formation was not detected, the effect of tem-
perature on the viscosity was one order of magnitude higher than the pressure effect on viscosity
in most of the experimental pressure range (-0.048 mPa-s/°C at 1 MPag and 0.009 mPa-s/MPag at
2°C). The pressure effect on the viscosity of carbon dioxide systems where no hydrate formation
was observed was up to one order of magnitude higher than that of the methane systems, due to
carbon dioxide’s higher solubility in water. Novel rheological phases diagrams were developed to
further characterize the gas hydrate systems. Several systems with high driving forces for hydrate
formation (2.07 MPag to 4.1 MPag) did not form gas hydrates. System limitations to the formation
of hydrates were categorized as kinetic, mass diffusion, and/or heat of crystallization effects.

1. Introduction

Gas hydrates, or clathrate hydrates, form when “guest” gas molecules become trapped in cages
formed as water molecules begin to self-organize into a “host” lattice during a liquid-to-solid phase
transition [37]. These cages are formed by hydrogen bonds between water molecules, and their struc-
ture’s potential energy is stabilized by the presence of the guest gas molecules [6, 37]. Sir Humphrey
Davy first described natural gas hydrates in 1811 [9]. However, the research motivation behind hy-
drate studies remained primarily academic until the early-to-mid 20th century, when the formation
of gas hydrates inside pipelines and drill wells began posing operational and economic obstacles in
the oil and gas industry. The oil and gas industry continues to be a major driving force in gas hydrate
research[14]. As a result, much of the research in the field has focused on inhibitory additives to
prevent or slow the formation of gas hydrates in oil and gas systems[8, 15, 31-34, 43].

Utilizing the inherent properties of gas hydrates has been suggested for a variety of new tech-
nologies. This has added motivation for gas hydrate research beyond oil and gas applications. Gas
hydrate properties of interest include high gas-to-water volume ratios (up to 184:1) and the selectiv-
ity of guest gas species [10, 37]. Some of the suggested hydrate technologies include post-combustion
carbon capture from flue gas [1, 17, 19], storage and transport of natural gas [13, 26], water desalina-
tion [27], gas separations [10, 11], two-phase refrigerant applications [7], and fruit juice concentration
[20]. As a result, research into promoter additives that induce hydrate formation, such as graphene
nanofluids, has recently become more prominent [23, 24] . Many of the new hydrate technologies
proposed above involve continuous (flowing), or semi-continuous processes. Hydrate formation in
these systems may be induced while the system must be kept in flow state. Technologies such as
these would benefit from rheological characterization of gas hydrate systems under different ther-
modynamic conditions. Viscosity data is crucial to guide process design and operational control of
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such systems.

Figure 1 describes the formation of gas hydrates through three distinct phases: saturation, nu-
cleation, and growth [37]. During saturation, the gas species is dissolved in water and its molar
fraction in water increases up to an equilibrium concentration (eguitiprium)- If the driving force across
the gas-liquid interface is sustained, the gas species continues to dissolve into the water throughout
the nucleation phase and eventually the water becomes supersaturated [37]. The nucleation process
is stochastic, and hydrate nuclei form and dissociate continuously during this phase. At the end of
the nucleation phase, the nuclei reach critical mass (7;,rpidity) and crystals being to grow starting the
growth phase [37]. The hydrate growth rate is initially linear and is sustained while physical and
thermodynamic conditions promote hydrate formation.
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Fig. 1: Mole fraction of guest gas species in water during the three phases of gas hydrate formation.

The formation of gas hydrates is governed by the thermodynamic state of the hydrate forming
system[37]. Hydrate formation occurs at low temperatures and high pressures. Figure 2 is a generic
representation of the phase equilibrium diagram of a hydrate forming system. The diagram con-
tains a three-phase hydrate-liquid-vapour (H-L-V) equilibrium line, which describes thermodynamic
conditions where all three phases can coexist. Above and below the H-L-V line, are the hydrate-
liquid (H-L) and liquid-vapour (L-V) phase regions, respectively, which indicate conditions where
two phases coexist. In applications where hydrate formation is undesirable, e.g., flow systems in
the oil and gas industry, it is advantageous to keep the operating point (T, P) below the equilibrium
line to prevent hydrate formation. Conversely, in the case of technologies that benefit from hydrate
properties, as listed above, the operating point (T, P) should be above the equilibrium line to promote
the formation of hydrates. This can be achieved using various types of additives like thermodynamic
inhibitors or promoters, respectively. Thermodynamic inhibitors can shift the equilibrium line above
the operating point, while thermodynamic promoters can shift it below the operating point. One ad-
ditional consequence to the use of additives is the change in flow properties of the resulting system.
This can affect how the process is designed or operated and thus is a focus of current research.

Rheological characterization of hydrate forming systems has also been motivated by the oil and
gas industry and thus focused on water-in-oil hydrate systems[22, 28, 29, 38—41]. The highest ex-
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Fig. 2: Generic representation of the thermodynamic phase diagram of a hydrate forming system.

perimental pressures attempted in such research have been between 10-15 MPag due to equipment
limitations[28, 29, 39-41]. Rheological models were developed to predict relative viscosities of hy-
drate systems such as the Krieger-Dougherty[18] and the Mills[25] models. Both models make use
of estimations of the hydrate particle volume fraction, the maximum possible hydrate volume frac-
tion of the system, and assume sphericity of hydrate clusters in suspension. The Camargo-Palermo
model was proposed in 2002 and has been widely used to predict the viscosity of oil emulsion hy-
drate slurries in pipelines and well lines in the oil and gas industry[4, 5, 22]. This model predicts the
gas hydrate particle size and applies the Mills model to determine the relative viscosity of the sys-
tem. Additionally, the Majid-Wu-Koh model has recently been proposed to predict the viscosity of
hydrate systems, in the form of a differential equation, with respect to the volume fraction of hydrate
particles, and reports improved performance over the previous models[21].

Due to their focus on oil emulsion systems, the models above would be inappropriate for appli-
cation in other industries. New gas hydrate technologies involve aqueous hydrate forming systems
which deviate from the oil systems often explored in literature. The aim of this work is to character-
ize and elucidate the shear rheology of methane and carbon dioxide hydrate formation in pure water
systems. Moreover, the work extends the current literature in gas hydrate rheology to extreme high-
pressure conditions (15 to 30 MPag). This work will serve as a baseline for comparisons in future
work investigating the rheology of promoted and inhibited hydrate forming systems at extreme high
pressures.

2. Materials and methods

The experiments presented here were conducted in the system depicted in Figure 3. An Anton
Paar MCR302 rheometer equipped with a high-pressure (HP) cell was used to collect viscosity mea-
surements. The rheometer’s HP cell has a maximum pressure rating of 40 MPag. A double-gap (DG)
measurement geometry and magnetic measurement head were used to conduct these experiments.
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The measurement head magnetically induced rotational motion on the DG measurement geometry.
The DG geometry consists of a double annulus space where the sample was loaded (Figure 3B). The
DG geometry was filled with a 7.5 mL sample of reverse osmosis (RO) purified water in all test runs.
The RO water was produced with a 0.22 ym filter, had a conductivity of 10 xS, and a maximum
organic content of 10 ppb. The sample’s temperature was maintained constant using a circulating
current Julabo F32 chiller. The refrigerant fluid used was a 50 vol.% mixture of ethylene glycol in
water. Ultrapure (99.99%) methane and carbon dioxide gas cylinders purchased from MEGS were
used in this work. The pressure available from the MEGS gas cylinders was enough to achieve all
desired pressure conditions for the carbon dioxide test runs. However, the high pressures explored
in the methane test runs (above 10 MPag) required gas compression prior to pressurization of the
rheometer. Therefore, a mechanical piston system (Figure 3A) compressed a sample of methane gas
in the piston chamber to reach the pressures required for this study.

A

B SIDE TOP

Fig. 3: Depiction of the experimental setup used in this work; A: gas cylinder, mechanical piston system, Anton
Paar MC302 rheometer, and Julabo F32 chiller; B: double-gap (DG) measurement geometry side and top views.

This work systematically explored the regions below and above H-L-V equilibrium conditions.
All methane and carbon dioxide test run conditions included temperatures of 0, 2, 4, 6, 8, and 10°C.
At each temperature, the pressures explored in methane test runs were: 0, 1, 2, 3, 4, 5, 10, 15, 20, 25,
and 30 MPag, while the carbon dioxide pressure conditions were limited to at most 3 or 4 MPag due
to its liquification at higher pressures and lower temperatures. Of the potential test conditions, there-
fore, carbon dioxide would have entered the liquid phase at 0°C and 4 MPag, and at 2°C and 4 MPag.
These conditions were removed from the planned carbon dioxide experimental matrix. Figure 4(a)
and (b) list the experimental conditions for methane and carbon dioxide, respectively. Conditions in
which hydrate formation is thermodynamically favourable (above the equilibrium line) are indicated
with an “x”, while non-favourable conditions (below the equilibrium line) are indicated with an “0”.
Additionally, both figures present the driving force for each hydrate forming condition. The equi-
librium lines presented in Figure 4(a) and (b) are based on the data presented by Carroll in Natural
Gas Hydrates[6]. Additionally, conditions with driving forces below 0.5 MPag were considered too



=Ml MMRG, HydrateTech, & Mari¢ Labs - Accepted and Published

low for hydrate formation in the system described above and are presented in red in Figure 4. These
conditions were treated as non-hydrate forming for the purposes of this work.

Each test run began with calibration of the rheometer’s measurement head inertia, and bearings
and motor adjustments were completed as recommended by the rheometer’s manufacturer (Anton
Paar). The 7.5 mL sample of RO water was loaded into the well of the HP cell and the DG geometry
insert was used to close the cell. The sample head space was purged of air through a repeated
dilution method using the gas type associated with the experimental run. For instance, before a
methane test run, methane gas was charged into the HP cell at a pressure of approximately 1 MPag.
The gas was left stagnant at this pressure for 30 seconds and then let out through the exit valve. This
was repeated five times before every test run to ensure all air was purged of the system. Once the
sample temperature was stable to +/- 0.1°C of the test run’s temperature setpoint, the rheometer’s
measurement system was activated, and the HP cell was then charged instantly to the test pressure
with the same gas used for purging. In the case of methane test runs requiring pressures above
10 MPag, the mechanical piston system in Figure 3A was used. The 500-cc piston chamber was
pressurized with methane to the maximum available cylinder pressure (approximately 10 MPag) and
the position of the piston was then moved to pressurize the gas. The final chamber volume depended
on the desired final pressure and the initial charging pressure available from the gas cylinder.

The rheometer was configured to run at a constant 400 s-1 shear rate in all conditions and for
both gases. The shear rate value was selected as it is within the adequate range for the torque mea-
surement magnitude associated with low viscosity liquids such as water, which is the starting state
of the system. Additionally, it is the manufacturer recommendation for the use of the DG measure-
ment geometry in the case of low viscosity liquids. It is important to note that the systems examined
here utilize the rheometer as both a measurement device and a reactor. As described in the introduc-
tion, the formation of gas hydrates is a kinetic process that involves multiple stages (Figure 1). The
hydrate formation dynamics introduces a source of variation as the systems progress through the
stages throughout each test in which conditions are favourable for hydrate formation. The constant
shear rate ensured that temporal viscosity measurements were consistent throughout the gas hydrate
formation process. This enabled meaningful discussion of controlled viscosity measurements of the
dynamic systems as they progress through the phases of gas hydrate formation. All measures above
were intended to reduce as much error as possible from measurements at low viscosities.

All test runs with conditions above the three phase equilibrium lines for methane and carbon
dioxide (Figure 4) can be classified as hydrate forming conditions due to a positive pressure driving
force. All runs considered hydrate forming conditions were allowed a maximum 24-hour period
for the maximum viscosity to be reached. Hydrate formation was detected by increased viscosity
above the expected water viscosity at the test conditions. Once formation was detected, the test
run was continued until the rheometer’s maximum safety limit torque measurement (150 mN-m)
was reached. At this point the rheometer automatically stopped collecting data, and the test run
was ended. Non-hydrate forming condition test runs were allowed to proceed until a continuous
ten-minute period of stable viscosity data was collected. This precautionary protocol eliminated the
effect of temperature change and gas dissolution on the viscosity measurements at the beginning of
test runs. Data collection was performed using the Anton Paar software RheoCompass v.1.25, and
data analysis was performed using MATLAB®.

The rheometer’s magnetic measurement head in the HP cell used two ball bearings which were
replaced based on wear detected by conducting the rheometer’s template bearing check and motor
adjustment tests. The ball bearings were worn due to the length and severeness of the test runs.
Both aspects were more prominent during hydrate forming condition runs. On average ball bearings
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Fig. 4: Thermodynamic phase diagram of methane (a) and carbon dioxide (b); experimental conditions and
driving forces are presented in relation to the H-L-V equilibrium line[6]; 'x": hydrate forming conditions; ‘0”:
non-hydrate forming conditions; driving forces are presented in MPag; blue: hydrate formation observed; red:

driving forces at or below 0.5 MPag.
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lasted approximately 150 hours of run time with hydrate-forming runs, regardless of actual time
taken, accounting for about four hours each.

3. Results and discussion

3.1. Pressure and temperature effects

Previous rheological studies of hydrate systems have used a relative viscosity definition to facil-
itate the comparison of results across different types of oil emulsions and for different volume frac-
tions of water content[22]. This work focuses on pure water systems and thus uses absolute viscosi-
ties for rheological characterization of the systems studied. The first pure water system considered
was pressurized by methane gas to various pressures and the viscosity was measured isothermally.
Part of the objective of this work is to characterize gas hydrate systems before hydrate formation
for cross-comparisons in future work involving similar systems with additive species (e.g., polymer
inhibitors, nanofluid promoters). Multiple experimental conditions examined in this work involved
non-hydrate forming conditions (marked as ‘0" in Figure 4). These results are presented in Figure 5,
Figure 6, and Figure 7. The constant shear rate measurement allowed us to take repeated viscosity
measurements of the stable (no hydrate formation) system at the same conditions within one test run.
The collection of 10-minute periods of stable viscosity measurement (+/- 0.05 mPa-s) at an interval
of 5.6 seconds resulted in a time average of approximately 110 viscosity data points per test condi-
tion presented below. This was done to ensure gas dissolution and temperature fluctuations did not
affect the measured viscosity. Linear regressions were implemented to enable relativistic conclusions
to be made between the two gas hydrate systems and across experimental conditions explored in this
work.

A weak effect of pressure on viscosity was observed ranging from -0.0121 to 0.0104 mPa-s/MPag
at lower pressures (Figure 5a), and at higher pressures ranging from -0.0035 to 0.0133 mPa-s/MPag
(Figure 5b). Additionally, at higher pressures (Figure 5b), the effect was increasingly positive as the
temperature increased. A negative temperature effect on viscosity is evident from Figure 6, where
all pressures considered resulted in viscosity rates of change in the same order of magnitude and
ranging from -0.0231 to -0.0674 mPa-s/°C. Moreover, the weak pressure effect on viscosity noted
above was also evident from the similarity in the parameters of the linear regressions of the isobaric
test runs (Figure 6a). Using the 0 MPag test run as a reference, the rates of change of viscosity with
respect to temperature across all isobaric test runs varied between -48 to +52%, while the viscosity
at 0°C (y-intercept) varied between -2 to +16% (Table 1). The viscosity measurements in test runs
where hydrates were formed (10 to 30 MPag) were more variable as indicated by the larger 95%
confidence intervals (Figure 5b and Figure 6b). The variability in the measured viscosities may have
been resultant from the nucleation phase in the hydrate formation process (Figure 1) in which hydrate
nuclei form and dissociate continuously prior to the onset of the hydrate growth phase. The length
of the hydrate nucleation phase is well established to be stochastic at lower pressure driving forces
progressively decreasing in stochasticity at higher pressure driving forces[37]. Unfortunately, the
equipment used in this work was not equipped to measure nucleation times. Additionally, the liquid
volume in the systems studied in this work is very small (7.5 mL), and it is exposed to high hydrate
forming driving forces (up to 27 MPag above the equilibrium pressure). Under these conditions, very
short nucleation times are expected. In other words, even if nucleation times were measurable by the
system, the low liquid volume and high driving forces in the experimental conditions investigated
would lead to nearly indistinguishable nucleation times between the systems studied.
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Fig. 5: Pressure effect on the measured viscosity of the methane-water hydrate system studied (a) below 10
MPag and (b) at or above 10 MPag; error bars represent the 95% confidence intervals on the measured mean
viscosity; linear regressions are provided for each condition and presented on the figure.
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Table 1: Parameters of the linear regressions of the temperature effect on the measured viscosity of the
methane-water hydrate system studied and their percentage differences in reference to the 0 MPag test.

Pressure Rate of y-intercept % Difference % Difference

change (m) (b) m b

MPag | mPa-s MPag ! mPa-s - -

+0.0005 +0.005 +0.5 +0.5

0 -0.044 1.68 - -

1 -0.048 1.67 7 -1

2 -0.046 1.66 4 -1

3 -0.044 1.65 -2 -2

4 -0.047 1.69 7 1

5 -0.040 1.66 -9 -1
10 -0.067 1.84 52 10
15 -0.049 1.76 11 5
20 -0.056 1.81 26 8
25 -0.056 1.95 26 16
30 -0.023 1.65 -48 -2

The second gas hydrate system considered was pure water pressurized by carbon dioxide gas.
Due to carbon dioxide’s phase envelope, the experimental pressures were limited to 3 and 4 MPag
depending on the temperature condition to prevent the liquification of the gas (Figure 4b). Fig-
ure 7 summarizes the pressure and temperature effects on the system’s measured viscosity. As in the
methane hydrate system, the effect of temperature on the viscosity of the carbon dioxide hydrate sys-
tem is greater than the pressure effect and negative for all isobaric conditions. The temperature effect
ranged from -0.0642 to -0.0323 mPa-s/°C (Figure 7b), while the pressure effect ranged from -0.0298 to
0.0665 mPa-s/MPag. Additionally, the linear regressions for the carbon dioxide system demonstrate
changes in viscosity with pressure up to an order of magnitude larger than in the methane system at
similar pressures (Figure 5a and Figure 7a). This was likely due to a higher amount of carbon dioxide
present in water, as its solubility in water has been shown to be an order of magnitude greater than
that of methane[35, 36]. The findings above suggest that temperature changes may be a more signifi-
cant parameter than pressure changes when considering viscosity in the design of new methane and
carbon dioxide hydrate technologies at extreme high pressures.

This work allowed for the characterization of the rheology of the methane and carbon dioxide
hydrate systems throughout the regions of the thermodynamic phase diagram (Figure 4) to extend
it to extreme high pressures. A rheological phase diagram was developed for the methane hydrate
system presented above. Figure 8 presents an interpolated viscosity surface for the range of exper-
imental conditions of the methane system. It also includes an overlaid H-L-V equilibrium line to
distinguish the H-L and L-V phase regions above and below the equilibrium line, respectively (as
presented in Figure 4a). Figure 9 is the rheological phase diagram for the carbon dioxide hydrate
system. A rheological phase diagram such as these may be useful tools for control, prediction, and
design of gas hydrate technologies.

The systems studied here are composed mostly of pure water. The viscosity of water has been
previously studied and observed to behave as a non-simple fluid[2, 3, 12, 16, 42]. The non-simple
fluid behaviour is attributed to an observed initial decrease in viscosity with increasing pressure fol-
lowed by an approximately linear increase leading to a local minimum in viscosity. This minimum
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has been shown to occur around 150-200 MPag and to be more pronounced at lower temperatures
(near 2°C)[16]. The high pressures achieved in this work do not come close to the expected pressure
range to observe the viscosity minimum. However, a linear decrease in viscosity was observed in
the methane system at lower temperatures for the pressures explored, (Figure 5) indicating a possi-
ble minimum at higher pressures. Conversely, an increase in viscosity was observed in the carbon
dioxide system at lower temperatures (Figure 7). Due to physical challenges to achieve higher ex-
perimental pressures, the results of this work suggest that computational methods such as molecular
dynamics be used to calculate the viscosity of the methane systems above 30 MPag to further explore
the possibility of a viscosity minimum in methane-water systems near hydrate forming conditions.

3.2. Liquid-to-solid phase transition

The presence of a phase transition was evident from the temporal viscosity data collected. The
phase transition was characterized here by an unstable viscosity that fluctuated and increased over
time until a maximum was measured. Figure 10 presents the carbon dioxide test run at 2°C and 3
MPag, where the transition through the slurry phase was clear and can be used for a general de-
scription of the phase transition process. Hydrate growth is initially detected by increased measured
viscosity and occurs unencumbered in zone (A) in Figure 10. At a certain point, the hydrate growth is
disturbed and does not proceed at the same rate as previously. In zone (B), the hydrate growth seems
to be limited; the viscosity changes in a nonuniform manner and does not progress upwards signifi-
cantly. Over time, however, the viscosity increases, and it reaches a point where hydrate growth rate
seems to increase again as the viscosity dramatically rises and ends at a maximum value (Figure 10C).
The system transitions from the liquid to the solid phase in a slurry —a suspension of hydrate clusters
in the liquid phase. The slurry is formed at the onset of the hydrate growth phase (Figure 1). This
general process was observed in all hydrate forming test runs in this work. Test runs with progres-
sively larger driving forces had shorter slurry phases in the hydrate growth process. In certain cases,
the driving force was so large that the slurry phase was not detected by the viscosity measurements
(Figure 11).

The viscosity behaviour of the test runs with successful methane hydrate formation are presented
in Figure 11. These figures demonstrate how increments in pressure and temperature, respectively,
change the viscosity behaviour during the hydrate growth phase. Moreover, the temperature and
pressure effects on the slurry phase length was evident. Hydrate formation occurred more rapidly
at higher pressures and lower temperatures (higher driving forces) and the slurry phase was short
enough to seem absent. In Figure 11, the shortest phase transition stages were observed at 0 and
2°C The phase transition length was found to increase for test runs with decreasing driving forces
(higher temperatures and lower pressures). Figure 11f demonstrates the considerably longer slurry
phase transition for the 15 MPag test condition compared to test runs at higher pressures.

The phase transition was also observed in the test runs where successful carbon dioxide hydrates
were formed. Figure 12 presents the viscosity profile of the three carbon dioxide hydrate test runs.
Figure 12a, contrasts the viscosity behaviour of the system for conditions where a fast (short) phase
transition stage (at 0°C) and a slow (long) phase transition stage (at 2°C) occurred at 3 MPag. As
for the methane system, the long phase transition stage is characterized by an unstable viscosity pro-
gression up to its maximum value. Figure 12b further demonstrates the instability in viscosity during
hydrate formation. In this case, however, the hydrate formation did not reach a maximum value; the
system fluctuated between its baseline (initial) viscosity and values up to one order of magnitude
higher (Table 2), but hydrate growth did not progress enough in the 24-hour period to achieve max-
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Fig. 10: Example of the three stages in hydrate growth as measured by viscosity in the carbon dioxide test run
at 2°C and 30 MPag; A: initial growth, B: slurry phase, and C: final growth.

Table 2: Time required for carbon dioxide-water system to reach maximum viscosity from the onset of hydrate
formation; driving force includes calculation uncertainties, while max viscosity and time to max viscosity
include uncertainties associated with significant figures of measurements.

Temperature | Pressure | Driving force Max viscosity Max viscosity
°C MPag MPag mPa-s minutes
0 2 0.734+0.005 13.0£0.05 930+0.5
3 1.7+0.05 1530+5 23+0.5
2 3 1.5+0.05 1490+5 35+0.5

imum viscosity. This test run had one of the lowest driving forces that was still considered hydrate
forming by this work (726 kPag). The inability of this system condition to sustain hydrate growth
confirms the assumption that driving forces below 50 kPag would be too low to form hydrates within
areasonable time length. The instability of viscosity measurements in the phase transition and the in-
ability of low driving forces to sustain hydrate growth can be attributed to system limitations. These
limitations will be discussed in the next section.

A decomposition of the data from unstable carbon dioxide test run was performed as a further
way to characterize the pre-transitional phenomena occurring in Figure 12b. The analysis was per-
formed over the first 850 minutes of the test run, where spikes in viscosity were most clearly de-
marcated. The region past this point was too unstable to completely attribute the fluctuation to the
pre-transitional phase phenomena; ball bearing wear may also have been a contributing factor to
fluctuations in viscosity in the late portion of this test run. The length of each viscosity spike and
the magnitude of the spikes are presented in Table 3. The nineteen cycles of viscosity spikes identi-
fied had an average frequency of 3.7x10~* Hz (approximately 45 minutes per cycle) over the period
analyzed and an average viscosity maximum magnitude of 8.7 mPa-s.

The length of the phase transition affects the time required for the system to reach maximum vis-
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Table 3: Spikes in measured viscosity for the carbon dioxide test run at 0°C and 2 MPag.

Cycles | Start time End time | Max viscosity Duration of spike
minutes  minutes mPa-s minutes
+0.05 +0.05 +0.05 +0.05
1 100.1 108.6 49 8.5
2 150.1 158.2 6.4 8.1
3 204.2 211.5 59 7.3
4 252.6 259.1 7.2 6.5
5 285.4 291.1 6.9 57
6 327.0 333.2 6.7 6.2
7 377.2 384.3 8.6 7.2
8 413.0 421.1 8.2 8.1
9 4445 452.0 7.8 7.5
10 474.1 483.7 8.6 9.6
11 515.1 5249 10.1 9.8
12 550.8 563.1 9.3 12.3
13 577.7 584.7 9.3 7.0
14 603.3 615.8 10.4 12.5
15 648.9 661.3 10.0 12.3
16 676.9 683.0 9.1 6.2
17 717.4 736.3 11.1 18.9
18 7479 816.1 11.5 68.2
19 823.4 854.5 13.1 31.1
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cosity. Figure 13 presents the pressure effect on the time required for the methane hydrate system
to achieve representative viscosities (200 and 500 mPa-s), and thus gives insight into to the length of
the phase transition stage for each test run. Additionally, these times may be valuable for process
and equipment design considerations involving similar hydrate systems. The time required for the
system to reach viscosities higher than 500 mPa-s was negligibly higher, and thus were omitted here.
The greatest decrease in time required for the system to achieve these viscosities was observed be-
tween 10 and 15 MPag (Figure 13); the time required was approximately halved for all temperatures
observed. The carbon dioxide hydrate system did not produce as many successful tests in which hy-
drates were formed for the same analysis. However, Table 2 presents the maximum viscosity, the time
required to achieve it, and the driving forces for the two test runs where hydrates were formed (Fig-
ure 12a), and for the test run where hydrates began to form but did not achieve maximum viscosity
(Figure 12b). It is noteworthy that the maximum viscosity reported is solely an indication of the read-
ing that occurred when the rheometer reached its torque limit (150 mN-m). Repeated measurements
would likely result in different values in the same order of magnitude. However, the time required to
reach these values are expected to be dependent on the driving force available and thus to be similar
if repeated. The 0°C and 2 MPag test run only had a 726 kPag driving force and it exhausted the
maximum 24-hour period for hydrate formation. Table 2 lists its instantaneous maximum measured
viscosity within the 24-hour period, but it is not associated with the hydrate solidification normally
associated with the maximum viscosities reported for successful hydrate formation in this work.

3.3. System limitations to hydrate formation

The study of rheological properties in gas hydrate systems requires the use of specialized rheome-
ters with high pressure ratings to achieve the necessary conditions for hydrate formation. This poses
a challenge for this type of research. This work used a rheometer rated to 40 MPag to reach exper-
imental pressures of 30 MPag. However, this work observed conditions with considerable driving
forces for hydrate formation fail to form hydrates in the allowed 24-hour period. This indicates limi-
tations which may be inherent to the measurement system. The failed driving forces were as high as
4.1 MPag for methane and 2.07 MPag for carbon dioxide. In Figure 4, blue x’s specify the experimen-
tal conditions where hydrates formation was observed along with their driving forces. While black
‘x’s are the conditions above the H-L-V equilibrium line in which hydrate formation is thermody-
namically favourable, but where no hydrate formation was observed in this work. As in Figure 4, the
red ‘x’s mark conditions which were considered to have driving forces too low for hydrate formation
for the purpose of this work.

Some of the possible system limitations that may be responsible for failed driving forces are pos-
tulated to be kinetic, mass diffusion, and heat of crystallization effects. First, limitations on the nu-
cleation of hydrates cause a kinetic impediment to hydrate formation. The rheometer system is, by
design, a high-shear environment which may cause the mechanical dissociation of newly formed
gas hydrate nuclei during the nucleation phase. The vorticity of the shear flow lacks directionality,
and the orientation of extensional effects are +45 degrees to flow direction. Together, they tend to
separate neighbouring groups of fluid components, thereby dissociating hydrate clusters. The nuclei
need to reach a critical radius before the growth phase of hydrate formation can begin[37]. If the
mechanical dissociation prevents the agglomeration of nuclei or directly causes the dissociation of
nuclei, this can reduce the effective driving force to hydrate formation. Additionally, the rheometer
measurement system and sample well are smooth stainless-steel surfaces that do not provide many
sites for hydrate nucleation. The lack of nucleation sites is exacerbated by the ultra-pure RO water

17



=Ml MMRG, HydrateTech, & Mari¢ Labs - Accepted and Published

used, which contains few impurities that could provide nucleation sites. Second, the volume and
geometry of the system introduce a diffusion limitation to hydrate formation. The rheometer sam-
ple well has a small volume and due to its double annulus geometry (Figure 3B) a low gas-liquid
surface area is available for mass diffusion, which limits the dissolution of gas into the liquid phase.
Finally, the hydrate formation process is exothermic, which may under certain circumstances be ther-
modynamically self-limiting[37]. If the system conditions are favourable, the change in temperature
may not interfere significantly with the start of the growth phase in hydrate formation. However,
in conjunction with the kinetic and diffusion limitations suggested above, the heat of hydrate for-
mation may pose a heat effect limitation. The change in temperature during hydrate formation may
contribute to inhibit the agglomeration of hydrate nuclei and to prevent reaching critical mass. Heat
effect in carbon dioxide hydrate formation has been shown to be high enough to limit the effect of
certain nanofluid promoters[30].

The kinetic, diffusion, and heat of crystallization effect limitations suggested above were also
evident during successful hydrate formation. The intermediate pressure conditions in Figures 11
and 12 show prolonged slurry phase periods, where the proposed limitations above may prevent the
hydrate formation process to progress to the growth phase. In particular, the heat effect limitation
would be more pronounced in the carbon dioxide system, as it has a higher heat of formation than
methane hydrates[37]. The clearest example of this is the carbon dioxide test run at 0°C and 2 MPag
(Figure 12b). The system periodically increases in viscosity from the initial viscosity of 1.7 mPa-s to
register a maximum value at 13.1 mPa-s. However, the system is incapable of sustaining the hydrate
formation that causes the increased viscosity. As a result, its measured viscosity continuously fluc-
tuates as the system tries to reach a balance between hydrate formation and dissociation. Moreover,
the methane hydrate test runs also demonstrated self-limiting behaviour. In Figures 11a and 11b, the
20 and 25 MPag test runs had longer slurry phases, in which the viscosity increased to register high
values before retracing back to lower values. The driving forces in these cases were high enough,
however, that any limitations to hydrate growth were eventually overcome leading to the ultimate
maximum viscosity value to be registered.

To mitigate the impact of the effects discussed above, all hydrate forming conditions were given
a 24-hour period for the formation of hydrates to occur. This is considerably longer than the time
required by all successful driving force conditions to form hydrates for both methane and carbon
dioxide (Figure 13 and Table 2). Despite this measure, multiple driving forces failed to form hydrates
for both methane and carbon dioxide systems (Figure 4). Recently, the effect of mixing by nanofluids
in gas hydrate systems has been shown to improve the kinetics of hydrate formation, which could
further mitigate these limitations[23, 24]. However, this would fundamentally change the system,
and thus would not have been an adequate consideration in this study. It is suggested, however, for
future work to explore the effect of nanofluids on the gas hydrate system viscosities and whether
improved mixing can overcome some of the limitations identified here.

4. Conclusions

This work explored the extreme high-pressure rheology of methane and carbon dioxide hydrate
systems in pure water at various temperatures. The effect of temperature on the viscosity of methane
hydrate systems was found to be one order of magnitude larger than the pressure effect for most
pressures considered, especially at lower temperatures. The pressure effect on the viscosity of carbon
dioxide hydrate systems was one order of magnitude larger than that of the methane hydrate system,
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likely as there was more gas present in solution due to carbon dioxide’s higher solubility in water.
Additionally, linear regressions of the pressure and temperature effects on viscosity were presented
for the conditions explored. These results suggest that temperature is an important parameter for
controlling viscosity in new hydrate technologies involving gas hydrates from pure water. A novel
rheological phase diagram for methane and carbon dioxide hydrates was developed to further char-
acterize these systems. Additionally, a phase transition stage was identified as characterized by the
behaviour of the system viscosity as the hydrate formation occurred. The pressure and temperature
effects and the time length of the phase transitional stage were also discussed. The time to reach
maximum viscosity in methane hydrate systems was found to decrease by at least a factor of two as
pressure is increased from 10 to 15 MPag.

Several test conditions with considerable hydrate thermodynamic driving forces were observed
to fail in the formation of hydrates. These were as high as 4.1 MPag and 2.07 MPag for the methane
and carbon dioxide hydrate systems, respectively. This work considered kinetic, mass diffusion, and
heat of crystallization effects limitations to the formation of methane and carbon dioxide hydrates
in the extreme high-pressure rheometer used. Due to the physical limitations on the experimental
equipment necessary to achieve higher pressures in a rheometer, computational methods such as
molecular dynamics were recommended for the calculation of the viscosity of methane and carbon
dioxide hydrate systems at pressures above 30 MPag. Future experimental work will use the results
presented here as a baseline for comparison to examine the effect of promoter and inhibitor additives
on the extreme high-pressure rheology of gas hydrate systems.
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Fig. 11: Measured viscosity of methane-water systems where hydrate formation occurred; each sub-panel (a-
f) separates test runs by temperature and contains isobaric viscosity time series starting at onset of hydrate

formation.
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Fig. 13: Time required for methane-water system to reach (a) 200 mPa-s and (b) 500 mPa-s from the onset of
hydrate formation at various pressures.
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