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Abstract: Higher mixing rates applied to hydrate-forming liquids in laboratory cell systems are commonly assumed to cause a more
thorough dispersion of newly formed hydrate nuclei from gas-liquid interface into bulk liquid. There is, however, no simple and
direct correlation between stirring rate and nucleation rate. Most experimental studies on hydrate kinetics in literature have been
carried out at isobaric conditions. Studies in cooled systems at isochoric conditions (temperature-dependent pressures) are in scarcity.
This paper presents an experimental study on effects of varying stirring rates (220-660 rpm) and varying cooling rates (0.5-10 °C/h)
on the point of spontaneous nucleation (PSN) of structure-I methane hydrate. The experiments were conducted in an isochoric system
with temperature and pressure both decreasing along with the continuous cooling process. Initial growth rates after nucleation were
also monitored. The results suggest that higher stirring rates lead to reduced hydrate induction time and increased hydrate growth rate.
The nucleation rate appeared to be slightly reduced at the lowest stirring rate (220 rpm). The degree of sub-cooling at PSN seemed to
be of a more stochastic character at cooling rates lower than at 2 °C/h. Increased cooling rates trend to reduce induction time while
the sub-cooling at PSN appeared to first oscillate at lower cooling rates then approach some constant level at higher cooling rates. For
higher cooling rates, the nucleation rate decreased faster. Hydrate growth behavior in cooling rate experiments (0.5-10 °C/h) suggests
that the total gas intake and the gas consumption rate increased with increasing cooling rate towards a constant level at 6-10 °C/h. A
careful selection of stirring rate and cooling rate is essential to hydrate study.
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Nomenclature modeling and simulation work [3-9]. A proper stirring
b: Dimensionless thermodynamic parameter rate and a proper cooling rate, if applied, should be
dT/dt:  Cooling rate (°C/h) carefully selected to achieve best experimental
J: Nucleation rate (m>s™) conditions for modeling work.

Ky Kinetic factor (ms™) It is commonly assumed that it is more likely to
i Induction time min form nuclei of super-critical size at the boundary of
Te: Equilibrium temperature (°C)

AT Subcooling (°C) gas-liquid interface due to higher concentrations of
: ubcooling i o
both guest molecules and water. A rapid stirring could

1. Introduction bring and disperse gas, newly formed nuclei and any

. . pre-crystal structures from the interface to the bulk

Lab-scale hydrate formation studies [1-3] normally ) .
) i o . phase, making an appearance of bulk nucleation [10].
involve a continuous stirring and/or cooling process, . . .
] . This bulk nucleation assumption prompts two
helping to reduce mass and heat transfer resistances to . . .
straightforward questions: how does change of stirring

some extent and thus create a more homogeneous . .
] o i power influence hydrate nucleation and growth
environment to form hydrates. This is also considered . . . .
] ) o ) . respectively? Which stage of hydrate formation will

or designed in most hydrate kinetic studies with . .
stirring have a larger effect on, nucleation or growth?
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remarkable effect on nucleation of tetrahydrofuran
(THF). Skovborg, et al. [12] reported that increased
stirring would shorten the total metastable period.
Bishnoi and Parent [2] claimed that stirring would
flatten both temperature and composition gradients in
the bulk phase, improve heat and mass transfer
efficiency, and therefore give faster super-saturation
and faster hydrate formation. An earlier study by
Bishnoi and Vysniauskas [3] suggested that crystals
tend to accumulate at gas-liquid interface under low
stirring rate and thus retard mass transfer by gas
diffusion and thus the overall formation rate. Svandal,
et al. [13] confirmed this with phase-field theory and
suggested that in this circumstance the incorporation of
dissolved gas in the bulk liquid would instead become
the rate limiting step. Claiming again the induction time
of hydrate formation becomes shorter at higher stirring
rate, Bishnoi, et al. [4] further pointed out that there is
an upper limit of stirring rate, above which stirring no
longer affects the formation kinetics, suggesting a
complete removal of both mass and heat transfer
resistance around newly formed nuclei.

Through a study on progressive nucleation under
steady cooling process, Kashchiev, et al. [14] have
deduced an

analytical  expressions for the

crystallization process as a function of the
continuously increasing degree of subcooling, and
implicitly, as a function of time. When applying
constant cooling with cooling rates in the region
0.5-3 °C/min, Koh et al. [15] found no significant
effect

temperature during nucleation experiments at constant

of cooling on the hydrate nucleation
pressure. A high cooling rate (4.5 °C/min) was also
adopted by Wilson et al.[11] when studying nucleation
of tetrahydrofuran (THF) with an automatic lag time
apparatus (ALTA). With steady state nucleation
[16] reported that the

induction time of hydrate nucleation first decreases

assumption, Tsuchiyama,

with increasing degree of subcooling or increasing
cooling rate. Further increase of subcooling or cooling

rate would however lead to an increase of induction

time. Uchida, et al. [17]

heat-conduction-limited model that it is reasonable for

argued with a

higher growth rates to be observed with larger degree
of subcoolings. This was also confirmed by a previous
work of Sloan et al. [18] when they found that the
hydrate growth rate was proportional to the degree of
subcooling, suggesting that hydrate crystallization was
a continuous growth process.

In this work, effects of both stirring and cooling on
methane hydrate formation were examined in an
isochoric cell. Hydrate nucleation and growth stages
were analyzed respectively, with hydrate onset point
taken as the start of growth, though it is acknowledged
here that there is no obvious boundary between the

two stages.

2. Experimental Methods

A lab-scale isochoric high pressure titanium cell
with an inner volume of 145 mL was used to study the
effects of stirring and cooling rates on methane
hydrate nucleation and growth. Methane gas of
scientific grade 5.5 (purity 99.9995%) was used as
hydrate forming gas together with distilled water
(DIW). In this work, a water volume of 10 mL and
100 mL was applied for nucleation experiments and
growth experiments, respectively. The effect of molar
liquid water-gas ratio on methane hydrate nucleation
and growth was presented in other work by Ke et al.
[19]. Real-time temperature and pressure was
monitored by separate sensors, exposed directly to the
inner part of the cell where the hydrate formation
process took place.

A magnetic drive offers stirring power with
adjustable stirring rate from 0 to over 1,000 rpm. In
this work, stirring rates of 220, 440 or 660 rpm were
applied. A similar 3C system (closed, constant volume,
continuous cooling) was applied in this work, as used
by Svartaas and Fadnes [20] for their studies on
methane hydrate equilibrium dissociation conditions in
DIW
thermodynamic inhibitors present. In their studies, the

methane, system with and  without
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temperature gradient was kept constant with a very low
rate of 0.3 °C/h during the formation and dissociation
cycles. However, they focused their study on the final
hydrate dissociation points where low heating rate is
required to maintain system at local equilibrium
throughout the dissociation process. Higher cooling
rates were applied in this work. A programmable
refrigerated and heating circulator produced desired
cooling rates of 0.5, 2, 6 and 10 °C/h.

A detailed description of experimental setup and
experimental procedure could be found in another
work by Ke et al. [21], where they investigated kinetic
hydrate inhibitors in a similar hydrate-forming system.

3. Results
3.1 Effect of Stirring on Hydrate Formation

Measured effects of stirring rates on induction time
and subcooling at point of spontaneous methane
hydrate nucleation (PSN) are given in Table 1. The
average values +SD were based on a total number of
10 parallel experiments for each dataset. During all
experiments other conditions such as water/gas ratio,
cooling rate, initial P and T conditions at start of
experiments were kept constant (10 mL DIW + 135
mL methane gas, 6 °C/h, 90.5 bar, 14.1 °C,
respectively).

At constant cooling rate, dT/dt (6 °C/h), induction
time t; is linearly related to the degree of subcooling,
AT, as given by Eq. (1):

t = AT
'dT /dt

Fig. 1 shows average degree of subcooling £SD

(D

(standard deviation) at the different stirring rates
examined. Taking the +£SD into consideration all
induction times and sub-cooling values are within
overlapping regions and are thus not significantly
different. The stippled curve (cubic spline fit) in Fig. 1
should thus only be taken as illustrative.

As described in the other paper by Ke, et al. [21],
the model by Kashchiev, et al. [14] for calculating

time-dependent average nucleation rate, J (m'3~s'1), as

Table 1 Results of nucleation tests with varying stirring
rates.

Stirring rate (rpm)  Induction time (min)  Subcooling (°C)

220 49.0+5.7 4.6+0.6
440 37.3+£6.8 3.6+0.7
660 39.5+43 38+04
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Fig. 1 Degree of subcooling with varying stirring rates.
The stippled curve is based on cubic spline fit of the average
AT.

given by Eq. (2), was applied in the present work:
J =K, exp[-b/(1-AT /T)AT/T,’] @
With continuous cooling, T, and AT in Eq. (2) refer
to the equilibrium temperature and time dependent
degree of sub-cooling at experimental pressure,
respectively. AT/Te is a relative degree of sub-cooling.
Eq. (2) above also involves a kinetic factor, K;
(m>s'), and a dimensionless thermodynamic
b. The and the
thermodynamic parameter b in Eq. (2) were set to be
1.00E + 21 m™s' and 0.38 for cubic nuclei

respectively. The feasibility of applying Eq. (2) with a

parameter, kinetic factor K;

further explanation on the use of parameters K; and b
were explained by Ke, et al. [21].

Based on this model, the average nucleation rate at
the different stirring rate applied was calculated along
the cooling process for the last 10 min prior to point of
spontaneous nucleation (PSN), as shown in Fig. 2.
The time elapsed before hydrate onset was negative
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since the onset point was defined as time zero for the
process.

From Table 1 and Figs. 1 and 2, it can be seen that a
reduction of the stirring rate from 660 rpm to 220 rpm,
the induction time t; and degree of sub-cooling, AT at
PSN both increased slightly, while the average
nucleation rate during the last 10 min prior to PSN
decreased. This observation was consistent with the
theory that higher stirring rate helps bring and
disperse newly formed hydrate nuclei from gas-liquid
interface into bulk liquid phase. Higher stirring rate
also helps reduce mass and heat transfer resistance
around all newly formed hydrate nuclei. 440 rpm
stirring rate apparently caused reduced induction time
than observed at 660 rpm, though not significantly
different. Similarly the average nucleation rate during
the last 10 min prior to PSN appeared to be slightly
higher at 440 rpm than at 660 rpm. Recall theories
mentioned in the Introduction section on effect of
physical agitation on hydrate nucleation, some
researchers claimed that there was an upper limit of
stirring rate above which higher stirring rate would no
longer affect the nucleation kinetics [4]. This helps
explain the close results from 440 rpm and 660 rpm
experiments. In the present work, it was assumed that
the effect of physical stirring power on hydrate
nucleation is a struggling Dbalance between
nuclei/nuclei size distribution in the bulk phase and a
contribution to progressive nuclei growth. Only a
stirring rate that can (1) maximize its efficiency to
distribute the newly and continuously forming nuclei
into a whole bulk phase and (2) reduce mass and heat
transfer resistance while at the same time not retard
the progressive nuclei growth (by means of generating
fluid turbulence for example), could be considered a
most appropriate stirring rate. In this sense, 440 and
660 rpm could be deemed as both appropriate to
promote nucleation in this case, with a trend that an
even higher stirring rate would probably no longer be
applicable.

Analyzing growth rates over a 20 min period after

PSN and nucleation rates during the last 10 min prior
to PSN, a total hydrate formation time of 30 min was
analyzed in the present study. This time period is
deemed long enough to acquire data and knowledge
on hydrate nucleation and growth. It also applies to
the following work in this paper regarding the effect
of cooling on methane hydrate formation.

Growth results at the examined stirring rates are
given in Table 2. All growth experiments were
conducted in excess water system using 100 mL DIW
+ 45 mL methane gas at a constant cooling rate of
6 °C/h.

Figs. 3 and 4

consumption (in bar) and gas consumption rate (in

show time-dependent gas
bar/min) at the different stirring rates applied. A
pseudo-steady-state approximation [10] was made,
assuming that at any time the rate of gas consumed by
growing hydrate equals the rate of gas consumed from

Table 2 Measured and calculated growth data obtained
within the first 20 min after hydrate onset at the examined
stirring rates.

Stirring rate  Total gas Initial growth Ar\c])e\;?}%erate
(rpm) intake (bar) rate (bar/min) & .
(bar/min)
220 32 0.11 0.16
440 12.5 0.47 0.63
660 19.2 0.83 0.96
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Fig. 2 Average nucleation rate, J(m>s™) for the last 10
min before hydrate onset point in stirring rate tests.
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Fig. 3 Gas consumption as function of time at the stirring
rates examined.
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Fig. 4 Gas consumption rate during the first 20 min after
hydrate onset at the different stirring rates applied.

the gas phase. It is not always proper to apply this
assumption. A representative circumstance would be
that if system temperature undergoes very fast change,
the resulting change of gas solubility in the bulk liquid
phase may lead to a sufficient difference in gas
consumption rate and hydrate growth rate. For
simplicity, the gas consumption rate as measured
directly from experimental pressure drop due to

hydrate formation was equivalently taken as hydrate

growth rate in this work. In these calculations the
baseline pressure was estimated from PT relation in
system prior to hydrate formation.

Figs. 5 and 6 show the total gas intake (bar) and the
initial and average growth rate (bar/min) respectively.

As seen from Table 2 and Figs. 3-6, total gas intake,
initial hydrate growth rate and average growth rate
increased with increasing stirring rate during the first
20 min after hydrate onset. The increases are
apparently linear functions of stirring rate over the
range of stirring rates examined.

A higher stirring rate promoted remarkably the
hydrate growth at an early stage of catastrophic
hydrate formation, as shown in Fig. 3. It is also seen
from Fig. 4 that the smooth and progressive methane
hydrate formation held true at all varying stirring
rates, at around a stable speed, respectively, from
approximately 0.2-1 bar/min. With experimental
studies on methane and ethane hydrate formation,
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Fig. 5 Total gas intake at examined stirring rates within
the first 20 min after hydrate.
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Fig. 6 Graph showing the initial and average gas
consumption rate during the first 20 min after hydrate
onset at the examined stirring rates.
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Skovborg and Rasmussen [22] also reported a similar
hydrate growing behavior with an almost constant
growth rate. They assumed that the transport of gas
molecules from gas phase to bulk liquid phase was the
rate limiting step for hydrate growth. If this gas
transport process is stable, a constant and stable
growth rate could also be expected.

A comparison with previous nucleation results [4,
10-13] of stirring rate experiments suggested that
although a higher stirring rate does not necessarily
promote hydrate nucleation, it does promote hydrate
growth in a more predictable manner. This could be
most probably due to the fact that a high stirring rate
helps improve gas diffusion from gas phase into the
bulk liquid phase and also increase the total contact
area for hydrate nuclei to grow with more sufficient
gas and water supply during the time period of
20 min for comparison. Considering effects of stirring
on both methane hydrate nucleation and growth,
660 rpm was considered to be the most suitable
stirring rate for promotion of methane hydrate
formation and thus taken as a default stirring rate in
further studies.

3.2 Effect of Cooling on Hydrate Formation

Table 3 shows measured effects on nucleation as
function of cooling rate. The average values £SD
were based on a total number of 10 parallel
experiments for each dataset. During all experiments
other conditions such as water/gas ratio, stirring rate
and the initial P and T conditions at start of
experiments were kept constant (10 mL water + 135
mL methane gas, 750 rpm, 90.5 bar, 14.1 °C,
respectively).

Fig. 7 shows the sub-cooling as function of cooling
rate.

Similar to the analysis on effects of stirring rate, the
effect of cooling rate on the average nucleation rate
was calculated for the last 10 min before hydrate onset,
as shown in Fig. 8. Time before the onset point was
negative since onset point was defined as time zero for

the process.

Table 3 Results of nucleation experiments as function of
varying cooling rates.

Cooling rate (°C/h)  Induction time (min) Subcooling (°C)
0.5 306.3+81.3 25+0.7
2 60.7 £ 8.7 20+03
6 39.5+43 3.8+04
10 45.0+14.2 42+0.7
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Fig. 7 Degree of subcooling with varying cooling rates.
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Fig. 8 Average nucleation rate, J(m>s™) for the last 10
min before hydrate onset in cooling rate tests.

Koh et al.[15] and Wilson et al. [11] applied very
high cooling rates of up to a few °C per minute and
found no remarkable effect of cooling on the hydrate
nucleation temperature. As seen from Table 3 and
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Figs. 7 and 8, effect of cooling rate on nucleation was
observed when slower rates in the region around a few
degrees per hour are applied. When the cooling rate
increased from 0.5 °C/h to 2 °C/h the induction time
and degree of sub-cooling decreased from 306 min
and 2.5 °C to 61 min and 2.5 °C in average
respectively. At the higher cooling rates (6 and
10 °C/h), the degree of sub-cooling at onset of hydrate
formation appeared to approach a slightly higher and
constant level. This observation was consistent with
observations by Uchida, et al. [17].

Considering hydrate formation as a continuous
crystallization process, as Kashchiev, et al. [14] have
pointed out, the nucleation rate of newly forming
nuclei in the bulk liquid phase would be a function of
the continuously increasing degree of sub-cooling.
The reason why other factors and experimental
parameters, typically the pressure, need not to be
considered with effect on nucleation and nucleation
rate is that, during the time period of 10 min before
spontaneous growth the system pressure was kept
almost constant. As shown by Fig. 8 the initial
nucleation rates observed 10 min prior to onset of
hydrate formation were all close to 1.0 x 10*' m™s™
for all cooling rates examined. For the two lowest
cooling rates (0.5 and 2 °C/h) the nucleation rates
were nearly constant over the 10 min period. The
°C/h) gave a
rate due to

higher cooling rates (6 and 10
pronounced decreasing increasing
sub-cooling during the same period of analysis.

Measured growth rates as function of cooling rate
during the first 20 min after hydrate onset are given in
Table 4. The experiments were conducted at fixed
stirring rate (660 rpm) and with excess water in cell
(100 mL water + 45 mL methane at 90 bars).

During the growth experiment at cooling rate of
0.5 °C/h the data sampling was interrupted for a short
period of time at 19 min due to logger failure. For
this experiment the total gas intake, initial growth
rate and average growth rate were all based on the
first 19 min after hydrate onset. Figs. 9 and 10 show

Table 4 Growth rates measured at different cooling rates
during the first 20 min after hydrate onset.

Cooling rate Total gas  Initial growth gr‘c/s;/?}%iate
. . .
(°C/h) intake (bar) rate (bar/min) (bar/min)
0.5 6.9 0.42 0.36
2 11.2 0.68 0.56
6 19.2 0.83 0.96
10 18.8 0.75 0.94
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Fig. 9 Gas consumption with time in cooling rate
experiments (20 min after hydrate onset).
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Fig. 10 Gas consumption rate in cooling rate experiments
(20 min after hydrate onset).

time-dependent gas consumption (in bar) and gas
consumption rate (in bar/min) at the different cooling
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rates examined. The gas consumption rate was
measured directly from experimental pressure drop,
and was taken equivalently as hydrate growth rate.
(PT relation of system without hydrates was used as
baseline for calculation of pressure drop due to
hydrate formation.)

Figs. 11 and 12 show total gas intake (bar) and
initial and average growth rate (bar/min) respectively.

As seen from Table 4 and Figs. 9 to 12, total gas
intake, initial hydrate growth rate and average growth
rate during the first 20 min after hydrate onset were all
increasing as function of increasing cooling rate up to
some threshold level which was reached at a cooling
rate around 6 °C/h. Within a same growth period of
time, the total accumulated degree of subcooling was
proportional to the cooling rate and thus it was
reasonable to assume that the growth rate would
increase in proportion to the increase of cooling rate.
This result further indicates that the hydrate growth is

25

20

15
10 I

0.5°C/h 2°Clh 6°C/h 10°Cih

Total Gas Intake (bar)

Fig. 11 Total gas intake under varying cooling rates
within the first 20 min after hydrate onset.
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Gas Consumption rate
(bar/min)

Fig. 12 Initial and average gas consumption rate at
varying cooling rates within the first 20 min after hydrate
onset.

a continuous crystallization process, with growth
kinetics largely controlled by the degree of subcooling.
Meanwhile, with very close results from 6 °C/h and
10 °C/h, it is also seen that the hydrate growth rate
was reaching a threshold level for cooling rates above
6 °C/h. Recall the behavior of increasing stirring rates
in previous study, as shown in Table 2 and Figs. 3-6,
the hydrate formation kinetics is apparently no longer
affected by cooling rate above an upper limit. In our
case, this limit could be around 6 °C/h.

Combining information gained from Table 3 and
Figs. 7 and 8, it was seen that the effect of cooling on
methane hydrate nucleation oscillated at lower cooling
rates. As a comparison, the way how application of
cooling influences hydrate growth, as shown in this

study, seems to be more regular and predictable.

4. Conclusions

This paper has presented an experimental study on
the effects of stirring and cooling on methane hydrate
nucleation and growth in isochoric cell experiments.
The effect of stirring on hydrate nucleation is taken as
a balance of nuclei/nuclei size distribution in the bulk
phase and a contribution to progressive nuclei growth.
Meanwhile, increasing stirring rate would increase
total gas consumption and hydrate growth rate. For
hydrate formation it is necessary to choose an
appropriate stirring rate considering its effects on both
nucleation and growth. The effect of cooling on
methane hydrate nucleation oscillated slightly at lower
cooling rates, while higher cooling rates promoted
hydrate growth to a seemingly saturated level. Hydrate
nucleation is stochastic, while hydrate growth is a
continuous crystallization process. An appropriate
stirring rate and cooling rate should be carefully

chosen for specific hydrate studies.
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