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ABSTRACT

To facilitate advances in application of technologies pertaining to gas hydrates, a United States
database containing experimentally-derived information about those materials was developed.
The Clathrate Hydrate Physical Property Database (NIST Standard Reference Database # 156)
was developed by the TRC Group at NIST in Boulder, Colorado paralleling a highly-successful
database of thermodynamic properties of molecular pure compounds and their mixtures and in
association with an international effort on the part of CODATA to aid in international data
sharing. Development and population of this database relied on the development of three
components of information-processing infrastructure: (1) guided data capture (GDC) software
designed to convert data and metadata into a well-organized, electronic format, (2) a relational
data storage facility to accommodate all types of numerical and metadata within the scope of the
project, and (3) a gas hydrate markup language (GHML) developed to standardize data
communications between “data producers” and “data users”. Having developed the appropriate
data storage and communication technologies, a web-based interface for both the new Clathrate
Hydrate Physical Property Database, as well as Scientific Results from the Mallik 2002 Gas
Hydrate Production Research Well Program was developed and deployed at
http://gashydrates.nist.gov.
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EXECUTIVE SUMMARY

To facilitate advances in application of technologies pertaining to gas hydrates, a United States
database containing experimentally-derived information about those materials was developed.
The Clathrate Hydrate Physical Property Database (NIST Standard Reference Database # 156)
was created by the Thermodynamics Research Center (TRC) Group at the National Institute of
Standards and Technology (NIST) in Boulder, Colorado. The database development paralleled
that of a highly-successful relational database of thermodynamic properties of pure molecular
compounds and their mixtures (SOURCE) that is maintained by TRC at NIST. The project was
completed in association with an international effort by the Committee on Data for Science and
Technology (CODATA) to aid in international data sharing. Development and population of the
new database relied on the development of three components of information-processing
infrastructure: (1) Guided Data Capture (GDC) software designed to convert data and metadata
into a well-organized, electronic format, (2) a relational data storage facility to accommodate all
types of numerical and metadata within the scope of the project, and (3) a gas hydrate markup
language (GHML) developed to standardize data communications between “data producers” and
“data users”, i.e., the academic and industrial research communities.

Guided Data Capture (GDC) software was developed for this project with specific application to
characterization and properties of gas hydrates. This software was and continues to be utilized in
the data collection process to aid technically competent individuals, typically student associates,
who are not expert in data collection and measurement technology in capturing all relevant
information from a literature source. The captured information is used by staff experts to produce
optimally accurate properties with reliable uncertainty estimates.

The NIST/TRC Gas Hydrate Data Entry Facility was established in support of this project. The
facility is staffed by student associates in relevant technical fields under the supervision of NIST
professionals, and is at the center of all data selection, capture, evaluation, and archiving activities
for this project. The facility staff used the developed GDC software for capture of gas hydrate
data sets from articles, selected by senior staff, that were determined to contain information
relevant to this project. A continually-growing literature archive of gas hydrate data publications,
currently containing 6000 unique titles, was analyzed for data content. The archive consists of
refereed journal publications, theses, technical reports, and conference proceedings.

A new database design was developed based upon the existing SOURCE database design to
accommodate complexities associated with gas hydrates. Tables for storage of gas hydrate
thermophysical and crystallographic data in SOURCE were designed and populated from the data
compiled from the literature archive, and continue to gain content as new information becomes
available. A new Sun SPARC Enterprise T5240 server was obtained and configured to run
RDBMS system Oracle 10g and MySQL to serve the hardware data needs of this project.

The gas hydrate markup language (GHML) was initially developed by a CODATA taskgroup as
the intended medium for hydrate data communication across disparate hydrate disciplines. In
order to guarantee that such records would contain appropriate data constraint, GHML was
modified in conjunction with the taskgroup to meet the needs of the broadly-based gas hydrate
community while maintaining consistency with the IUPAC-standard ThermoML and providing
the structure necessary to communicate well constrained datasets. This data format is actively
being used in international data-sharing development efforts. By providing a uniform model for
data and metadata communication for the gas hydrates community, communication across the
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varied disciplines associated with these studies can be improved and scientific progress in the
field can be facilitated.

An advanced World Wide Web-based interface for the database was developed and made public
at http://gashydrates.nist.gov. This interface supports complex queries of a chemical or citation
nature and supports dynamically interactive tables, visualization of datasets using customizable
charts, and download of data for off-line analysis. This interface also provides ready access to the
2002 scientific results of the Mallik Gas Hydrate Production Research Well Program. All
capabilities of the viewing software developed originally for dissemination with physical copies
of the Mallik project dataset are maintained in the new on-line tools.

All milestones of this three-year data collection, evaluation, and dissemination project were met
or exceeded.
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Gas Hydrate Research Database and Web Dissemination Channel (Final Report)

REPORT DETAILS

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, culminating in more than 3000 refereed publications in
the 1990’s [1]. Much of this recent growth is due to the perceived value of methane clathrate as a
non-petroleum-derived large-scale energy resource [2]. Recent estimates of the world’s
naturally-occurring hydrated methane vary widely, ranging from 2.5 x 10* m*® [3] to 1.2 x 10" m®
[4] at STP, but the amount of organic carbon in hydrates can be conservatively estimated as a
factor of two greater than the total of all remaining petroleum and natural gas reserves [5]. The
remote locations where hydrate exists and the dispersed nature of the deposits has prevented
prospecting 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 led to the understanding that they typically exist close to
their thermodynamic stability limit [4], so slight changes in ambient temperature or pressure may
result in catastrophic release of methane, a potent greenhouse gas, with implications on global
climate change [6] and seafloor slope stability [7]. Massive releases of organic carbon to the
atmosphere and mass extinction events during the Permian Triassic [8], Late Jurassic [9], Late
Paleocene Thermal Maximum [10], and other eras are often connected to the sudden release of
hydrated gas.

Gas hydrate publication rates are now such that a diligent researcher could be easily overwhelmed
in attempting to maintain a broad understanding of the state of the art. One solution to this
difficulty is the centralization of critically evaluated data sets. Such a database can facilitate
understanding of naturally 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 community in general. The developed database, the scope of
which includes thermophysical and structural data, provides to researchers the ability to submit
new datasets and retrieve high quality, critically evaluated data. 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 critically evaluated
hydrate database is essential for eliminating data redundancies, highlighting key data gaps, and
providing an assurance of data quality to aid research efforts within the broader research
community.

A hydrate database center has been established at NIST as part of the Thermodynamics Research
Center (TRC) [11]. The existing database at the core of previous TRC activities is the NIST
SOURCE Data Archival System (SOURCE) [12-13] which is the largest relational archival
experimental data system, 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 developments are built upon the algebraic constraints of the
Gibbs phase rule, which states the number free parameters that must be specified in a system in
order for that system to be thermodynamically well-defined is equal to two more than the
difference of number of chemical components and the number of phases. The gas hydrate
database represents a critically evaluated dynamic data set, allowing for continuous updating and
reliability analysis. TRC has extensive experience in software development for dynamic critical
data evaluation, with particular application to thermophysical properties. The ThermoData
Engine software [14-15], developed at TRC, is the first full-scale implementation of the dynamic
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data evaluation concept [16]. TRC currently 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. Authors provide their manuscripts and data summaries that
are used at NIST with Guided Data Capture (GDC) software [17-18] for generation of structured
data files. This approach assures that submitted data are in an appropriate format [19-21] and
include sufficient supporting information regarding methods and materials to allow for accurate
reliability estimates. Application of this proven model has been essential to the successful
development of this hydrate database. Modifications to the GDC software were implemented and
appropriate schema for storage of well-constrained hydrate data were developed specifically for
this collection effort.

The data-transfer approaches associated with this data capture and storage effort are being
coordinated with CODATA, which has been developing a markup language called Gas Hydrate
Markup Language (GHML) [22-25] for communicating gas hydrate data throughout the research
community and 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. Using a
number of technologies [30-33], a native application-like interface rendered using a traditional
web browser was developed. This interface provides the capability to search and navigate
through the data sets, view them with sortable tables, chart data sets against each other and
download each data set to a local machine for additional analysis. This interface also provides
access to the 2002 scientific results of the Mallik Gas Hydrate Production Research Well
Program, reproduced with permission, and provides all capabilities of the viewing software
previously developed for dissemination with physical copies of the Mallik dataset.

Development of Project-Specific Support Resources

In order to identify sources of data for capture and storage, as well as to provide other field-
specific advice, an Advisory Committee was established in October 2006. The members of the
Advisory Committee are:

Dr. Dendy Sloan (Committee Chair)
Center for Hydrate Research
Colorado School of Mines

Golden, CO 80401
esloan@mines.edu (303-273-3723)

Dr. Timothy S. Collett

USGS Denver Federal Center MS 940
Denver, Colorado 80225
tcollett@usgs.gov (303-236-5731)

Dr. George Claypool

Former Chief Scientist / Chevron JIP Project
8910 W. 2nd Avenue

Lakewood, CO 80226

geclaypool@aol.com (303-237-8273)
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Tom Smith, Data and Security Architect, Office of Converging Technologies
Queens College, City University of New York

Flushing, NY 11367-1597

tom.smith@cinaplex.com (718-997-5935)

Dr. Michael Frenkel, NIST, Director / Thermodynamics Research Center
325 Broadway, Mailstop 838.01

Boulder, CO 80305-3328

frenkel@boulder.nist.gov (303-497-3952)

As expert members of the gas-hydrate community in the areas of property research (Dr. Sloan),
energy resource characterization (Dr. Collett), and field formation and assessment (Dr. Claypool),
the members provided guidance in establishing the scope of the database collection to be housed
at NIST. As a member of the GHML development team in addition to his expertise in
information technologies, Mr. Smith facilitated communication between the development teams
and helped guarantee GHML’s evolution would be compatible with both the data requirements of
well constrained thermophysical data sets, as well as the broader needs of the gas hydrates
community at large.

In addition to the thermophysical and crystallographic data collected and disseminated as per the
mandate of this project, the Advisory Committee recommended that scientific results from the
Mallik Gas Hydrate Production Research Well Program be disseminated via the same channel.
Mallik represents a novel exploration of the technical feasibility of natural gas production from a
permafrost-based deposit of gas hydrates. The technical results of the 2002 studies have not been
available outside of physical materials published by the Geologic Survey of Canada, and so with
appropriate permissions those results and all associated visualization capabilities have been
replicated through the web interface.

Literature Archive

A primary task of this program was the collection and characterization of a literature archive.
This collection had as its basis a large (3,500 unique sources) electronic document archive
donated to the collection effort by Dr. Dendy Sloan at the Center for Hydrate Research, Colorado
School of Mines. At present, the complete archive, maintained as electronic PDF files, contains
approximately 6,000 unique sources. The archive includes peer-reviewed journal articles,
technical reports, master’s theses and doctoral dissertations in a number of languages and dates as
far back as the 18" century. Of the total archive, approximately 300 have been determined to
contain independent thermophysical or crystallographic data which are sufficiently well-
constrained for the goals of this project. This document archive continues to grow as additional
new material is published and culled from the academic literature.

Even rudimentary review of an archive of this size for bibliographic information is a non-trivial
activity. For the task of reviewing this article set and evaluating 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 documents 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
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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.

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 a central repository. Due to the complexity 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 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 introduced 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 the testing of the GDC software.

With the development of collaborations with major peer reviewed journals for the capture of
experimental data as they are published, an additional role for GDC evolved. In addition to the
creation of batch data files for loading into SOURCE, the GDC software simultaneously creates a
separate text document coded in XML [19-21] format for easy access and use by the scientific
and data management community. These formatted text documents are available on the internet
together with a full description of the XML definitions and schema.

TRC data-quality-assurance (DQA) policies, as they relate to a database effort such as SOURCE,
can be subdivided into six steps: (1) literature collection, (2) information extraction, (3) data-
entry preparation, (4) data insertion, (5) anomaly detection, and (6) database rectification. The
initial steps (1-4) can be very labor intensive and represent key components of the entire data-
system operation. GDC serves to provide expert guidance to novice data compilers and minimize
errors during steps 1-4. Additional detail of steps 5 and 6 have been discussed previously [27].

GDC functions to guide inexperienced but technically-competent individuals through the process
of extracting information from the literature, ensuring the completeness of the information
extracted, validating the information through data definition, range checks, etc., and guiding
uncertainty assessment to ensure consistency between compilers with diverse levels of
experience. A key feature of the GDC software is the capture of information in close accord with
customary original-document formats and leaving transformation to formalized data records and
XML formats within 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 or XML formats,
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 engineering 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 to be used for
both TRC in-house data capture operations as well as a data-collection aid for authors of
scientific and engineering publications. The original software, without support for gas hydrate
property capture, is available for free downloading via the World Wide Web [18].
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Comprehensive documentation for the software is included. The GDC software has features that
allow ready detection of inconsistencies and errors in reported data (erroneous compound
identifications, typographical 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 [17].

In order to capture experimental data sets pertaining to samples of gas hydrate, the existing GDC
software required significant modification. Whereas data normally processed through GDC are
either for a pure compound or a mixture of a small number of well-defined compounds in well-
defined ratios, a gas hydrate is a non-stoichiometric structure, where determination of crystal
compositional distribution may not ever be measured, but can still yield valuable data. Whereas
it might be desirable to simply designate such studies as unreliable, the comparative 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 compound, defined by the combination of its constituents and known thermodynamic
properties. With these modifications, 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 with this software. The level of functionality thus attained represents significant
progress towards a complete GDC software package for gas-hydrate data; however, experience in
this area has shown that continued capture of published data sets may motivate modifications and
further extensions.

The basic tree structure of GDC data (Figure 1) is organized around that of the data source
document. Following from that are definitions of chemical components in the systems presented
within the citation and specific sample information with detailed purity information. A gas
hydrate system is then defined by a combination of those chemical components (Figure 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 (Figure 3). It is only
once this detailed information regarding purity of constituent compounds is defined that measured
properties are entered, allowing for a detailed understanding of the resultant data reliability.

In order to guarantee 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 two guest
molecules (Figure 4), there exist two degrees of freedom in the system, and hence, two dependent
variables are required. The data for the system are then recorded in an internal data table (Figure
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 software applied to digitized material. Data consistency can then be verified
using native graphing capabilities (Figure 6) within the GDC software.

In order to properly characterize enthalpy of decomposition of a gas hydrate, it is necessary to
have well defined ratios of host to guest molecules; for this reason, the system for such a
decomposition is characterized as a physical reaction and the enthalpy of decomposition is stored
as an enthalpy of reaction (Figure 7). This methodology has additional benefits in that, as the
comparatively slow Kinetics associated with hydrate formation and the dynamics of hydrate
decomposition may yield a condition where the ambient pressure and temperature at which a

10
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study are performed do not necessarily correspond to the equilibrium phase boundary, such data
can be stored for future consideration and critical review.

For bulk property measurements, such as specific volume, thermal conductivity, heat capacity at
constant pressure, or speed of sound, experimental measurement techniques do not vary
significantly from those for pure compounds. For this reason, a significant amount of parallelism
was possible between the newly-developed and previously-existing treatments [17]. In order to
have a well characterized bulk measurement, we first must define the type of property being
measured and the method of measurement (Figure 8) after which the conditions under which the
measurements were made must be defined (Figure 9). The numerical data are captured and
estimates of the uncertainties for the data are made based on the experimental details and sample
purity (Figure 10). For larger data sets, the previously mentioned native graphing capabilities can
be utilized.

Characterizing crystal structure is a wholly novel addition to GDC intended for gas hydrate data
collection. In order to maintain future extensibility, as well as collect detailed information about
the cage structure, information is stored regarding the crystallographic space group, unit cell
dimensions and both raw and processed information regarding constituent atom distribution
(Figure 11). To provide a reasonable guarantee of generality and compatibility with likely
crystalline structure data sets, this new data structure was modeled upon the Crystallographic
Information File (CIF) data file format. CIF is an International Union of Crystallography (IUCr)
standard used within the crystallographic community for communication of experimental results
[28].

Database Architecture

The stated goal of the TRC group at NIST is capture from the world’s literature of essentially all
experimental data available for thermophysical and thermochemical properties of organic
chemical compounds in an automatically-interpretable form. The enormous growth of published
thermophysical and thermochemical property data makes simply tracking all newly published
materials an intensive task. The data collection serves as the basis for dynamic data evaluation,
implemented by TRC in its ThermoData Engine (TDE) software [14-15]. Fundamental to a
large-scale data analysis effort, such as this, is a well-structured database complete with
appropriate metadata and uncertainties.

The enormous growth of published thermophysical and thermochemical property data (doubling
almost every 10 years) makes it practically impossible to use traditional (static) methods of data
evaluation. The new concept of dynamic data evaluation requires a large electronic database
capable of storing essentially all of the published “raw/observed” experimental data with detailed
descriptions of metadata and uncertainties. The combination of this electronic database with
artificial intellectual (expert-system) software provides the means to generate recommended
property values dynamically or “to order”. This concept contrasts sharply with static
compilations, which must be initiated far in advance of need. Capture of metadata and
uncertainties for the experimental values allows propagation of reliable data-quality limits to the
recommended values and, subsequently, to all aspects of chemical process design.

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 [12-13] was designed and built to be such a depository for experimental thermophysical
and thermochemical properties for organic chemical compounds reported in the world’s scientific

11
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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 many thousands of pure compounds, binary and ternary
mixtures, and reaction systems. In conjunction with the expansion associated with this project,
SOURCE is being migrated to a Sun SPARC Enterprise T5240 server running RDBMS system
Oracle 10g and MySQL.

In designing data structures to accommodate the gas hydrate data sets, limitations of the
SOURCE architecture associated with definition of complex materials were highlighted. In order
to support these relationships as well as those of ionic liquids, stereo-isomeric mixtures, and other
complex samples, a new table structure has been designed. The relationships for the total gas
hydrate system are shown broadly in Figure 12 and the specific details of defining a complex are
shown in Figure 13. 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) are
associated with compositional information, if appropriate, through a pivot table (table
CMPLXCMP). Each complex is assigned an identifier which is unique between both the CMPID
and CMPLXID tables. This allows property data to be defined equivalently in either case,
independent 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 feedstock is relevant to the ultimate properties of a crystal sample, that
information is tied to the system for each component in the system through a gas-hydrate specific
GHSAMPLE table.

If the given study was crystallographic in nature, a table entry is made in table GHSTRUCT
(Figure 14). This contains basic crystallographic data (space group, lattice parameters) in
addition to experimental conditions (system temperature, system pressure, uncertainty
methodology). If additional information is provided on either interatomic spacing or Cartesian
atomic distribution within the unit cell, such information is stored in tables GHSTRCUTRAW or
GHSTRCUTPROC, respectively. 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 conditions of a thermophysical measurement, required significant extension to the existing
SOURCE data storage format. Given that gas hydrate systems may contain from two to an
arbitrarily large number of chemical components, the fixed table width approach, previously
utilized to guarantee proper system constraint, becomes untenable with a gas-hydrate system.
This is easily demonstrated 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 accommaodate this set, in addition to data
sets containing two compounds and four phases, would be very inefficient and would be
inherently limited if a more complex set were encountered in the future.

The solution adopted in this scenario is shown in Figure 15. 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 data 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

12
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the GHCOMPOSITION table, which stores not only the data and uncertainty, but what
compound was measured and in which phase. Data integrity for that 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 specific heats, are
stored in the GHPROP table with similar constraints. The number of compounds, phases and
data values can then be compared and the thermodynamic completeness of a set, as expressed by
the Gibbs phase rule, can be determined.

All GDC output files generated by undergraduate data compilers in the Gas Hydrates Data Entry
Facility are uploaded into the SOURCE archive after each file is checked for consistency with the
original source material by senior staff. When appropriate validating data are available, new
materials are also verified against existing stored values, providing integrity checks on historic
data as well as providing additional verification for new data.

Gas Hydrate Markup Language

Thermodynamic property data represent 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 interoperability 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 communications
is critical for provision of solutions to such technological 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 system to engineering
application. Taking into account the diversity of thermodynamic data and the numerous methods
of their reporting and presentation, it is apparent that standardization of thermodynamic data
communications is a complex task.

A component of the work performed consisted of reconciling the GHMLv1.0 schema [22-25], an
XML format developed prior to this project for communication of gas hydrate data, and
ThermoML [19-21], a TRC development and an IUPAC standard for experimental and critically-
evaluated thermodynamic property data communication and storage. The structure of ThermoML
is based on rational storage of property data with the origin of the data as a major component of
the organization construct. Initial efforts attempted to cause a minimum disturbance to the
existing data structure and maintained a series of parallel (i.e., non-intersecting) sections that
described various types of property data (“field” [23], “laboratory” [24], and “modeling” [25]).
Consistency with ThermoML was generated primarily via modification of the laboratory section
and the addition of citation information. Given the significant inconsistency in style and
nomenclature across the different sections present in the initial schema, a specific effort in
reformulating the laboratory section was put toward rectifying this disparity. As developing
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 had to be
approved by that body, and this happened at a meeting of the CODATA Hydrate Database
Steering Committee on October 27, 2007, with the note that additional unification across the
disparate GHML branches was desirable.

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 accepted
version, and it was not clear that these data could be represented by reasonable extensions to
either format. In response, a significant modification of GHML was formulated which combined
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the FieldData, LabData and ModelData elements into a single DataSet element (Figure 16).
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 categories literature citation (Figure 17), investigation details (Figure 18),
chemical compound information (Figure 19), and sample history (Figure 20), and then specifies
the data organization of a formatted data-tuple (doubly-delimited list) through the inclusion of
data labels that include appropriate data attributes to maintain data relationships (Figure 21); for
example, a mole fraction data series includes relational information to specify a compound being
measured and the phase in which it was measured (Figure 22). This development was discussed
previously [29].

GHML is being used as the basis for the current web-dissemination technology development
efforts underway by the CODATA gas hydrate task group. It is expected that by providing a
uniform model for data and metadata communication for the gas hydrates community,
communication across the varied disciplines associated with these studies can be improved and
scientific progress in the field can be facilitated.

World Wide Web-based Data Dissemination

In addition to collaboration with the CODATA data sharing efforts described above, 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 developmental progress. The basis for the web interface is Google
Web Toolkit [30], an open source set of tools that generate complex JavaScript front-end
applications 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 [31] graphical JavaScript libraries
and coupled together with open-source GWT-Ext libraries [32].

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
Clathrate Hydrate Physical Property Database web interface supports complex queries regarding
combinations of chemical compounds through dynamically populated and easily searchable lists
of chemical compounds (Figure 23). Once a user has specified search criteria, the client interface
downloads the associated datasets to the client and no further server interactions are necessary.
The retrieved datasets will dynamically populate a tree based structure (Figure 24), based upon
chemical composition and literature source. The user can see information on the compounds
involved in the systems of interest including two dimensional structural representation (Figure
25) and full citation information (Figure 26). The user can display the datasets of interest in
interactive tables (Figure 27), that allow the user to sort data as desired. As well, all contained
data can be displayed graphically (Figure 28) where the user can control axis scale, can select
logarithmic or inverse scaling (Figure 29) and can relabel datasets or chart objects as desired
(Figure 30). Finally, if the user’s need requires he interact with the data in some way not
supported by the interface, all datasets can be downloaded in a commonly-accessible format
(Figure 31).
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In addition to providing access to the recently compiled literature archive of clathrate hydrate
physical properties, users can also freely access the 2002 scientific results from the Mallik Gas
Hydrate Production Research Well Program, a novel exploration of the technical feasibility of
natural gas production from a permafrost-based deposit of gas hydrates. This data is reproduced
with explicit, written consent from the copyright holder (Natural Resources Canada). The web-
based interface offers all interactive capabilities and access to all data available through the data
viewing software distributed with the original data materials without the need to install any
software or permanently download any materials. This includes access to all included study
metadata as well as original tabulated data files (Figure 32).

Conclusions

The TRC group has completed design, population, and publication to the World Wide Web of the
Clathrate Hydrate Physical Property Database, NIST Standard Reference Database 156. This
data resource is available on a free and open basis at the URI http://gashydrates.nist.gov. It
contains well defined and critically evaluated experimentally-derived thermophysical and
structural data for clathrate hydrates, including the complex systems associated with clathrate
hydrates of natural gas. The design of this database is derived from the structure of the SOURCE
Data Archive and includes several novel extensions to represent complex gas hydrates data sets in
a well-constrained manner. To support of this new data resource, new computing hardware was
obtained and configured to serve the associated data needs. This interface also provides access to
the 2002 scientific results of the Mallik Gas Hydrate Production Research Well Program,
reproduced with permission, and provides all capabilities of the viewing software previously
developed for dissemination with physical copies of the dataset.

Population of this database was supported by a gas hydrates library collected by TRC staff.
Presently at nearly 6,000 documents, this literature archive will continue to grow as new materials
become available and will continue to serve as a source of new datasets to be added to the
Clathrate Hydrate Physical Property Database. This literature archive was cataloged using an
internal database and experimental datasets were extracted using specially designed Guided Data
Capture software, facilitating data collection by individuals who are technically competent but
lack the broad experience usually required to dissect complex thermophysical systems.

The gas hydrate markup language (GHMLv1.0) was modified significantly to meet the needs of
the broadly-based gas hydrate community. The range of data sets it can represent was increased,
support to represent citation information was added, and consistency with the IUPAC-standard
ThermoML was included. This new GHML data format is actively 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.

In support of this data collection, evaluation and dissemination project, all milestones have been
met or exceeded.
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Figure 1. Screen capture of tree structure for a gas hydrate sample characterization within GDC
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Figure 2. Screen capture of GDC dialog for definition of a gas hydrate system
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Figure 3. Screen capture of GDC dialog for definition of a gas hydrate sample
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Figure 4. Screen capture of GDC dialog for defining phase equilibrium constraints and variables on
a given set of phase equilibrium data
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Figure 5. Screen capture of GDC dialog for entering tabulated data associated with a given set of
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Figure 6. Screen capture of natively-generated graph of data entered into GDC tabulated data dialog
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Figure 7. Screen capture of GDC dialog for defining the physical reaction associated with gas
hydrate decomposition
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Figure 8. Screen capture of GDC dialog for defining a type of bulk measurement and the associated
measurement methodology
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Figure 9. Screen capture of GDC dialog for defining the thermodynamic conditions under which a
bulk measurement was performed
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Figure 10. Screen capture of GDC dialog for entering tabulated data associated with a given set of
bulk property data with automated reliability estimate
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Figure 11. Screen capture of GDC dialog for storing crystallographic data, including space group,
unit cell parameters and atom distribution
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Figure 12. Schematic representation of new SOURCE table structure and gas-hydrate-relevant table
substructure
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Figure 13. SOURCE tables relevant to defining a specific gas hydrate sample, dependant upon the

of the feed materials

literature source of the data, the chemical compounds present and the compositional purity
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Figure 14. SOURCE tables relevant to defining data from crystallographic studies, including atomic
distribution if reported
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Figure 15. SOURCE tables relevant for defining thermodynamic state and property data, including

temperature, pressure and compositional information
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Figure 16. Root element of GHML
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Figure 17. GHML citation element, consistent with T'hermoML
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Figure 18. GHML investigation element
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Figure 19. GHML compound element
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Figure 20. GHML history element
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Figure 21. GHML data element
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</annotation=
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Figure 22. Exemplar data category from GHML, specifically the ChemicalData subtype
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Figure 23. Screenshot from web interface, demonstrating a search for a chemical system, including
compound filtering
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Figure 24. Screenshot from web interface, demonstrating search results for chemical system
including dynamically populated tree
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Figure 25. Screenshot from web interface, demonstrating display of compound information,
associated with a given chemical system
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Figure 26. Screenshot from web interface, demonstrating display of full citation information for a
given data set
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Figure 27. Screenshot from web interface, demonstrating tabular display of data, including sorting
capability
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Figure 28. Screenshot from web interface, demonstrating Arrhenius plot of propane-water phase
equilibria
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Figure 29. Screenshot from web interface, demonstrating chart options menu for native charting
capability
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Figure 30. Screenshot from web interface, demonstrating dataset options menu for native charting
capability

46



Gas Hydrate Research Database and Web Dissemination Channel (Final Report)

-' Thermadynamic Properties of GasHydrates - Mozilla Firefox

@ - ¢ X o D npsshyestesnst ooy 5 .|l 7
| Thermodynamic Properties of...| «

Thermophysical Properties Division NIST

TRC Group Snadargs ood Yoty

Suppiying physical and chismical properlies dai, Modsls, SUNdands, and research 1or iNustry, pubks Neaith & safety. and the envionment )

} | el e

Database of Thermodynamic andlallEEa = RS AL IEETS

owriond| cuwcacd ) Fe Edt Mew Jnsert Fomat ook Data Window Hep :

. ) Quistion for help [ 1
S < o momm s ameom G S AR T B A DA S0 8 E L EL s - @i PlEEE
B8+ 120 i) (P} ‘_] S ) D) D s L LR R WY Reohy ygh Changes. [ B
¥ ‘:_‘,w,,,.e ?:: ":l Al - A& C3IHE + H20 in Hydrale + Aqueous Liquid + Vapor
I L O g % A I [ ] e 5 W | e
53 1546 Deato, W, Frose || & 729 a8 1 |C3118 + H20 in Hvdrate + Agueous Liguid + Vapor
T oeteaet 1002 si mmss = i
) veazet #1010 6 e 02 |

) Detsnet w1511 3| Compounds: water(H20)
(8 (11942 Rieames, 4 H_ Sedeek 1 propane(C3H8)
B[] 1950 Platiesuw, 1 & Vs =
8 (1971 Rebinscn, 0 8 Dosal &
8 (11974 Verma, ¥ K Hand, ) [
B L] 1381 Boddard, ). 0. 7
B [0 1982 Holer, 0. 1 [Oeral !
8
Lo

Reference: Title: GAS HYDRATES AND THEIR RELATION TO THE OPERATION OF NATURAL-GAS P
Auathors: Deaton, W. M. and Frost, E. M

3 (2] 1984 Kubots, H [Hirosobel, Source: United Srates Department of the Interior Gas Hyvdrares and Their Relarion ro

8 (1988 Sioan, £ D[E. Denchy]

19T P 8. Year: 1946
i (] 1987 Sioan, € 0[F. Demcy) 10
2 (0 1 Song, K Kyos ¥ ] 1 p (kPa)
S 11993 Engezos. P [Pwter] Ny
a8 1994 Song, K. .[Kyoe 7). 12| . 181
(] 1967 Nasdart, J Oeines, L 13 2736 192
o ] 2002 NGO van 36N Hewy
2 (2] 2904 Mooper-van 3en Hewr 14 2738 193
3 ] Tharmaptysical grigerty dath 15 273.9 205
2 ) Crystaloprazhic data 16 2755 9]
S T8 < H20 « ChaD
sl () Conpounss 17 276.9 402
# (2] Phase equibrum dats 18
| 19
< > 20
21
1 2000 seeymignt & e US G4ty oF Commasse 59 B4Rl 31 1 United & 22
- Dol TSt MIUOK At =08 Dgadon L= 23 1 4
W 4 v M\ Dataset # 1012,/ |« 1]

Done 'éum-w agostapesm N N OO A @E S-d-A-==sadfl
Ready HUM

Figure 31. Screenshot from web interface, demonstrating downloaded table file with original table
within web viewer context
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Figure 32. Screenshot from web interface, demonstrating table from 2002 Mallik scientific results
with data methodology information displayed
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LIST OF ACRONYMS AND ABBREVIATIONS

ASCII

CIF
CODATA

DQA
GDC

GHML
IUPAC
IUCr
NIST

SOURCE
TDE
ThermoML
TRC

XML
XSD

American Standard Code for Information Interchange, an American National
Standards Institute and de facto international standard for digital file character
mapping

Crystallographic Information File, an IUCr standard

Committee on Data for Science and Technology, International Council for
Science

Data quality assurance

Guided data capture, a process for accurate collection of data and associated
metadata from literature sources

Gas Hydrate Markup Language

International Union of Pure and Applied Chemistry

International Union of Crystallography, International Council for Science
National Institute of Standards and Technology, an Agency of the United States
Department of Commerce

NIST SOURCE Data Archival System

ThermoData Engine, NIST Standard Reference Database 103

An XML-based approach for storage and exchange of experimental and critically
evaluated thermophysical and thermochemical property data and an IUPAC
standard

Thermodynamics Research Center, Thermophysical Properties Division (838) at
NIST

Extensible Markup Language

XML Schema Definition, a file used to specify XML file structure
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