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To facilitate advances in application of
technologies pertaining to gas hydrates, a
freely available data resource containing
experimentally derived information about
those materials was developed. This work
was performed by the Thermodynamic
Research Center (TRC) paralleling a
highly successful database of thermo-
dynamic and transport properties of
molecular pure compounds and their
mixtures. Population of the gas-hydrates
database required development of guided
data capture (GDC) software designed to
convert experimental data and metadata
into a well organized electronic format, as
well as a relational database schema to
accommodate all types of numerical and
metadata within the scope of the project.
To guarantee utility for the broad gas
hydrate research community, TRC worked
closely with the Committee on Data for
Science and Technology (CODATA) task
group for Data on Natural Gas Hydrates,
an international data sharing effort, in
developing a gas hydrate markup language
(GHML). The fruits of these efforts are
disseminated through the NIST Sandard
Reference Data Program [1]

as the Clathrate Hydrate Physical Property
Database (SRD #156). A web-based
interface for this database, as well as
scientific results from the Mallik

2002 Gas Hydrate Production Research
Well Program [2], is deployed at
http://gashydrates.nist.gov.
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1. Introduction

The interdisciplinary field of gas hydrate research is
undergoing rapid growth. Publication rates in peer-
reviewed journals have displayed nearly exponential
growth in the century following the discovery of
hydrates in the laboratory, with more than 3000 refer-
eed publications as of the 1990s [3]. Much of the recent
growth is due to the perceived value of methane
clathrate as a non-petroleum-derived large-scale energy
resource [4]. Recent estimates of the world's naturally-
occurring hydrated methane vary widely, ranging
from 2.5 % 10" m* [5] to 1.2 x 10" m* [6] at standard
temperature and pressure, but the amount of organic
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carbon in hydrates can be conservatively estimated as a
factor of two greater than the total of all remaining
petroleum and natural gas reserves [7]. The remote
locations where hydrate exists and the dispersed nature
of the deposits have prevented development at present,
but the perceived potential has encouraged many
nations, including Japan, Germany, India, China,
Korea, Taiwan, Canada, and the United States to invest
heavily in hydrate recovery programs.

Study of natural hydrate occurrences has shown that
they typically exist close to their thermodynamic stabil-
ity limit [6], so slight changes in ambient temperature
or pressure may result in catastrophic release of
methane, a potent greenhouse gas, with implications on
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global climate change [8] and seafloor slope stability
[9]. Massive releases of organic carbon to the atmos-
phere and mass extinction events during the Permian
Triassic [10], Late Jurassic [11], Late Paleocene
Thermal Maximum [12], and other eras are often
connected to the sudden release of hydrated gas.

Publication rates of gas hydrate information are now
such that a diligent researcher could be easily over-
whelmed in attempting to maintain a broad understand-
ing of the state of the art. One solution to this difficul-
ty is the centralization of critically evaluated data sets.
Such a database can facilitate understanding of natural-
ly occurring hydrate interactions with geophysical
processes, aid in the application of hydrate knowledge
to technologies involved in resource recovery and
storage, and support the gas hydrate research commu-
nity in general. The developed database, the scope of
which includes thermophysical and structural data,
provides to researchers the ability to retrieve high
quality, critically evaluated data, as well as to submit
new data sets. By establishing the hydrate database at
the United States National Institute of Standards and
Technology (NIST) in Boulder, Colorado, the viability
of this project is secured well into the future. A critical-
ly evaluated hydrate database is essential for eliminat-
ing data redundancies, highlighting key data gaps, and
providing an assurance of data quality to aid research
efforts within the broader research community.

The data-transfer approaches associated with this
data capture and storage effort are being coordinated
with CODATA, which has been developing (a) a
markup language called the Gas Hydrate Markup
Language (GHML) [13-16] for communicating gas
hydrate data throughout the research community and
(b) an international hydrate portal technology for
centralized access to a number of database efforts. So
that the data collected by this effort will be available to
such a portal, all database output is fully consistent
with GHML. To aid in database access prior to the
availability of such a portal, a state-of-the-art web
interface was designed for the data archive. By use of a
number of technologies' [17-20], a native application-
like interface rendered by use of a traditional web
browser was developed. This interface provides the
capability to navigate through the data sets, view them

! Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such identification
does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available
for the purpose.
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with sortable tables, chart data sets against each other,
and download each data set to a local machine for addi-
tional analysis. This interface also provides access to
the 2002 scientific results of the Mallik Gas Hydrate
Production Research Well Program [2], reproduced
with permission, and provides all capabilities of the
viewing software previously developed for dissemina-
tion with physical copies of the Mallik dataset.

2. Data Collection and Characterization

2.1 General Data Collection and Characterization
at TRC

This hydrate data resource development was under-
taken by the Thermodynamics Research Center (TRC)
[21] at NIST in Boulder, Colorado. The database at the
core of nearly all TRC activities is the NIST SOURCE
Data Archival System (SOURCE) [22-23], which is
one of the largest relational archival experimental data
systems, currently including more than 120 properties
(including chemical structural information) for pure
compounds, mixtures, and chemical reactions, with
data records numbering in the millions. All TRC devel-
opments are built upon the algebraic constraints of the
Gibbs phase rule, which specifies the number of free
parameters necessary for a system to be thermodynam-
ically well defined based on the number of chemical
components and phases present. The NIST
ThermoData Engine software [24-25], developed at
TRC, is the first full-scale implementation of the
dynamic data evaluation concept [26]. TRC also has
agreements with major publishers in the field of
thermophysical properties for implementation of data
quality assurance (DQA) procedures at the time of data
submission by authors [27]. Authors provide their
manuscripts and Data Summaries (defined chemical
samples, methods, properties, and uncertainties) that
are used at NIST with Guided Data Capture (GDC)
software [28-29] for generation of structured data files.
This approach assures that submitted data are in an
appropriate format [30-32] and include sufficient
supporting information to allow accurate reliability
estimates. In addition, the NIST ThermoData Engine
software is used to check the newly submitted data for
consistency with the available literature and established
prediction and correlation methods. As the gas hydrate
database is a critically evaluated dynamic data set,
allowing for continuous updating and reliability analy-
sis, the experience gleaned from these previous large-
scale efforts was fundamental in formulating approach-
es to complete the present task for gas hydrates.
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2.2 Literature Archive

A primary task of this program was the collection
and characterization of a literature archive for gas
hydrates. This collection had as its basis a large (3500
unique sources) electronic document archive originally
assembled by Dr. E. D. Sloan. At present, the complete
archive, maintained as electronic portable document
format (PDF) files, contains approximately 6000
unique sources. The archive includes peer-reviewed
journal articles, technical reports, master's theses, and
doctoral dissertations in a number of languages with
dates from the present back to the 18th century. Of the
total archive, approximately 300 documents were
determined to contain independent thermophysical or
crystallographic data that are sufficiently well-con-
strained for full property specification within this
project. This literature archive continues to grow as
new material is published.

For the task of reviewing this article set and evaluat-
ing data content, the TRC Gas Hydrates Data Entry
Facility was established in January 2008, paralleling
the previously established TRC Data Entry Facility.
This new group included four undergraduates in
relevant technical fields from the University of
Colorado at Boulder and the Colorado School of
Mines. Under the direction of Dr. Kenneth Kroenlein of
the TRC group, the students reviewed source materials,
assembled an in-house citation database to track docu-
ments, and collected information from those files
following data collection protocols established for the
proven TRC Data Entry Facility. The group functioned
independently until May 2009, at which time it was
folded into the TRC Data Entry Facility as the data
processing operation transitioned into a maintenance
phase. The group continues to analyze newly obtained
materials and will continue to add them to the database
as appropriate.

2.3. Guided Data Capture

Information from original data sources is not entered
directly into the NIST SOURCE Data Archival System
(SOURCE) but is captured or “compiled” in the form
of batch data files (coded ASCII text). This allows
application of extensive completeness and consistency
checks during the capture process before the data are
loaded into the central repository. Due to the complex-
ity of the properties and chemical systems involved,
extensive expertise has traditionally been required for
data compilation. Moreover, expertise in data and
measurements is needed to assess uncertainties for each
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property value. In establishment of the Data Entry
Facility at NIST, two major concerns were identified:
(1) how to ensure quality of captured information with
technically sound but inexperienced data compilers and
(2) how to minimize errors before the data are intro-
duced into SOURCE. To meet these goals, interactive
Guided Data Capture (GDC) software, written in
Microsoft Visual Basic, was developed. The program
guides data capture and provides convenient review
and editing mechanisms. Undergraduate students
involved in in-house data capture played, and continue
to play, a key role in development and testing of the
GDC software.

GDC functions to guide inexperienced but technical-
ly competent individuals through the process of extract-
ing information from the literature, ensuring complete-
ness, validating the information through data defini-
tion, range checks, etc., and guiding initial uncertainty
assessment to ensure consistency between compilers
with diverse levels of experience. A key feature of the
GDC software is capturing of information in close
accord with customary original-document formats and
leaving transformation to formalized data records with-
in the scope of the software procedures. Thus, GDC
relieves the compiler of the need for knowledge related
to the structure of the SOURCE data system, thereby
eliminating common errors related to data types,
length, letter case, and allowable codes. The users of
GDC are scientists or students in a science or engineer-
ing discipline with varying levels of experience,
but with competence in the fields of chemistry and
chemical engineering.

The GDC program was developed to serve as a
powerful and comprehensive tool for in-house data
capture operations, as well as a data-collection and
transformation aid for authors of scientific and engi-
neering publications. The original software, without
support for gas hydrate property capture, is available
for free downloading via the World Wide Web [29].
Comprehensive documentation for the software is
included. The GDC software has features that allow
ready detection of inconsistencies and errors in report-
ed data (erroneous compound identifications, typo-
graphical errors, etc.), resulting in improved integrity
of the captured data over that given in the original
sources. Additional information on the development of
GDC can be found in the literature [28].

In order to capture experimental data sets pertaining
to samples of gas hydrate, the existing GDC software
required significant modification. Whereas data nor-
mally processed through GDC are either for a pure
compound or a mixture of a small number of well-
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defined compounds in well-defined ratios, a gas
hydrate is a non-stoichiometric structure, where chem-
ical composition may be undetermined, but which can
still yield valuable data. Whereas it might be desirable
to simply dismiss such studies as unreliable, the com-
parative paucity of data precludes such a determination.
The solution to this conflict was determined to be the
creation of an original data structure within the GDC
framework that behaves in many ways like a new com-
pound, defined by the combination of its constituents
and known thermodynamic properties. With these mod-
ifications, the GDC software supports the capture and
organization of data pertaining to bulk properties (e.g.,
mass specific volume, thermal conductivity, heat
capacity at constant pressure per unit mass, speed of
sound), phase equilibrium with an arbitrary number of
components and phases, crystalline structure and
enthalpy of hydrate decomposition for gas hydrates. In
particular, the data format for crystalline structure

represents an entirely new development within this
software. The level of functionality thus attained repre-
sents significant progress towards a complete GDC
software package for gas-hydrate data.

The basic tree structure of GDC data (Fig. 1) is
organized around that of the data source document.
Following from that are definitions of chemical compo-
nents in the systems presented within the citation and
specific sample information with detailed purity infor-
mation. A gas hydrate system is then defined by a com-
bination of those chemical components (Fig. 2) and a
gas hydrate sample is defined through the association
of specific samples of those components, as well as the
conditions under which the hydrate was formed, if
appropriate (Fig. 3). It is only when all of this detailed
information regarding purity of constituent compounds
is defined that measured properties are entered, allow-
ing for a better understanding of the resultant data
reliability.

= Guided Data Capture - Thermophysical and Thermochemical Data

Sample 1 [ns.(Double deionization))
= catbon disade
Sample 1 (em,99.8x% spl)
= methane
Sample 1 (cm,99.99x% spl2)
= Gas Hydrate 1 (water + catbon dioside)
= Sample 1
Gas Hydrate Data Set # 1: Phase Equibium
= Gas Hypdrate 2 (water + methane)
= Sample 1
Gas Hydrate Data Set # 1- Phase Equilibrium
= Gas Hydrate 3 (water + catbon dicsade + methane)
= Sample 1
Gas Hydrate Data Set # 1: Phase Equiibium

Fig. 1. Screen capture of tree structure for a gas hydrate sample characterization within GDC. Example shown
is for carbon dioxide + water, methane + water and carbon dioxide + methane + water systems for hydrate +

aqueous + vapor equilibria, extracted from Ref. [35].
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= Guided Data Capture - Thermophysical and Thermochemical Data
File Tools

y o Cwde] k] vl Wbl weil] bt
= 1991 adibia 1
= vesher
Sample 1 [ {Double deionzation]:)
= carborn deade:
Sample 1 [cm.93.8x% spl..]

= Complex Chemical System

= Sanpie1 | Type

[Gas Hydrate:

= Gas Hydiate 2 (wd P!

= Sampie 1 cabon digxide:
Gas Hyded | methane

* Gas Hpdiste 3 [wd

Function  |Water j

Fig. 2. Screen capture of GDC dialog for definition of a gas hydrate system for carbon dioxide +
methane + water, extracted from Ref. [35].

= Guided Data Capture - Thermophysical and Thermochemical Data

—1 |water
| [csn s S
methane
Sagle: | =l
—Gas Hydrate
Prepaistion Tempersture, K. [~ PrepastionPressuse kPa [ [~ Composition before prepatation
ok | comel Help

Fig. 3. Screen capture of GDC dialog for definition of a gas hydrate sample for carbon dioxide +
methane + water, extracted from Ref. [35].
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In order to ensure a well defined thermodynamic
state and to prevent storage of dependent variables as
independent, the system is constrained according to the
Gibbs Phase Rule. For example, if a three-phase region
is being defined in a gas hydrate sample formed from
three guest molecules (Fig. 4), there exist two degrees
of freedom in the system, and hence, two independent
variables are required to define the system. Any addi-
tional data values at a point are then dependant vari-
ables and original information about the system. The
data for the system are then recorded in an internal data
table (Fig. 5). To prevent transcription errors on the part
of the data entry technician, data are copied directly
from electronic versions of the source, either obtained
via electronic distribution or via text recognition soft-
ware applied to digitized material. Data consis-
tency can then be verified by use of native graphing
capabilities (Fig. 6) within the GDC software.

= Guided Data Capture - Thermophysical and Thermochemical Data

Clathrate hydrates primarily occur in one of three
crystalline structures (termed sl, sII and sH), although a
number of more exotic configurations are known. The
conformation assumed by a hydrate is primarily a func-
tion of the guest molecules, and is the most significant
factor in determining hydrate stability boundaries.
Characterizing crystal structure is a wholly novel addi-
tion to GDC intended for gas hydrate data collection. In
order to maintain future extensibility, as well as to col-
lect detailed information about the hydrate cage struc-
ture, information is stored regarding the crystallograph-
ic space group, unit cell dimensions, and both raw and
processed information regarding the atom distribution
(Fig. 7). This new data structure was modeled upon the
Crystallographic Information File (CIF) data file for-
mat. CIF is an International Union of Crystallography
(IUCr) standard used within the crystallographic com-
munity for communication of experimental results [33].

1991 o 7
.mw
o Composiion | Phases | Conshaints Varisbles | Propesties |
=5 = |
) [Moke haction =] T - | [c:: - Uncet [ R %
—G_at |TWM 1‘ K Uncet. [an01 | = 4
. [Presoues =] KPa Unceit [a7 W %
“al |l 21 =l = Unos. [ I x
I =l =l =l Hhaced 10
I =l =] | Hncat i
| =l = =] e B
| = = = Uncsit L
Method of measmement  [Halse pracsure gauge Accept | Cancel |

Fig. 4. Screen capture of GDC dialog for defining phase equilibrium constraints and variables on a given set of phase
equilibrium data for carbon dioxide + methane + water, extracted from Ref. [35].
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Guided Data Capture - Thermophysical and Thermochemical Data

||l| B

Fig. 5. Screen capture of GDC dialog for entering tabulated data associated with hydrate + aqueous + vapor phase
equilibrium data for carbon dioxide + methane + water, extracted from Ref. [35].
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Fig. 6. Screen capture of natively-generated graph of data entered into GDC tabulated data dialog for pressure as a
function of temperature for hydrate + aqueous + vapor phase equilibrium in methane + water system, extracted from

Ref. [35].
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= Crystal Structure

= Guided Data Capture - Thermophysical and Thermochemical Data
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RENON
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=

Fig. 7. Screen capture of GDC dialog for storing crystallographic data, including space group, unit cell parameters and
atom distribution for xenon + hydrogen sulfide + 2,2-dimethylpentane + water system (structure H), extracted from [36].

2.4. Database Architecture

Establishment of a comprehensive data depository is
one of the major challenges in implementation of the
dynamic data evaluation concept. The NIST SOURCE
Data Archival System [22-23] was designed and built
to be such a depository for experimental thermo-
physical and thermochemical properties for organic
compounds reported in the world's scientific literature.
The scope of the data system includes more than one
hundred defined properties for pure compounds, binary
and ternary mixtures, and reacting systems. SOURCE
now contains nearly four million numerical values for
this range of systems.

In designing data structures to accommodate the gas
hydrate data sets, limitations of the existing SOURCE
architecture associated with the definitions of complex
materials became apparent. In order to support these
new relationships, as well as those of ionic liquids,
stereo-isomeric mixtures, and other complex samples, a
new table structure was designed. The relationships for
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the total gas hydrate system are shown broadly in
Fig. 8, and the specific details required to define a
complex are shown in Fig. 9. All gas-hydrate-specific
tables are denoted by the "GH" prefix. To define a
chemical complex (table CMPLXID), a series of well-
defined compounds (table CMPID) is associated with
compositional information, if appropriate, through a
pivot table (table CMPLXCOMP). Each complex is
assigned an identifier that is unique between the
CMPID and CMPLXID tables. This allows property
data to be defined equivalently in either case, independ-
ent of whether it is associated with a pure compound or
a complex system. A gas hydrate complex entry is then
associated with the literature source of its data through
the unmodified, previously existing literature reference
tables in the GHSYSREF table. As purity information
of the feedstock is relevant to the ultimate properties of
a crystal sample, that information is tied to the system
for each component through a gas-hydrate-specific
GHSAMPLE table.
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AUTHOR

AUTHREF

REFINFO

GHSTRUCTR Aw

GHSTRUCT

GHSTRUCTFPROC

CMPLXID

CMPLXCOMP

GHSYSREF

GHDATASETS

GHSAMPLE

GHPHASELST

GHPROP

GHCOMPOSITION

Fig. 8. Schematic representation of new SOURCE table structure and gas-hydrate-relevant table substructure.

GHSAMPLE

REFINFO GHSAMPLEID
REFID oy GHSYSID
YEARPUB CID —
AUTHORA SSOURCE
AUTHOR2 PMETHOD CMPID
ALTHORN FPURCODE . TRCD
TYPDOC FPURITY FORMULA
STATUS FPMETHOD CHARGE
SOURCE DATEADDED [0
TITLE INCHI
KEYWORDS INCHIKEY
ABSTRACT GHSYSREF SMILES
NOTE GHSYSID MOLFILE
NUMAUTH — REFID CMPLXID CMPLXCOMP PCT_EPS
CASCIT TRCID — TRCID A TRCID PCT_PNG
ERRATUM DATEADDED NATURE CID — DATEADDED
INTLFLAG COMPFLAG ROLE
PDF DATEADDED ANT
DATEADDED AMNTUNC
DATEADDED

Fig. 9. SOURCE tables relevant to defining a specific gas hydrate sample, dependant upon the literature source of the data, the
chemical compounds present and the compositional purity of the feed materials.
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If a study is crystallographic in nature, a table entry
is made in table GHSTRUCT (Fig. 10). This contains
basic crystallographic data (space group, lattice para-
meters) in addition to experimental conditions (system
temperature, system pressure, uncertainty in lattice
parameters, methodology). If the interatomic spacing
or Cartesian atomic distribution within the unit cell is
reported, such information is stored in tables
GHSTRUCTRAW or GHSTRUCTPROC, respective-
ly. This data structure follows that of a Crystallographic
Information File (CIF).

Characterization of the complex phase equilibria for
gas hydrates, necessary to properly specify the con-
ditions of a thermophysical measurement, required sig-
nificant extension to the existing SOURCE data storage
format. Given that a gas hydrate system may contain
from two to an arbitrarily large number of chemical
components, a fixed table width, previously utilized to
guarantee proper system constraint, becomes untenable
with a gas-hydrate system. This is demonstrated readi-
ly with the application of the Gibbs phase rule to a
hydrate-forming natural gas system in equilibrium with
sea-water. For an eight-component representation of
sea water and an eight component natural gas, this
three-phase condition would require fifteen data values

for proper constraint. Designing a single table to
accommodate this set, in addition to data sets contain-
ing two compounds and four phases, would be highly
inefficient and inherently limited, if a more complex set
were encountered subsequently.

The solution adopted here is shown in Fig. 11. Each
data series from a given study, defined to be a set of
measurements performed by one experimental method
on a system with a prescribed set of phases present, is
uniquely defined in the GHDATASETS table.
Observed phases for this data set are stored in the
GHPHASELST table. As nearly all data points have
temperature and pressure values associated with them,
the primary key for a given data point is specified in the
GHTP table. Any additional compositional information
for that point is stored in the GHCOMPOSITION table,
which stores not only the composition values and
uncertainties, but also the identity of the compound
measured and the associated phase. Data integrity for
those composition data is checked by ensuring that the
referenced phases and compounds are present in the
system and GHSAMPLE data provided. Property data
sets, such as speeds of sound or heat capacities, are
stored in the GHPROP table with similar constraints.
The number of compounds, phases, and data values can

GHSTRUC TRAW GHSTRUCT
CRYSTALID e CRYSTALID GHSYSREF
ATOMA1 GHSYSID o GHSYSID
ATOM?2 TEMPERATURE REFID
D TEMP_UHCERT TRCID
D_UHCERT PRESSURE DATEADDED
DATEADDED PRESS_UHCERT
SPGROUP
A
A_UNCERT
B
GHSTRUCTPROC TRNETET
CRYSTALID o C
ATOM C_UNCERT
X ALPHA
X_UNCERT ALPHA_UNCERT
¥ BETA
¥_UHCERT BETA_UNCERT
¥4 GAMMA
Z_UNCERT GAMMA_UNCERT
OCCUPANCY METHOD
DATEADDED DATEADDED

Fig. 10. SOURCE tables relevant to defining data from crystallographic studies,

including atomic distribution if reported.
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GHCOMPOSITION

TPID —
CMPID - —
TRCID % CIDREF
FORMULA, = PHASE
CHARGE CMPYCODE
hy WALUE
INCHI UMCERT
INCHIKEY GHPHASELST DATEADDED
SMILES D=ETID
MOLFILE PHASE =
PCT_EPS DATEADDED
PCT_PNG
DATEADDED GHPROP
TPID —
o L
GHDATASETS TRID = PRPWALUE
GHSYSREF DSETID e DSETID UMCERT
GHSYSID sf— GHSYSID TEMPERATURE DATEADDED
REFID METHOD TEMP _UNCERT
TRCID AVAIL PRESSURE
DATEADDED DATEADDED PRESS_UNCERT
DATEADDED

Fig. 11. SOURCE tables relevant for defining thermodynamic state and property data, including temperature, pressure and composi-

tional information.

then be compared and the thermodynamic complete-
ness of a set, as expressed by the Gibbs phase rule, can
be determined.

All GDC output files generated by data compilers in
the Gas Hydrates Data Entry Facility are uploaded into
the SOURCE archive after each file is checked for con-
sistency with the original source material by senior
staff. When appropriate validating data are available,
new results are verified against stored values, providing
integrity checks on historic data, as well as providing
verification for new data. At present, the database con-
tains about 12,000 individual experimental data points
for about 150 compounds spanning 400 different chem-
ical systems.

3. Data Dissemination Channels
3.1 Gas Hydrate Markup Language
A thermodynamic property data archive represents a

key foundation for development and improvement of
all chemical process technologies. However, rapid

growth in the number of custom-designed software
tools for engineering applications has created an inter-
operability problem between the formats and structures
of thermodynamic data files and required input/output
structures for the software applications. Establishment
of efficient means for thermodynamic data communica-
tions is critical for provision of solutions to such tech-
nological challenges as elimination of data processing
redundancies, creation of comprehensive data archives,
and rapid data propagation from measurement to data
management system and from data management sys-
tem to engineering application. Taking into account the
diversity of thermodynamic data and the numerous
methods of their reporting an d presentation, it is appar-
ent that standardization of thermodynamic data com-
munications is a complex task.

A component of the work performed consisted of
reconciling the GHMLv1.0 schema [13-16], an XML
format developed prior to this project for communica-
tion of gas hydrate data, and ThermoML [30-32], the
IUPAC standard for experimental and critically evalu-
ated thermodynamic property data communication and
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storage. The structure of ThermoML is based on ration-
al storage of property data with the origin of the data as
a major component of the organization construct. The
early efforts in the development of GHML attempted to
at most only minimally disturb the published data struc-
ture and maintained a series of parallel (i.e., non-inter-
secting) sections that described various types of proper-
ty data ("field" [14], "laboratory" [15], and "modeling"
[16]). Consistency with ThermoML was effected pri-
marily via modification of the laboratory section and
the addition of citation information. Given the general
inconsistency in style and nomenclature across the dif-
ferent sections present in the initial schema, an effort in
reformulating the laboratory section was put toward
rectifying this disparity. As development of GHML is
an international effort under the auspices of the
International Council for Science's Committee on Data
for Science and Technology (CODATA), any proposed
schema must be approved by that body. The rectified
"laboratory" section was approved at a meeting of the
CODATA Hydrate Database Steering Committee on
October 27, 2007, with the note that additional unifica-
tion across the disparate GHML branches was desir-
able.

Examination of additional data sets across the range
of disciplines associated with gas-hydrate studies
revealed a range of data that was unsupported by both
GHMLV1.0 and the newly revised version, and it was
not clear that these data could be represented by reason-
able extensions to either format. For example, particle
distribution studies performed by Medioli for the 2002

Mallik research well [2] would have required creating
new data fields for all but one of the reported sets, and
repetition of this redesign process would have been
required for most new data sets. In response, a signifi-
cant modification of GHML was formulated which
combined the FieldData, LabData and ModelData ele-
ments into a single DataSet element (Fig. 12). Rather
than specifying the structure of datasets to be encoded
within the XML Schema Definition (XSD), this
DataSet element specifies the encoding for metadata
common to many different datasets, in the broad cate-
gories literature citation (Fig. 13), investigation details
(Fig. 14), chemical compound information (Fig. 15),
and sample history (Fig. 16), and then specifies the
data organization of a formatted data-tuple (doubly-
delimited list) through the inclusion of data labels that
include appropriate attributes to maintain data relation-
ships (Fig. 17); for example, a mole fraction data series
includes relational information to specify a compound
being measured and its associated phase (Fig. 18). This
development was discussed at the 6th International
Conference on Gas Hydrates in 2008 [34].

The 2008 revision of GHML is being used as the
basis for the current web-dissemination technology
development efforts underway by the CODATA
Hydrate Database Task Group. It is expected that by
providing a uniform model for data and metadata com-
munication for the gas hydrates community, communi-
cation across the varied disciplines associated with
these studies can be improved and scientific progress in
the field can be facilitated.

ghml:Version [

ghmil:Authority [+

=i

GHML B

t-4 ghml:DataSet l‘:"l—%—E:El—' ety &
lpm s s R -_}-:l %

ghmi:DataSetType

ghmi:Citation [

ghml:investigation [+

' ]
-+ ghmi:Compound

io.
Q
=
3
@
-
g
<
&

Fig. 12. Root element of GHML.
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Fig. 13. GHML citation element, consistent with ThermoML.
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Fig. 14. GHML investigation element.
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Fig. 17. GHML data element.

<element name="chemicalData™>

| <annotation>
| <documentation>Broad Categories describing chemical properties of a sample. See
</annotation>
<complexType>

<simpleContent>

<extension base="ghml chemicalDataType™>

| <attibute name="columnNumber™ type="integer" use="required"/>
<attrnibute name="descriptor” type="string" use="optional"/>
<attnbute name="samplelD" type="integer” use="optional"/>

| <attnbute name="phaselD" type="ghml-phaseEnumeration™ use="required"/>

</extension>

</simpleContent>

| </complexType>

</element>

<simpleType name="chemicalDataType™>

| <restriction base="string™>

<enumeration value="Mole Fraction™/>

<enumeration value="Mass Fraction™/>

<enumeration value="Volume Fraction"/>

<enumeration value="Mass Concentration (kg/m*3)"/>

<enumeration value="Molar Concentration (mol/m*3)"

<enumeration value="Salinity (ppt)”/>

<enumeration value="Salinity Class"/>

| </restnction>

</simpleType>

Fig. 18. Sample data category from GHML, specifically the ChemicalData subtype.

100



Volume 115, Number 2, March-April 2010
Journal of Research of the National Institute of Standards and Technology

3.2 World Wide Web-based Data Dissemination

A web-based interface specific to the Clathrate
Hydrate Physical Property Database was developed to
guarantee free and open access to the data resources
upon completion of primary development, independent
of CODATA progress. The basis for the web interface
is Google Web Toolkit [17], an open source set of tools
for generation of complex JavaScript front-end applica-
tions from Java source code. This set of tools was used
to couple server-side database interaction to a client-
side user interface built with the Ext JS [18] graphical
JavaScript libraries and coupled together with open-
source GWT-Ext libraries [19].

) Thermodynamic Propertiez of GazHydrates - Mazilla Firefox

This choice of technologies allows for an interactive
user experience more akin to a desktop application than
with traditional web technologies. Traditional web-
based database interfaces support simple search and
display capabilities and require additional network
transactions to modify data display. In contrast, the
advanced technologies underpinning this web interface
allow significantly more complex user interactions
without an associated increase in required network
traffic, usually the slowest step in any World Wide Web
interaction. For example, the web interface supports
complex queries regarding combinations of chemical
compounds through dynamically populated and readily
searchable lists of chemical compounds (Fig. 19). Once
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Fig. 19. Screenshot from web interface, demonstrating a search for a chemical system, including compound filtering.
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a user has specified search criteria, the client interface user to sort data as desired. All data can be displayed
downloads the associated datasets to the client graphically (Fig.24), and the user can control axis
and no further server interactions are necessary. scale, select logarithmic or inverse scaling (Fig. 25),
The retrieved datasets dynamically populate a tree and re-label datasets or chart objects as desired
based structure (Fig.20), based upon chemical (Fig. 26). Finally, all datasets can be downloaded in
composition and literature source. The user can see a commonly accessible format (Fig. 27) for off-line
information on the compounds involved in the processing by the user.

systems of interest, including a two-dimensional In addition to providing access to the archive of
structural representation (Fig.21) and full citation clathrate hydrate physical properties, users can also
information (Fig. 22). The user can display the datasets freely access the 2002 scientific results from the Mallik
of interest in interactive tables (Fig. 23) that allow the Gas Hydrate Production Research Well Program [2], a
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Fig. 20. Screenshot from web interface, demonstrating search results for chemical system including dynamically populated tree..
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Fig. 21. Screenshot from web interface, demonstrating display of compound information, associated with a given chemical system..
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Fig. 22. Screenshot from web interface, demonstrating display of full citation information for a given data set.
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Fig. 23. Screenshot from web interface, demonstrating tabular display of data, including sorting capability.
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Fig. 24. Screenshot from web interface, demonstrating Arrhenius plot of propane + water phase equilibria.
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Fig. 25. Screenshot from web interface, demonstrating chart options menu for native charting capability.

107



Volume 115, Number 2, March-April 2010
Journal of Research of the National Institute of Standards and Technology

Fie Edi Vew Hstory Bookmarks Took Hep
O - ¢ x o [ rovgshydetenstgovnydetever Rl e 3
| Thermodynamic Properties of..| + | [-]
Thermophysical Properties Division
TRC Group
b roperty Mallic 2002 Data Archive
Database of Thermodynamic and Crystallographic Propertles of Gas Hydrates
Browse Data “ Plotting Controls |
=308 = HZ0 o (kPa) 3. TiK) Pk | Oyl +
=3 Compounds
Sl prepane 200004 - = 1345 Dealon Ere 1NE?“'M"
] water » 1945 Deatoin =5 '
=4 Fhase equibrum data 10000 ¥ + 1945 Deatan || 1852 Reamer
= 5§ 1845 Deaton, W. 11, Frost, ] = 1852 Reamer | 1950 Patiseuw
= Dataset 21012 ; = 1852 Reanmer 1571 Rkinsse
= Bataset 21010 5000 + 1959 Patteeuw 1971 Rebingen
=) Dataset 21011 H 1471 Robinson '2 —
o () 1952 Reamer, H. . Seleck . * 187 Ratinsan & 1974 versa
of (2] 1958 Patieeuw, 1. C.. Van « . o::i;:mrm o
9 () 1971 Rabinson, D, B fDonak 2000+ H :“m“"“ JI) S974 Viarma
20 1574 Versa, V. K. and. 3 ' .mneiemlmm ; P
@ ) 1881 Goddara, 4. D 1000+ ... « 1982 Holder i
s:;nmmm.s.n.[emnu .'-._... - - T ot j Despiay Diata Table
200 198 Mol Rifiewostl oo v » 1984 Kubota A compands d
@ ] 1956 Siowe E [L[E. Dendy] 500 - Change Series Name *
@11 1967 e 5. L. I§ ~ . Dataset 21022
& [ 1957 Siess E L[E. Dandiy] 1 1981 Godkdard Rgmsve Sers
& 1881 Sang. K.Y [Kyee ¥ 1. = C3E » HIO In Hydrate sIT + Tce + Vapar
2 0] 1903 Engezos, P Peter]. M 200 % e Change ¥ GerwsMame +
3 0] 1904 Sang, 1Y Kyoe ¥ 1. - Change ¥ Symbel "
1 1957 Mindort, |, Ouliich, L. - # 2002 lsnjerion §  Change v Calor ’
#2002 Uorier-van den Hiwy 1004 - Y den Hewvel 4
3712004 Uoaier-van den Hew : . - 2uua Madijer-ian i Change Y2 5ershame b
3 3 hemaphyaical sroperty duts 50 - . » 2002 Mooljer-an Change 2 Symbel 4
B[] Crystaliograghic data . ten Heuval i Change Y2 Celor "
S C368 » H20 v CHED = 2004 Meljer-van .
# ] Comgounds en Heuvel ¥ 2004 Moojer-van den Hewved i
1| Prase squstrum data 20 * 2004 Modijerwan < »
20 - - : - - - ] San Hewrel
k0] 300 290 Fili] 2 260 50 240 Themoghysical Properties
< » T Ml datasets
© 2009 ateyighl By ha US Seadtady of Commaiss o4 Bahall of the Usites Stales of Andns Al AGHE saseid
Enupo Bptiny Heqti o Aggemminility Spiemen i % 3
HIST iy g pgancy of T n
hittp:/fgashiydrates.nist.gov/Hydrateviewer/ £ #5 .

Fig. 26. Screenshot from web interface, demonstrating dataset options menu for native charting capability.
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Fig. 27. Screenshot from web interface, demonstrating downloaded table file with original table within web viewer context.
novel exploration of the technical feasibility of natural capabilities and access to all data available through the
gas production from a permafrost-based deposit of gas software distributed with the original materials without
hydrates. These data are reproduced with explicit, writ- the need to install software locally or permanently
ten consent of the copyright holder (Natural Resources download materials. This includes access to all metada-
Canada). The web-based interface offers all interactive ta, as well as original tabulated data files (Fig. 28).
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Fig. 28. Screenshot from web interface, demonstrating table from 2002 Mallik scientific results with data methodology information displayed.

4. Summary database contains about 12,000 individual data points
for about 150 compounds spanning 400 different chem-
The NIST Thermodynamics Research Center has ical systems. The design of this database is derived
completed design, population, and publication to the from the structure of the SOURCE Data Archive and
World Wide Web of the Clathrate Hydrate Physical includes novel extensions to represent complex gas
Property Database (NIST Standard Reference Database hydrate data sets in a well constrained manner. This
156). This data resource is available on a free and open interface also provides access to the 2002 scientific
basis at the URL http://gashydrates.nist.gov. It contains results of the Mallik Gas Hydrate Production Research
well defined and critically evaluated experimentally Well Program, reproduced with permission, and pro-
derived thermophysical and structural data for clathrate vides all capabilities of the viewing software previous-
hydrates, including the complex systems associated ly developed for dissemination with physical copies of
with clathrate hydrates of natural gas. At present, the the project results.
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Population of the Clathrate Hydrate Physical
Property Database was supported by a gas hydrates
library collected by TRC staff. Presently at nearly 6000
documents, this literature archive will continue to grow
as new materials become available and will continue to
serve as a source of new results to be added to the data-
base. The literature archive was cataloged by use of an
internal database and experimental datasets were
extracted by use of specially designed Guided Data
Capture software, facilitating data collection by indi-
viduals who are technically competent but lack the
broad experience usually required to dissect complex
thermophysical systems.

The original version of the gas hydrate markup lan-
guage (GHMLV1.0) was modified significantly to meet
the needs of the broadly based gas hydrate community.
The range of data sets that can be represented was
increased, support for citation information was added,
and consistency with the [UPAC-standard ThermoML
was included. This new GHML data format is now
being used in international data-sharing development
efforts. It is expected that in the future, GHML will
serve as a major tool for data exchange across the
boundaries of traditional academic disciplines within
the gas hydrate community.

It is expected that the Clathrate Hydrate Physical
Property Database, available on a free and open basis
and accessible through the World Wide Web, will facil-
itate research on and development of technologies
relevant to clathrate hydrates by providing reliable,
critically evaluated data sets from the scientific litera-
ture and an intuitive interface for visualizing and
comparing those data sets against one another.
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