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Induction time distributions for gas hydrate formation were measured for gas mixtures of methane + propane at pres-
sures up to 11.3 MPa using a high-pressure automated lag time apparatus (HP-ALTA). Measurements were made at
subcooling temperatures between 4.3 and 13.5 K and, while isothermal induction times between 0 and 15,000 s were
observed, the median isothermal induction times for the distributions ranged from 100 to 4000 s. A hyperbolic relation-
ship between median induction time and subcooling was used to correlate the data. A graphical interpretation is pre-
sented that relates the two types of data that can be acquired by using the HP-ALTA in one of two modes to study
hydrate formation: induction time distributions at constant subcooling and formation temperature distributions observed
during linear cooling ramps. The equivalence of these two modes provides a robust method for studying the variation
of formation phenomena in different hydrate systems. © 2013 American Institute of Chemical Engineers AIChE J,
59:2640-2646, 2013
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Introduction

Gas hydrates are crystalline solids that form when gas
molecules are enclosed in a hydrogen-bonded network of
water molecules under conditions of low temperatures (273—
300 K) and high pressures (above 0.6 MPa).! The formation
of gas hydrates in pipelines can cause blockages and is a
major problem in the oil and gas industry.2 Therefore, an
understanding of formation mechanisms is essential in the
development of accurate hydrate prediction models and in
the design of hydrate avoidance or remediation procedures.

Studies on the formation (nucleation and growth) of an
emerging phase generally require statistical analyses of large
sets of data because of the stochastic (nondeterministic) na-
ture of the nucleation process.3_5 For the case of the forma-
tion of gas hydrates, isothermal measurements at a constant
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subcooling are commonly carried out and the observed dis-
tribution of induction times provides a measure that charac-
terizes their formation.®’ However, such experiments have
been shown to be time consuming, apparatus dependent, and
the results highly stochastic.

For ice nucleation, Haymet and coworkers introduced a
new method of collecting such statistics. They described in a
series of articles the design and operation of an ambient
pressure automated lag-time apparatus (ALTA) which was
capable of automatically collecting large amounts of data
from a single sample in a relatively short period of time.>®*
Using the ALTA, a single sample was cooled until freezing
was detected, at which point a heating cycle was initiated to
restore the sample back to its original state. This cooling/
heating cycle can be repeated as many times as desired to
generate the required statistics. The linear increase in sub-
cooling used in the ALTA experiments enabled data to be
collected more quickly than during isothermal induction time
measurements because the sample is subjected to a continu-
ally increasing driving force. The statistical data on the
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formation of ice collected in this manner during an ALTA
experiment are not in the form of a collection of isothermal
induction times but rather in the form of a collection of
(maximum) subcooling temperatures achieved.

For these two forms of statistical nucleation data to be
comparable with each other, the establishment of a correla-
tion between these two quantities is essential. Heneghan
et al.’ measured the distribution of isothermal induction
times for the formation of Agl-seeded ice at three different
subcooling temperatures. They showed average isothermal
induction times as a function of (constant) subcooling. Three
functional forms of the relation, exponential, power law, and
classical nucleation theory, were shown to give an equally
good fit of the data. In a subsequent article, they operated
the ALTA using the linear cooling method and showed that
the same isothermal induction time—subcooling curve could
be extracted from a single “survival curve.” A “survival
curve” is a collection of subcooling temperatures of hun-
dreds of individual experimental runs and, when appropri-
ately rearranged, constitutes a probability distribution of ice
nucleation expressed in terms of subcooling temperatures.
The median of the distribution is then usually cited as the
most likely (representative) subcooling temperature for
nucleation for a given sample. The ALTA was then applied
to the study of a model THF hydrate.'”

Maeda et al. recently reported the development of the
high-pressure version of an automated lag time apparatus
(HP-ALTA) for the study of gas hydrate nucleation and
growth at elevated gas pressures. The survival curve proba-
bility distribution for gas hydrate formation was predomi-
nantly determined by that of nucleation (as opposed to that
of growth)."" This HP-ALTA was then used to study the for-
mation (nucleation and growth) of interfacial hydrate films
of three gases: methane, 10 mol% propane 90 mol% meth-
ane (C1/C3) mixed gas, and a synthetic gas mix consisting
of methane, ethane, propane, and n-butane.'? They obtained
probability distributions of the hydrate formation tempera-
tures (Ty) at different gas pressures and cooling rates, and
found that T} generally increased with gas pressure. They
also showed that a minimum threshold pressure for hydrate
formation exists for each gas studied.

One striking feature of the probability distribution of Ty of
gas hydrates is that the range of distribution (typically 20 K)
was much broader than that of ice (typically 3—4 K). The
underlying physical reason for this is that unlike ice, for
which the nucleation process is considered to be single-step,
the nucleation of gas hydrates first requires build-up of suffi-
cient gas supersaturation in the aqueous phase and hence is
often mass transfer limited. This is due to the very low solu-
bility of typically nonpolar gases in water. Consequently, the
nucleation and the growth of gas hydrates in a quiescent
sample take place at the water—gas interface, where the con-
centration of the gas in water is the highest. Since mass
transfer of gas into the aqueous phase is required as an addi-
tional step in the nucleation and growth processes, this addi-
tional kinetic step causes the width of the probability
distribution to be much larger in temperature than that in
ice.'? Tt is, therefore, not clear whether the correlation
obtained by Heneghan et al.” for ice remains valid or appli-
cable at all to gas hydrates because of this intrinsic differ-
ence in the mechanisms of nucleation and growth between
ice (single-step process) and gas hydrates (two-step process).

In this work, we used an HP-ALTA to study the nuclea-
tion and growth of C1/C3 mixed gas hydrates in two differ-
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Figure 1. Schematic diagram showing the major com-
ponents of the HP-ALTA in the “interfacial
transmittance configuration.”

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

ent modes. In the first mode, we measured the subcooling
temperatures of a system containing water and a C1/C3 gas
mixture during linear cooling ramps. In the second mode, we
measured the isothermal induction times prior to the forma-
tion of gas hydrates. We then derived an empirical correla-
tion that connects these two quantities.

Materials and Methods

The C1/C3 mixed gas used in our experiments had the com-
position of (1 - z) CHy+z CsHg with z=0.10 = 0.002 by
mole. The gas mixture was obtained from BOC Limited. Milli-
Q water (18.2 MQ resistivity) was used in all experiments.

The main components of the HP-ALTA are shown in Figure
1. For a detailed description of the modes of operation of the
HP-ALTA, see Maeda et al.!! Briefly, the water sample was
placed in a glass sample cell (“boat”) about 30 mm in length
and 4 mm in width. The sample cell was placed in a stainless
steel chamber and a light beam was passed through the sample
vertically (“interfacial transmittance configuration”). The light
passing through the sample was detected by a photodiode detec-
tor. Hydrate formation in a quiescent sample typically occurs at
the gas—water interface in the form of a film due to the low solu-
bility of gas in water. The formation of such a hydrate film
caused the light beam to scatter, which would in turn result in a
sudden decrease in the transmitted light intensity.

The HP-ALTA chamber was connected to a high pressure
gas line via a Swagelok connection and pressurized using a
pneumatically driven gas booster pump (Haskel Australasia
Pty Ltd, Queensland, Australia, model number AG-62). The
maximum pressure that could be studied was limited to 15
MPa by the pressure rating of the sodalime glass windows
used in the instrument. The actual gas pressure was meas-
ured and monitored using a capacitance-diaphragm type
pressure transducer (2200BGC1601A3UA, Gems Sensors,
Basingstoke, England).
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Figure 2. Typical survival curve for the C1/C3 mixed
gas hydrate measured using a linear cooling
ramp of 0.025 K/s at a gas holding pressure
of 10.7 MPa, for which the hydrate equilib-
rium temperature is 296.1 K.
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Heating and cooling of the sample was achieved using
two Peltier modules (Peltier-CP1.4—127-06L-RTV, Melcor).
A pair of heat sinks absorbed excess heat generated by the
Peltier modules, which was then dissipated with the use of a
refrigerated bath (Model WCR-P12, All-Lab Scientific). The
actual temperature inside the HP-ALTA was measured and
monitored using a platinum resistance thermometer (PT100
HEL705, Honeywell).

All experiments were conducted at isobaric conditions.
When operating in the first of the two modes used, we
allowed each cooling ramp to continue until hydrate forma-
tion was detected. After the detection of the hydrate forma-
tion, the instrument reheated the sample to a predetermined
temperature, set at 10-15 K above the thermodynamic equi-
librium  dissociation temperature (T.y) of the C1/C3 mixed
gas hydrate at the experimental gas pressure (calculated
using CSMGem'?). The instrument then held the sample at
that temperature for 300 s to ensure hydrate dissociation
before the next cooling ramp commenced. This cooling/
detection/heating cycle was repeated typically over 100
times for a given C1/C3 mixed gas pressure. We did not
observe any systematic difference in our results between
fresh, newly loaded samples and samples that had been
cycled multiple times, which suggested that the heating con-
ditions we used were sufficient to eliminate any “memory
effect.”'*

Figure 2 shows a typical distribution of the hydrate forma-
tion temperature Ty (“survival curve”) of C1/C3 mixed gas
hydrate measured using a linear cooling ramp (cooling rate-
=0.025 K/s) at a holding pressure, P}, of 10.7 MPa. Hene-
ghan and Haymet and Maeda et al. described the process of
how the survival curves can be obtained using the data col-
lected by an ambient pressure ALTA and by an HP-ALTA,
respectively.”!" Hydrate formation was found to occur over
a temperature range from 278 to 289 K at P =10.7 MPa.
The equilibrium hydrate dissociation temperature (T.y) at
P, =10.7 MPa is 296.1 K."?

The T; distribution curves obtained from the first mode of
operation were used to make initial estimates of the range of
temperatures at which the “isothermal induction time” meas-
urements should be carried out (the second mode of opera-
tion). The isothermal induction time is defined as the time
elapsed from when the set holding temperature, Tj, is
reached until hydrate formation is detected. This definition
of isothermal induction time differs slightly from the defini-
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tion of the “total induction time” (the total time experienced
by a sample in the subcooled region) by the time required to
reach T}, from T, during the cooling ramp. However, since a
linear cooling ramp was used, these isothermal induction
times can be readily converted to the total time experienced
by a sample in the subcooled region. More importantly, the
large cooling rate used, 0.025 K/s, meant the time spent
cooling from T4 to T, was small (~200 to 500 s) compared
with the timescale of the measured induction times (~1000
to 10,000 s). Hence, the difference caused by the slightly
different definition of the induction time is unlikely to be
significant. The extent of the significance can be quantita-
tively assessed from Figure 7.

The lower end of the survival curve corresponds to the
lowest temperature at which an isothermal induction time
measurement can be carried out, because hydrate formation
was found to occur in all samples before reaching that tem-
perature. The upper limit of temperature for an isothermal
induction time measurement should be slightly above the top
end of the survival curve. This is because hydrate formation
can occur at a temperature slightly above the upper end of
the survival curve if the sample were held at that tempera-
ture for sufficiently long time (as long as it is below T¢g).
When the lower end of a survival curve extended below 273
K, we limited our measurements of the isothermal induction
times to above 273 K so as to preclude the formation of ice.

The range of T} observed for C1/C3 mixed gas hydrates typi-
cally extended over 20 K, which was much larger than that for
ice or for THF hydrates (34 K).'” This much larger range
facilitated the present study by enabling a much wider range of
Ty, to be selected for the study of C1/C3 mixed gas hydrates.

The second mode of operation of HP-ALTA allowed auto-
mated detection and recording of isothermal induction times
for C1/C3 mixed gas hydrate formation at various, constant
subcooling temperatures. The pressure/temperature (P/T)
conditions where we carried out these measurements are
summarized in Figure 3. The solid curve is the thermody-
namic equilibrium phase boundary of C1/C3 mixed gas
hydrate dissociation which was calculated using CSMGem."?
The location of the phase boundary relative to the measure-
ment conditions establishes the driving force for nucleation
and growth. As discussed by Kashchiev and Firoozabadi, the
difference in chemical potential between the instantaneous
and equilibrium states governs the driving force; this chemi-
cal potential difference is also referred to as the supersatura-
tion.">'7 The supersaturation is principally a function of
actual concentration of dissolved gas in the aqueous solution;
hence, the importance of mass transfer in determining when
nucleation occurs. If the solution is assumed to be at an
equilibrium concentration of dissolved gas, Kashchiev and
Firoozabadi provide formulae for calculating the supersatura-
tion from either the system subcooling (along an isobaric
pathway) or from the system overpressure, AP = P}, — Pg,
(along an isothermal pathway). The supersaturation calcu-
lated via either method is the same; however, it is slightly
more convenient and conventional to utilize the subcooling
as a driving force proxy because AT is proportional to the
supersaturation, in contrast with the overpressure, which
varies logarithmically with supersaturation.15

Results

Figure 4a shows a histogram of isothermal induction times
of C1/C3 mixed gas hydrate formation at P, =4.3 MPa and
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Figure 3. P-T diagram showing the equilibrium phase
boundary for C1/C3 mixed gas hydrate, and
the locations, x, where the isothermal induc-
tion time measurements were conducted.
Point A is chosen to illustrate the relationships between
subcooling, AT; equilibrium temperature, T.,; the ex-
perimental holding temperature, 7},; the experimental
holding pressure, P; and the system overpressure, AP.
The driving force for nucleation at Point A, can be
determined either from AT or from AP, assuming the
gas concentration in the aqueous phase is at its equilib-
rium value.'

Ty, =279 K for 83 runs. The equilibrium dissociation temper-
ature, Ty, of C1/C3 mixed gas hydrate at 4.3 MPa was cal-
culated to be 290 K. Isothermal induction times ranged from
zero to 457 s. In cases where the C1/C3 mixed gas hydrate
formed during the cooling ramp on the way to the target
holding temperature of 7}, =279 K, the isothermal induction
time was deemed to be zero. The maximum experimental
time period was set at 15,000 s but hydrate formation was
detected in all runs at this condition within this time.

Figure 4b shows a histogram of isothermal induction times
for C1/C3 mixed gas hydrate formation at P, = 4.3 MPa and
T, =284 K for 114 runs. At this much smaller subcooling,
the measured isothermal induction times had a much larger
variation than at 279 K, ranging from 629 to 15,000 s. When
no hydrate formation was detected within the maximum ex-
perimental time of 15,000 s, we deemed the isothermal
induction time for that particular run to be 15,000 s. The
bias introduced by this experimental constraint was partially
offset by considering the median observed induction time as
opposed, for example, to the mean induction time.

The distribution of isothermal induction times can also be
presented in the form of “survival curves.” Figure 4c shows
a series of example survival curves measured at P, =4.3
MPa, 279 K <T,, <284 K. It shows the fraction of the num-
ber of samples which had formed C1/C3 mixed gas hydrate
after a given isothermal induction time (subtly different from
subcooling survival curves, such as Figure 2, where the ordi-
nate is the fraction of samples that had not formed hydrate).
For the experiments at T}, = 284 K, C1/C3 mixed gas hydrate
often did not form in the first 15,000 s (see Figure 4b); con-
sequently, the fraction of sample that had formed hydrate
remained well below 1 even at the maximum 15,000 s iso-
thermal induction time. Figure 4c indicates that as T
decreased (subcooling increased), (1) isothermal induction
times became shorter, (2) the size of the distribution of iso-
thermal induction times decreased, (narrower curve) and (3)
the fraction of runs in which hydrate formed at any given
time increased.

AIChE Journal July 2013 Vol. 59, No. 7

Published on behalf of the AIChE

Isothermal induction time measurements were carried out
at several different pressures and holding temperatures. Fig-
ure 5 shows the relationship between the median isothermal
induction times as a function of T}, for several values of Py,.
The median isothermal induction time observed at a given
Ty, decreased as the Py, increased because of greater subcool-
ing and, thus, driving force. The induction time distribution’s
median was chosen as the representative measure of a data
set at each P/T condition because of the maximum
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Figure 4. Isothermal induction times for C1/C3 mixed
gas hydrate measurements.

(a) Histogram for 83 runs at 7, =279 K and P, =4.3
MPa, for which T, =290 K. The maximum isothermal
induction times measured at this condition was 457 s.
Induction times of zero were recorded for experiments
in which formation occurred before T), was reached.
The inset shows the data replotted with a vertical scale
from 0 to 500 s. (b) Histogram for 114 runs at 7, = 284
K and P, =4.3 MPa. The minimum isothermal induc-
tion time measured at this condition was 629 s. Induc-
tion times of 15,000 s were recorded for experiments
which were terminated after the maximum experimental
period. (c) Isothermal induction time survival curves for
P,,=4.3 MPa and 279 K <T}, <284 K.

DOI 10.1002/aic 2643



o

=

X 54

(]

E.,. & ©4.3 MPa
g 07.5MPa
'§ 3 x11.0 MPa
2

32 o

E o

g 1 A ke

o 8 ?

E 0 cef8 0 8 ' .
;g 275 280 285 290 295
= Isothermal holding temperature, T;, (K)

Figure 5. Median isothermal induction times as a func-
tion of T, at a selection of different P;,.
The equilibrium hydrate temperatures were 290, 294,
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experimental observing time limitation. The use of the distri-
bution’s median also has an advantage in that it is not
greatly affected by the specific values of the isothermal
induction times recorded, as long as more than 50% of the
samples formed C1/C3 mixed gas hydrates before 15,000 s,
which was the case at all P/T conditions in this study.

Discussion

Figure 6a shows the median of fotal induction times plot-
ted as a function of subcooling AT. The conversion from iso-
thermal to total induction times has little effect given the
relatively fast cooling ramps utilized in this work.* For
AT <9 K, the data appear to separate into two branches,
with the “lower” branch corresponding to an apparently
“easier” formation process. Also shown in Figure 6a are the
data of Heneghan et al. (X) who reported three average iso-
thermal induction times for ice formation at atmospheric
pressure measured using an ALTA.’ Interestingly, the ice
formation data are in reasonable agreement with the “upper”
branch of median induction times for C1/C3 mixed gas
hydrate formation.

The agreement between the data of Heneghan et al. and
the “upper branch” of our data leads to the question of
whether there is some generality to be drawn from this
result.’ The apparatus used in both cases had some similar-
ities and the mass transfer limitation effect is suppressed in
isothermal induction experiments with hydrates, which might
explain the similarities with the ice experiment. The differ-
ence between the one-step and two-step nucleation mecha-
nisms is most pronounced in cooling ramp experiments, as
manifest in the large differences in survival curve distribu-
tion width observed for gas hydrates and ice (or THF
hydrates).>'*!'? This is because in such experiments the solu-
bility of the gas in the water increases with decreasing tem-
perature. Thus, increasing amounts of gas in the aqueous
phase are required as the ramp proceeds to attain the given

*The difference between the use of the “isothermal induction time” and the “total
induction time” can be quantitatively expressed by the gap between a colored straight
line that simulates a linear cooling ramp and the x-axis, as shown in Figure 7 (the
conversion of “isothermal induction time” to “total induction time” shifts the data
points vertically upward by the size of the gap).
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level of supersaturation necessary for nucleation. The faster
the cooling rate, the more severe this shortfall in the gas
concentration at a given subcooling, and the more that mass
transfer can limit the nucleation. In contrast, however, during
isothermal induction time measurements, the gas solubility
does not change with time and thus mass transfer is not as
great a limitation as during a cooling ramp. Therefore, the
nucleation mechanism could effectively become one-step
(similar to ice formation), especially for longer induction
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Figure 6. Median and widths of total induction time
survival curves for C1/C3 mixed gas
hydrates plotted as a function of the sub-
cooling of the system, AT.

(a) Median induction times which generally shortened
as the subcooling was increased. The three data points
(X) obtained by Heneghan et al.’ for the average iso-
thermal induction time of ice formation at atmospheric
pressure are also shown. The curves represent power
law functions corresponding to Eq. 1 fitted to the data,
with best-fit parameters listed in Table 1. The dashed
curve corresponds to the function fit to all data meas-
ured in this work, whereas the solid curve is fit only to
the upper branch data. (b) Width of the survival curves
measured from t4 to f34 plotted as a function of sub-
cooling, where ;4 is the time by which 16% of the total
number of samples formed hydrate and fg4 is the time
by which 84% of the total number of samples formed
hydrate. If we consider the two points at subcoolings 4
K and 7 K as outliers, the widths of the other survival
curves from range from 140 to 605 s, with an average
of 330 s.
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Figure 7. Total induction times for each individual run
as a function of subcooling, AT.
The solid curve corresponds to Eq. 1 with the second set
of (A,p) parameters listed in Table 1 (this curve is the
same as the solid curve in Figure 6a). Here, the dashed
curve corresponds to a rough estimate of a spinodal
beyond which hydrate nucleation becomes labile. The
two colored straight lines from the origin simulate linear
cooling ramps which correspond to the cooling rates of
0.025 K/s (red; actual experimental cooling rate used in
this study) and 0.002 K/s (blue). A “survival curve”
(Figure 2) constructed from hundreds of automated lin-
ear cooling ramps in an HP-ALTA is essentially a distri-
bution of data points on such a straight line. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

times. This could explain the agreement between some of
our isothermal induction time data and those of Heneghan
et al.’

Nevertheless, even with a suppression of the mass-transfer
component of the two-step formation mechanism, the data of
Heneghan et al. would be expected to fall on the left side of
our data as the one-step required for ice formation should
remain faster.’ Furthermore, the apparent ease of formation
observed for two of the data sets measured in this work at
AT <7.5 K (“lower” branch in Figure 6a) indicates that ap-
paratus effects, or other experimental systematics that
occurred despite the precautions taken, may have played a
dominant role in those experiments. Such systematics may
include taking an insufficient number of data at that condi-
tion, or the influence of the memory effect.'* Hence, the
agreement between our data and those of Heneghan et al.
should probably be considered fortuitous until further evi-
dence to the contrary is obtained.

Following Heneghan et al., a power law (hyperbolic) was
chosen to represent the relationship between the median total
induction time, t,,,, and the subcooling:

A

[med:m (D

Here, A and p are empirical constants that were treated as
adjustable parameters determined by least squares regression
to measured data. Either a power law or an exponential func-
tion can fit our data equally well. However, Maeda et al.
observed a minimum subcooling threshold of about 3 K for
each of the three gas hydrates they studied with this appara-
tus.'? For this reason, we chose a hyperbolic power law
function that is asymptotic to the induction time axis with an
offset of 3 K. Also, while Heneghan et al. correlated mean
total induction times as a function of subcooling, for the rea-
sons discussed above we correlated median total induction
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times with subcooling.” Table 1 lists two sets of (A, p) val-
ues determined by regression to two (fyeq, AT) data sets.

The results of these two of the fits are shown in Figure
6a: neither fit included the data of Heneghan et al.’ The first
set of (A, p) values in Table 1 were derived from a fit to all
the data in Figure 6a (dashed curve). Such a fit assumes that
all of the median total induction time data should be
weighted equally. The second set of (A,p) values were
derived by repeating the fit but excluding the two hydrate
data sets for AT <7.5 K which lie on the “lower” branch.
This exclusion is based on the premise that hydrate forma-
tion in these data sets occurred anomalously quickly relative
to the majority of the data as a result of hitherto unknown
factors such as the memory effect.

Figure 6b shows the width of the measured isothermal sur-
vival curves as a function of subcooling. The widths of the
survival curves are given by the difference between #;4 and
tg4, Which are the times at which 16% and 84% of the num-
ber of total samples had formed hydrate, respectively. The
width contains the middle 68% of the data and is thus simi-
lar to showing the standard deviation of the distributions
centered about the median. The data for which more than
16% of the runs resulted in reaching the cutoff 15,000 s
without hydrate formation were not included in the analysis.
The width of most of the survival curves range from 140 to
640 s, with the average calculated to be 330 s (if the two
points at about 4 and 7 K subcooling are considered as
outliers).

The specific values of the empirical parameters A and p,
as well as the 3 K minimum subcooling asymptote in Eq. 1,
are presumably specific to the apparatus and method fol-
lowed in this work to some degree; while the similar results
of Heneghan et al.’ for ice nucleation may suggest similar-
ities exist for measurements conducted using the ALTA
method, the subcooling—induction time relationships
observed in other hydrate formation experiments (e.g., high-
pressure differential scanning calorimetry) differ signifi-
cantly."® However, such a relationship is of value even if it
is limited to a particular apparatus because it enables an
equivalency to be established between scanning measure-
ments of subcooling and induction time measurements at
constant subcooling. Depending on the apparatus, the former
method may be more efficient and produce more reliable
results when quantitatively assessing the performance of ki-
netic hydrate inhibitors, than the more conventional latter
method. Once the relationship is known, the same apparatus
could also be used to investigate more efficiently differences
in the formation properties of different hydrate systems, such
as the effects of hydrate structure and gas composition.

To elucidate further the relationship between subcooling
and induction time, as well as illustrate an operational
boundary for this apparatus, Figure 7 shows the set of total
induction times measured for each subcooling (i.e., not the
median of the distribution of induction times). The dashed
curve in Figure 7 represents a quasi boundary, which

Table 1. Sets of A and p Values for Eq. 1. Set 1 gives the Fit
through all the Data Measured in this Work, Whereas Set 2
gives the Fit for the “Upper” Branch in Figure 6.

A 14
All data 3 %X 10° 2.40
Upper branch 2 X 10° 4.01
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provides a rough estimate of a spinodal beyond which
hydrate nucleation becomes labile. For comparison, the solid
curve in Figure 6, corresponding to the relationship between
the median induction time and the subcooling for the second
set of (A,p) values, is also shown in Figure 7.

The two colored straight lines from the origin in Figure 7
have been chosen to illustrate linear cooling ramps with rates
of 0.025 K/s (red; actual experimental cooling rate used in
this study) and 0.002 K/s (blue). As a sample is linearly
cooled, hydrate formation may occur at any point along such
a straight line. If the process were to be repeated for hun-
dreds of times, the resulting distribution of T} on the straight
line would constitute a “survival curve” measured by an HP-
ALTA, such as in Figure 2. We note that currently the HP-
ALTA cannot operate at a cooling rate below 0.005 K/s or
above 0.075 K/s.

The intersection between a straight line and the solid
curve provides an estimate of the median of the survival
curve measured for a cooling ramp. It can be seen from Fig-
ure 7 that, as the cooling rate increases, the median of a sur-
vival curve progressively shifts to a larger AT. For example,
a cooling rate of 0.002 K/s would give a median subcooling
of ~6 K and a cooling rate of 0.025 K/s would give a me-
dian subcooling of ~9 K. The latter graphically deduced
value of the median subcooling is consistent with the median
subcoolings of 8-14 K reported by Maeda et al. for C1/C3
mixed gas hydrates measured using the cooling ramp mode
at rates from 0.025 to 0.05 K/s.'?

Likewise, the maximum subcooling likely to be achieved
during a linear cooling ramp could be estimated by the inter-
section of the straight line and the dashed curve in Figure 7.
The faster the cooling rate, the greater the length of the
straight line prior to its intersection with the dashed curve.
The survival curve determined from such a cooling ramp
would be broader and extend to larger subcoolings. For
example, a cooling rate of 0.002 K/s would give a maximum
subcooling of ~9 K compared to a maximum subcooling of
~15 K with the use of 0.025 K/s cooling rate. However,
other constraints can limit the maximum subcooling achieva-
ble in practice such as the requirement to terminate experi-
ments at 273 K to preclude ice formation.

Conclusion

While generally the relationship between isothermal
induction time and subcooling is apparatus and method spe-
cific, such a relationship is of value because it establishes an
equivalency between the linear subcooling measurements
and the isothermal measurements. The driving force for gas
hydrate formation depends on sufficient gas supersaturation
in the aqueous phase which makes the nucleation mechanism
for gas hydrates a two-step process as opposed to the one-
step process for ice and THF hydrate formation. The mass
transfer of gas to the gas—water interface then becomes the
limiting step in the nucleation process. This is more pro-
nounced when the linear subcooling method is used, since
gas solubility increases with decreasing temperature and
higher amounts of gases are then required to attain the nec-
essary level of supersaturation. This explains why the sur-
vival curves of gas hydrate formation are wider than that of
ice and THF hydrate formation. During the isothermal induc-

tion time measurements, in contrast, gas solubility remains
constant and hence the build-up of gas supersaturation would
be easier than during the cooling ramps. We believe that the
agreement between some of our isothermal induction time
data and the data of Heneghan et al. for ice formation was
aided by this factor. In this work, we used a hyperbolic func-
tion to represent the relationship between the median induc-
tion time and subcooling of C1/C3 mixed gas hydrate
formation.
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