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Introductory overview: Hydrate knowledge development
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ABSTRACT

An overview is provided for the remainder of the volume. After an initial motivation section with
hydrate applications, the hydrate structures are exposed, by considering two formation heuristics.
Second, the history of hydrate knowledge both within and without the pipeline is outlined, and ex-
amples are given of technology transfer between the two arenas. The hydrate experimental physics and
chemistry are then presented on three levels: micro-, meso-, and macroscopic. Finally it is suggested
that the state-of-the-art of hydrate thermodynamics is satisfactory for most engineering applications,
because the prediction accuracy is close to the experimental accuracy. Hydrate kinetics, on the other
hand, is presented as a major physico-chemical challenge for the future.

INTRODUCTION

Clathrate hydrates are ice-like substances, found when small
guest molecules (between 0.35 and 0.9 nm) combine with water
at low temperatures and high pressures. While there are many
guest molecules in this size range, this volume principally con-
cerns those guests in the size range between nitrogen and normal
pentane, which includes the size of eight natural gas components
(methane, ethane, propane, iso- and normal-butane, nitrogen,
hydrogen sulfide, and carbon dioxide).

Furthermore, the major ultimate concern with natural gas
clathrate guests is that of energy production—particularly the
energy associated with natural gas. It has been suggested (Econo-
mides and Oligney 2000) that the welfare of societies is closely
related to energy consumption. Because natural gas burns with
less pollution than most other fuels, it will be the preferred fuel
for this century, until we can economically produce hydrogen
for fuel cells. Many believe we are “on a natural gas bridge to
a hydrogen economy.”

For natural gas production, there are two areas of clathrate
concern—hydrates inside the flowline and hydrates outside the
flowline—and much of the knowledge in each area impacts the
other. The solid clathrate compounds inside deepwater flowlines
are the major obstruction concern— an order of magnitude more
problematic than wax, the next largest obstruction concern. In one
Gulf of Mexico flowline alone (Hare and Case 2003) each week
over $1 million of hydrate inhibitor is injected during startup.
The worldwide flow assurance economics are substantial, and
make this topic one of the largest technical concerns of 110 oil
and gas companies (Welling and Associates 1999).

In situ hydrate formations in the Arctic and on continental
margins offshore comprise an enormous unconventional natural
gas resource. The U.S.’s in-place hydrated methane gas resource
is estimated at 5665 Tm?>. As a reference, the annual U.S. use
of methane is 0.65 Tm?, with a U.S. recoverable conventional
gas resource of 40 Tm?. Even though there are many uncertain-
ties associated with the economic viability of this resource, its
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overwhelming magnitude mandates that we consider ways to
recover it. If only 1% production of methane from hydrates can
be achieved, the nation’s energy future will be assured for almost
a century (87 years) at the current level of usage.

A secondary concern of natural hydrates is that of climate
effects. Because methane has 21 times the greenhouse gas ef-
fect of carbon dioxide, questions arise about whether the natural
hydrates resources can dissociate and affect both ancient and
modern climates. It is fair to say that there is a great deal of
controversy in the community on this topic, as attested by several
papers in this issue.

HYDRATE KNOWLEDGE EXPANSION

Due to motivators such as those given above, the hydrate
knowledge base is expanding rapidly. For example, while there
were only eight hydrate-related publications in the 19" century,
the numbers in the 20" century grew exponentially, as shown in
the semi-logarithmic plot of Figure 1. Each decade of the 20
century saw an increase of hydrate publications by an average
factor of 2.5 beyond that of the previous decade, extrapolating
to a staggering 7500 publications in the first decade of the 21*
century!

As another way to consider the expansion of hydrate research,
Table 1 presents the numbers of papers and authors at each of
the past four triennial international hydrate conferences. Each
of these conferences has a complete proceedings, to which any
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FIGURE 1. Hydrate-related publications in the 20" century by decade.
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TABLE 1. Five international triennial hydrate conferences

Date Place/Sponsor No. of papers No. of authors
June 1993 New York/NYAS 61 130
June 1996 Toulouse/ENSIGC 87 195
July 1999 Salt Lake City/NYAS 104 258
May 2002 Yokohama/ Keio U. 204 500

June 13-16, 2005 Trondheim/Statoil taus@statoil.com

student of clathrate hydrates will wish to refer.

The topics of hydrate research in the four conferences can be
divided into four applications: (1) energy resources, (2) pipeline
blockage prevention and remediation, (3) environmental effects,
and (4) hydrate-based technologies. Like the above conferences,
this volume comprises a snapshot in time of hydrate state-of-the-
art advances, with particular emphasis on the energy industry.

However, one of the first lessons of this introductory work
is that hydrate chemical physics phenomena cross application
boundaries. Examples are given below, in which funding for
hydrates inside the pipeline has provided physics and chemistry
explanations for hydrate applications outside the pipeline. It is
clearly unhealthy to compartmentalize knowledge, when there is
so much to be learned from other, more holistic perspectives.

HYDRATE STRUCTURES AND HEURISTICS OF FORMATION
What are hydrates?

Natural gas hydrates are solid crystalline compounds com-
posed of molecules of natural gas trapped in cages of water
molecules. Although hydrates look like ice and have a similar
density, these compounds contain concentrated methane— 1 m?
of hydrate contains as much as 163 m* of methane at 1 atm and
273 K. The amount of energy in each unit of hydrates is much
more than enough to support their own combustion, and provide
additional energy.

Four conditions are required to form hydrates: (1) low tem-
perature (commonly less than 300 K), (2) high pressure (greater
than 38 bar hydrostatic pressure at 277 K), (3) a non-polar guest
molecule smaller than 0.9 nm, such as methane, and (4) water.

In the laboratory, hydrates form in three common crystal
structures, I, I, and H, shown in Figure 2, as a function of the
guest gases. The unit cells of these crystals have dimensions of
approximately 1 nm. Each structure is composed of hydrogen-
bonded water cavities, with each containing at most one guest
molecule such as methane, shown to the left in Figure 2. The
basic building block of all three structures is the 5'* cavity,
so-called because it contains 12 pentagonal faces. Different
combinations of these building blocks form all three common
hydrate structures.

However, because the 5'? cavities cannot fill space without
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FIGURE 2. The three common gas hydrate structures and constituent
cavities.

undue bond strain, relief is provided by other cavities containing
hexagonal faces, for example two 5' cavities combine with six
5126 cavities (with 12 pentagonal faces and 2 hexagonal faces)
to compose the structure I (sI) unit crystal, most commonly
found in nature.

There are two additional hydrate structures shown in Figure
2, sII and sH, but these are less commonly found in the natural
environment with biogenic gas, and occur more regularly in ar-
tificial formations with thermogenic, larger hydrocarbons, (e.g.,
propane, isobutane, and other molecules smaller than 0.9 nm).
The three crystal structure types are described in Table 2.

Although the cavities are never completely filled, when all
cavities are filled with one molecule, each of the three crystal
structure types has about the same composition: 82.61 mol%
water and 17.39% guests for structure I, and 82.35% water and
17.64% guests for structures II and H. This concentration of
hydrocarbon guests is remarkably high relative to other liquid
or solid water compounds, and the proximity of the guest mol-
ecules in neighboring cavities provide the energy density of a
compressed gas. When heat is applied (approximately 70% more
than is required to melt ice) the guest methane molecules are
released, producing both methane gas and water (or ice) with a
negligible amount of methane dissolved.

Two heuristics of hydrate formation

The fit of the guest molecule within each cavity determines the
hydrate stability pressure and temperature. Each hydrate crystal
structure type empty of guests is unstable, and the expanded
hydrogen-bonded water structure will collapse without the guest
molecules to keep the cavities propped open.

TABLE 2. Geometry of cages in the three hydrate crystal structures shown in Figure 1

Hydrate crystal structure | (cubic) Il (cubic) H (hexagonal)
Lattice parameter, nm a=12 a=173 a=1.226,c=1.017
Space group Pm3n Fd3m P6/mmm

Cavity Small Large Small

Description 51 51262 512

Number of cavities/unit cell 2 6 16

Average cavity radius, A 3.95 433 3.91

Coordination number 20 24 20

Number of waters/unit cell 46 136

Large Small Medium Large
5'\264 5'\ 2 435663 51263
8 3 2 1
4.73 3911 4.06 571"
28 20 20 36

34

* Number of O atoms at the periphery of each cavity.
T Estimates of structure H cavities from geometric models.
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Table 3 shows the size ratio of natural gas molecules within
each of the four cavities of sI and sII. Note that a size ratio (guest
molecule:cavity) of approximately 0.9 is necessary for stabil-
ity of a simple (single guest) hydrate, given by the superscript
“F’. When the size ratio exceeds unity, the molecule will not fit
within the cavity and the structure will not form. When the ratio
is significantly less than 0.9 the molecule cannot lend significant
stability to the cavity.

Table 3 may be used to illustrate six points regarding the
guest/cavity size ratio for hydrates formed of a single guest
component in either sl or sII.

(1) The sizes of stabilizing guest molecules range between
0.35 and 0.75 nm, while only sizes between 0.41 and 0.71 nm
are shown. Below 0.35 nm the molecules will not stabilize either
structure and above 0.75 the molecules are too large for the sII
cavities.

(2) Some molecules are too large to fit the smaller cavities of
each structure (e.g., C,Hg fits in the 5'26 cavity in sI; C;Hg and
i-C4H each fit the 5'%6* cavity in sII) in which case the structure
forms with the smaller cavities vacant.

(3) Other molecules such as CH, and N, are small enough to
enter both cavities (each with a script “F’) when hydrate forms
with those single components.

(4) Because the fit of CH, is approximately the same in the
5'2 cavities of sI and slI, the structure is determined by the fit of
the molecule in the large cavity (5'%6%) of sI. However, below
a certain size ratio (ca. 0.74) molecules such as nitrogen lend
no stability to the large cage and the structure is determined by
the fit in the 5'2 cavity and the fact that sIT has more 5'2 cavities
per unit volume.

(5) The largest molecules of a gas mixture usually determine
the structure type. For example, because propane and i-butane
are present in many thermogenic natural gases, they will cause
sII to form. In such cases, methane will distribute in both cavi-
ties of sII and ethane is so large it can only enter the 5'%6* cavity
of sII, with only minor occupancy fractions of the 526> cavity,
except at high pressures.

(6) Molecules that are close to the size boundary separating
the cavity sizes appear to exhibit the most non-stoichiometry,
and the most susceptibility to changing cavities and crystals
upon pressurization, due to their inability to fit securely within
the cavity.

A second heuristic of hydrates is that their formation is a

TaBLE 3.  Ratios of molecular diameters to cavity diameters* for some
molecules including natural gas hydrate formers
(molecular diameter) / (cavity diameter)
Structure | Structure Il
Cavity type 512 51262 512 51264
Molecule Guest
diameter (A)
N, 4.1 0.804 0.700 0.817% 0.616"
CH, 4.36 0.855% 0.744% 0.868 0.655
H,S 4.58 0.898% 0.782% 0.912 0.687
CO, 5.12 1.00 0.834% 1.02 0.769
CHs 55 1.08 0.939% 1.10 0.826
C3Hg 6.28 1.23 1.07 1.25 0.943%
i-C4H,o 6.5 1.27 1.1 1.29 0.976"
n-C,H,, 7.1 1.39 1.21 1.41 1.07

Note: F indicates the cavity occupied by the single hydrate former.
* Cavity radii from Table 2 minus 1.4 A water radii.
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surface phenomenon, when formed on an artificial time-scale.
As shown in Figure 3, this is due to the fact that the amount
of water and gas in hydrates is 82 and 18 mol%, respectively;
such high concentrations are orders of magnitude greater than
the solubility of gas in the bulk water (0.00084 mole fraction)
or that of water in the bulk gas phase (0.001 mole fraction).
As a consequence, while hydrates can form in small amounts
in either bulk phase, they form primarily at interfaces, where
sufficient host (water) and guest (gas) molecules are present for
large amounts of solid formation.

HYDRATES IN THE LABORATORY AND FIELD
Interactions between the laboratory and the field

Before 1934, the date hydrates were found in pipelines,
there were only 22 hydrate publications; yet these few were
the foundation for building the remainder of hydrate science.
However, since 1934, the number of hydrate publications has
grown exponentially, as shown by the slope change at that date
in Figure 1.

Hydrate research milestones driven principally by the moti-
vation of flow assurance are shown in Table 4. This knowledge
development followed the general pattern: (1) initial observation
of phenomenon of pipeline plugging, (2) gathering of data to de-
scribe the phenomenon, (3) construction of macroscopic models
for data interpolation/extrapolation, (4) development of ther-
modynamic phase diagrams, (5) determination of microscopic
structure, and (6) generation of statistical mechanical models,
connecting the microscopic and macroscopic domains.

Since 1934, the general research trend provided by the flow
assurance vehicle has been from large to small phenomena, and
from experiment to modeling, with statistical thermodynamics
being the bridge to connect the macroscopic to the microscopic
domains. In Figure 1 a second increase in slope of the number
of publications is observed about 1965, the time of hydrate dis-
covery in nature. The energy associated with natural hydrates
provides a second major vehicle for research efforts over the

Methane Hydrate Growth Occurs Predominately at
the L~V Interface

T= ch = Thull\

Methane Solubility at T =25°C

X inH0! X4y in Hydrate
0.000839 << 0.15

Water Solubility at T =25 °C

Xipo in Hydrate
0.85

Xypoin CH,?
0.001 <<

T Gulberson and McKetta, 1951 = Kobayashi and Katz, 1953

FIGURE 3. Comparison of bulk solubilities of CH, + H,O to hydrate
concentration.
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TABLE 4. Hydrate research milestones driven by flow assurance
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Date Event

Principal work by

1934 Flowline discovery: Finding thermodynamic inhibitors
1941-6 First systematic formation Pressure - Temperature data
1942-5 Solid solution concept: macroscopic prediction methods
1949-51 Development of thermodynamic phase diagrams
1946-51 X-ray diffraction data

1951-2 sl and sl unit crystals established

1959 Statistical thermodynamics model

Hammerschmidt (1934)

Deaton and Frost (1946)

Katz (1945)

Kobayashi and Katz (1949)

von Stackelberg and Mueller (1951)
Claussen (1951), Pauling and Marsh (1952)
van der Waals and Platteeuw (1959)

last four decades.

Fortunately the research tools developed in the last seven
decades of hydrate research for application inside the pipeline
can be applied in parallel (rather than in sequential, historical
development) to the phenomena of hydrates outside the pipe-
line. However, hydrates in nature is a substantially broader topic
containing geological, geophysical, and geochemical concerns,
in addition to the physical-chemical developments shown, for
example, in Table 4. An abbreviated milestones summary for
North America of hydrates outside the pipeline is presented in
Table 5.

Because the author is not qualified to address the geo-research
concerns of hydrates, a summary of them will be left to others,
and many are included in this volume. Instead, the remainder of
this article will concern an overview of the physical-chemical
developments, with emphasis on the transfer of such technol-
ogy between the two hydrate application domains—inside and
outside the pipeline.

Macroscopic, mesoscopic, and microscopic experiments
and modeling

Only an overview is presented here; readers interested in the
details are referred to other manuscripts within this volume or
to a recent summary (Sloan 2003) of the Fourth International
Hydrate Conference. It is the purpose of these triennial confer-
ences to provide summaries of the last three years, as well as
forecasts of research to come during the three years before the
next conference.

For macroscopic measurements (on a scale of 0.1 to 10°
m), researchers concerned with hydrates in the pipeline have
constructed flow loops, flow wheels, and agitated smaller ap-
paratuses. Such experiments are very costly, both financially
and time-wise. For example, the capital expense of a flow loop
may easily exceed a million dollars, with an equivalent annual
amount for operating expense. Similarly, both the capital and
operating expense of a smaller, agitated apparatus is approxi-
mately $50 000 in 2003 dollars.

However, for a macroscopic hydrate experiment in nature,
the expense is usually at least an order of magnitude larger than
the most expensive macroscopic experiment inside a flow loop.
The two most recent macroscopic hydrate experiments in nature
are the Mallik 5L well in the Mackenzie Delta (Matsumoto 2002)
and the ODP Leg 204 drilling off Hydrate Ridge in Oregon
(Suess et al. 2002), for hydrates in the permafrost and ocean,
respectively. While no cost data are available for the latter, the
cost of the Mallik well experiment is estimated at $17 million
dollars. Both the Mallik SL well and the Hydrate Ridge drilling
will provide benchmarks for future large-scale experiments on
hydrates in nature. Publications documenting both will become
available in 2004.

TaBLE5. North America hydrate research milestones driven by

hydrates in nature

Date Event Principal work by

1965 Natural hydrates first discovered in Russia Makogon (1965)

1971 1st US paper on hydrates in nature Katz (1971)

1980 First estimate of worldwide hydrates Kvenvolden and
McMenamin (1980)

1982 Recovery of Guatemalan Leg 67 Hydrate Core  Deep Sea Drilling
Project

1982-92  DOE $8 million hydrate research program Malone

1997 Recommendation of 5 year DOE Program PCAST*

1999 CH, Hydrate Multi-Year R & D Plan Allison and Tomer
(1999)

2000 CH, Hydrate R & D Act of 2000 US Congress

2002 Mallik 5L test well and Hydrate Ridge Leg 204 JNOCt and ODP#

* President’s Committee of Advisors on Science and Technology
1 Japanese National Oil Corporation (Matsumoto 2002)
 Offshore Drilling Program (Suess et al. 2002)

The mesoscopic region (with dimensions of 0.1 to 10~ m)
provides a connecting partition between the macroscopic and
the microscopic domains. Single-crystal growth experiments
indicate which crystal faces appear and provide information on
morphology and growth inhibition. The results from atomic force
microscopy (AFM) and scanning electron microscopy (SEM) can
provide useful insights into hydrate morphology. For example,
using SEM groups in Menlo Park (Stern et al. 2002) and Got-
tingen (Doroteya et al. 2002) have observed porous hydrates,
which appear to be related both to the amount of methane in the
sample, and to hydrates kinetics/transport properties.

For microscopic scale hydrate work (1077 to 107'° m) three
experimental techniques have proven most successful: X-ray and
neutron diffraction, nuclear magnetic resonance (NMR) spec-
troscopy, and Raman spectroscopy. With these non-destructive
techniques one can measure such things as hydrate structure, cage
occupancy, and quantities that can only be modeled otherwise.

Until the evolution of these spectroscopic techniques, begin-
ning with NMR measurements at the Canadian National Research
Council, the above properties of the hydrate phase were only
modeled, using the statistical mechanics approach of van der
Waals and Platteeuw (1959), developed (see Table 4) in response
to flow assurance concerns. Most modern thermodynamic models
of hydrate are based upon the initial work of van der Waals and
Platteeuw (1959), but even this excellent model relies upon fits
of measurements such as fluid pressure and temperature. The
spectroscopic techniques have been combined with techniques
from other domains, such as Raman spectroscopy with macro-
scopic phase equilibria (Jager et al. 2002).

When hydrate phenomena themselves are too difficult or ex-
pensive to measure, it may be possible to simulate them on the
computer, typically using molecular dynamics (MD) or Monte
Carlo (MC) calculations. Such simulations are typically limited
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by the computer to a few nanoseconds, and at most a few million
particles. The result of this hardware limitation is that simula-
tion of thermodynamic properties can be accurately done, but
time-dependent phenomena such as nucleation and growth are
still a challenge. Care must always be taken to ensure that the
simulation is closely connected to physical reality.

Technology transfer between hydrates in flow assurance
and hydrates in nature

The physics and chemistry of hydrates within and without the
pipeline are very similar (if not identical). It may be interesting to
ask whether the constant hydrate-funding vehicle of flow assur-
ance can inform the more sporadically funded topic of hydrates
outside the pipeline— or whether activities such as those in Table
4 relate to those in Table 5. Two examples are presented below
to suggest an affirmative answer, but many others exist.

Example 1. Hydrate detection and melting in cores. Fig-
ure 4 shows an infrared image of a hydrate undergoing depres-
surization in a pipeline on a Statoil platform in the North Sea.
Because the pipeline is depressurized, the hydrate equilibrium
temperature is far less than that of the surroundings, causing a
cooling within the hydrated portion of the surroundings. Figure 4
shows that this cooling results in an infrared signal from hydrate
blockages similar to those detected by energy companies for heat
leaks from houses.

On September 28, 1999 the above picture was discussed at a
Core Barrel Development Meeting of the Joint Oceanographic
Institute at the Technical University of Berlin. The result was
that an infrared device was developed for locating hydrates in
core barrels and in recovered hydrate samples. The forthcoming
Hydrate Ridge Leg 204 report from Trehu et al. (2003) contains
infrared images used to locate hydrates in recovered samples.

As a second example of hydrate melting in cores, consider the
two pictures of hydrate cores melting in pipelines, and recovered
hydrate/sediment cores melting in Figures 5a and b; both cores
melt radially. In Figure 5a we see evidence of radial melting in
a hydrate plug at 1,2, and 3 hours. In Figure 5b, a longitudinal
view is given of melting in a recovered core liner, leaving a
“soupy” sediment residue where the hydrate has melting, but a
non-melted center core of higher mechanical integrity.

It is possible to apply a thermal conduction analysis for
two moving boundaries (a double Stefan problem) to model
the dissociation of both core types in Figures 5a and 5b, if the
thermal diffusivities of hydrates and sediments are available.
Such measurements have recently been obtained by Kumar et
al. (2003) and the model results presented. Using this model and
the gas evolution rate, the original amount of hydrate in the core

FIGURE 4. Infrared picture of hydrate plug formation in Statoil
topsides pipeline.
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can be determined.

Example 2. Differences in hydrates within and with-
out the pipeline, represented on the phase diagram. Using
X-ray diffraction and Raman spectroscopy Huo et al. (2003)
determined the new methane + water isobaric phase diagram
shown in Figure 6. Of particular interest is the former vertical
hydrate line, which has been replaced with an area in the new
diagram. To the left of this area, in the region marked “H-Ly,”
to indicate hydrates formed from methane dissolved in water
(as sometimes explains formation in the ocean) the hydrates
would have slightly lower methane contents. To the right of the
hydrate area, in the region marked “H-V” for hydrates formed
with excess gas (as always occurs in pipelines or in laboratory
samples) the hydrate would contain slightly more methane than
at the same temperature and pressure, but formed from a lower
amount of methane in the feed.

This new phase diagram suggests that methane estimates in
natural hydrates are likely to be high by as much as 4% when
based on laboratory hydrate concentrations. This small concen-
tration difference, when multiplied by the huge amount of energy
in ocean hydrates, is sufficient to satisfy the current U.S. energy
requirements for six centuries.

The above two examples demonstrate that hydrates in the
pipeline (or laboratory) are neither exactly alike or unlike those in
nature. Yet the results seem to point to the need for discriminating
the similarities and differences between the two sample types,
and to the danger of knowledge compartmentalization.

THE CURRENT STATE-OF-THE-ART AND THE FUTURE

A survey of the accuracy of hydrate phase equilibria predic-
tion programs was recently made by Ballard and Sloan (2002).
Five different prediction programs were tested against all of
the published hydrate data (1685 points) in the following six

Pipe Plug after 1 hour Pipe Plug after 2 hours

FIGURE 5. (a) Hydrate plug in pipeline dissociating at 1, 2, and 3
hours. (b) Hydrate melting in DSDP leg 67 sediment core (courtesy Paull
2001). Note that the center of the core has structural integrity, while the
outer periphery has melted, similar to the hydrate in the pipeline in a.
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V: vapor

Ly liquid water
H: hydrate

M: solid methane
Ly liquid methane
L ice

VLy
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E Previous hydrate line
g by Kobayashi and Katz
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FIGURE 6. The phase diagram of CH, + H,O. Note that the non-
stoichiometric hydrate region replaces the previously proposed vertical
line for stoichiometric hydrate concentration.

categories: (1) single guest (simple) hydrates, (2) binary guest
hydrates, (3) ternary guest hydrates, (4) natural gas mixed hy-
drates, (5) black oil and gas condensate hydrates, and (6) structure
H hydrate formers.

A summary of the absolute hydrate formation temperature
error in all five prediction methods is given for the above six
categories in Figure 7. The average absolute errors in temperature
for the five common prediction programs varied between 0.40
and 0.66 K. These measures of prediction errors approximate
the errors of the experiments, and are acceptable for engineer-
ing purposes. Thus it may not be practical to attempt to improve
predictions for incipient hydrate formation temperature and pres-
sure. This may be a unique position in the prediction ability of
phase equilibria by statistical mechanics.

Hydrate kinetics pose the largest challenge to future under-
standing, which now rests on a comparatively sound thermody-
namic foundation. We know very little about a kinetic mechanism
founded on hydrate measurements. Due to the difficult, stochastic
nature of nucleation, experiments have dealt with the determin-
istic growth process. Kinetic measurements are also gravitating
from macroscopic to microscopic scales. More hydrate phase
measurements are required at each of the micro-, meso-, and
macroscopic levels to provide a needed breakthrough - a unifying
hydrates kinetics mechanism.

Several ideas come from a study of hydrate knowledge de-
velopment: (1) hydrates are a largely untapped future methane
resource, which may affect important societal issues such as
energy and climate; (2) hydrate publications are increasing at an
exponential rate, by an average factor of 2.5 each decade, with an
extrapolation to two publications per day in the current decade;
(3) hydrate structure and formation can be understood in terms
of two heuristics: (a) the fit of the guest within each cage, and
(b) the formation at the vapor-liquid interface; (4) knowledge
development has been driven by applications, and the steadiest,
longest-term hydrate application is that of flow assurance, which
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FIGURE 7. Absolute temperature errors of prediction for 1685 data
points by five common programs.

has about twice the tenure of the application of hydrates in na-
ture; (5) hydrate physics and chemistry phenomena determined
by flow assurance can inform phenomena for hydrates in nature
applications, and vice versa; (6) the state-of-the-art for hydrate
thermodynamic predictions is satisfactory. Substantial progress
is still to be made in the area of hydrate kinetics.
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