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ABSTRACT: This article describes a 10-year cooperative effort between the U.S. National
Institute of Standards and Technology (NIST) and five major journals in the field of
thermophysical and thermochemical properties to improve the quality of published reports of
experimental data. The journals are Journal of Chemical and Engineering Data, The Journal of
Chemical Thermodynamics, Fluid Phase Equilibria, Thermochimica Acta, and International
Journal of Thermophysics. The history of this unique cooperation is outlined, together with an
overview of software tools and procedures that have been developed and implemented to aid
authors, editors, and reviewers at all stages of the publication process, including experiment
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■ INTRODUCTION
This article describes a 10-year effort to improve the quality of
published reports of experimental thermophysical and thermo-
chemical property data in the scientific literature. In this article,
for the purpose of brevity, the term thermophysical properties
represents both thermochemical properties (i.e., properties of
reactions, including complete conversion and reaction equili-
brium) and traditional thermophysical properties (i.e., properties
of nonreacting chemical compounds and mixtures), including all
types of phase equilibria and transport properties, such as
viscosities and thermal conductivities. This work began in
20031−5 and by 2009 had evolved into close cooperation be-
tween the editors and publishers of five major journals (Journal of
Chemical and Engineering Data, Fluid Phase Equilibria, The
Journal of Chemical Thermodynamics, International Journal of
Thermophysics, and Thermochimica Acta) and the personnel of
the NIST TRC Group (the Thermodynamics Research Center
of the U.S. National Institute of Standards and Technology).
Within this article, this project is termed the NIST-Journal
cooperation. Based on analysis of article content for essentially
all journals in this field (i.e., all journals, including those not
participating in this cooperation), we estimate that the five
cooperating journals, collectively, represent approximately 80 %
of the thermophysical property data that are published today.
In a joint statement published in 2009, the editors outlined the

need for and goals of the cooperation: “A requirement for
submission of a manuscript describing properties is a literature
search and comparison of the results with previously reported
literature values. Often, reviewers cannot make informed deci-
sions regarding the manuscript because the authors have made
only a minimal literature review and comparisons. It is then an
unacceptable burden to require reviewers to research previously
published literature data to ensure a proper comparison has
been made and hence determine the ultimate worth of the
manuscript.”6 The statement went on to note that typographic
problems and major inconsistencies with the available literature
would be summarized in a NIST Data Report provided to the
editors, who use this information at their discretion. Within the
cooperation, NIST acts strictly in an advisory role, with all
accept/reject decisions residing with the editorial staff.
The field of thermophysical property measurements is unusual

in modern science, because some experimental data published
more than 100 years ago remain of interest today for some
engineering applications. Researchers in this field have long
recognized the importance of clear and complete reporting
of experimental data. The history of efforts to establish data-
reporting standards, which date to the early 1950s, was sum-
marized recently as part of the IUPAC Guidelines for Reporting of
Phase Equilibrium Measurements (2012).7 In 1972, the report of
the IUPAC project A Guide to Procedures for the Publication of
Thermodynamic Data8 stated, “The highly interdependent nature
of thermodynamic data imposes special obligations upon the
author of papers reporting the results of thermodynamic
investigations. (The author) must give enough information

about (the) experiment to allow readers to appraise the precision
and (uncertainty) of (the) results so they may be properly
consolidated within the existing body of data in the literature.”
Words in parentheses were substituted here to bring the text into
the 21st century, but the special obligations described remain
today. Although practical and carefully considered, the
recommendations of the IUPAC guidelines of 19728 were
largely ignored, because there was no mechanism for their imple-
mentation. The recommendations for documentation require-
ments were updated and expanded considerably in the IUPAC
guidelines of 2012,7 with the key difference that today, through
use of modern hardware and software tools, we have the ability to
ensure their dissemination and implementation.
In this article, we give an overview of procedures that have

been implemented in this cooperative work, including both
successes and failures. The procedures are now well established
and have been designed to yield maximum benefit to all parties
involved in the process (i.e., authors, editors, reviewers, pub-
lishers, readers, data users, etc.) through establishment of pro-
cedures and support tools that efficiently serve the interests of
those involved. All tools and procedures are described together
with their benefits and examples of application.

Definition of “High Quality” Experimental Data. The
importance of thermophysical properties in the development and
optimization of chemical process technologies is well estab-
lished,9 particularly with regard to separation methods, such as
distillation, extraction, and crystallization. Problems caused by
poor quality data include erroneous equipment selections, gross
overdesign of plant components, the inability to simulate and
discover new processes, poor regulatory decisions, and many
others. The word quality is defined as a “degree” or “grade” of
excellence.10 In a foreword to the Guidelines for Evaluating and
Expressing the Uncertainty of NISTMeasurement Results of 1994,11

then-director of NIST, Dr. John W. Lyons, wrote, “It is generally
agreed that the usefulness of measurement results, and thus
much of the information that we provide as an institution, is to a
large extent determined by the quality of the statements of
uncertainty that accompany them.” This statement is equally
applicable to all reported measurement results. Engineering
solutions to industrial and societal problems require property
data that are well-defined (i.e., of “high quality”) in terms of the
chemical system studied, property measured, numerical data
reported, and the uncertainty in those reported values.
An additional attribute of high-quality data involves its role in

fulfillment of an important industrial or societal need. Repetition
of earlier experiments can be justified for many reasons, such as
suspected errors, needed lower uncertainties, availability of new
high-purity samples, validation of apparatus, etc. Nonetheless, if
data for a particular system have been published previously, it is
the responsibility of the authors to justify the repetition. In
particular, measurements of low uncertainty are not necessarily
of high quality if they do not add significantly to scientific
knowledge. Tools to aid assessment in this area are described
here also.

planning. Both successes and failures are highlighted. The procedures are now well established and are designed to yield maximum
benefit to all stakeholders (authors, editors, reviewers, publishers, readers, data users, etc.) through the establishment of procedures
and support tools that efficiently serve the specific interests of those involved. All specially designed tools and procedures are
described fully, together with their benefits and examples of application. A key feature of the cooperation is the efficient validation of
experimental data af ter peer review but before acceptance for publication. Nearly 1000 articles per year are considered within the
scope of this work, with significant problems identified in roughly one-third of these. Full statistics for the findings are given, and a
variety of examples of common problems found are given.
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Challenges to Achieving High Quality. The largest
challenges in the implementation of procedures to aid
publication of high quality data arise from the varied and, at
times, competing criteria used to judge quality by the various
parties involved. Stakeholders include article authors, who are
typically university professors, graduate students, postgraduate
researchers, and government and industrial laboratory scientists;
journal editors, who are also commonly university professors;
peer reviewers, who are like the authors by definition; journal
publishers; and data users, such as process engineers, model and
correlation developers, scientific policy developers, and regu-
latory agencies. For many of these, the act of publication of a
particular article is the primary goal, and subsequent use of the
experimental data is of less concern. Degrees are awarded, tenure
is achieved, new issues are published, etc. Major users of property
data, such as those involved in process design and optimization
or correlation and data analysis, are not well represented in the
peer-review process. Users involved in environmental health
regulation, for example, are typically even less involved.
Exacerbating these problems is the fact that modern journal

publishers are known to compete for the fastest submission-
to-publication times; perhaps due, in part, to the ease with which
this quantity can be measured. In contrast, data quality, as
defined above, is very difficult to assess. In some fast shifting and
highly competitive fields, speed of publication is a serious
concern for proper attribution of credit, but this is very rarely the
case in the field of thermophysical properties, where the
professional standing of the journal, which is also difficult to
measure, is of greatest importance to most authors. Nonetheless,
peer reviewers are encouraged to work very quickly and often do
not have the time or resources to assess the relevant literature,
much less to analyze extensive tables of numerical results for
anomalies and inconsistencies. As peer reviewers tend to be
drawn from the same pool as authors and editors, they typically
reside on the data-producer side of the process, rather than the
data-user side, so the motivation to do labor-intensive checks of
numerical results is low.
Another major challenge that must be met within all scientific

fields is demonstrated in Figure 1. Figure 1 shows the number of
experimental data values (“data points”) for thermophysical
properties that were abstracted by NIST TRC from the five

journals of this project since 1990 (black bars). The increase in
data production is approximately 7 % per year, as demonstrated
by the dashed curve. This increase results in a doubling of the rate
of numerical data publication every 10 years. Larsen and von
Ins12 recently analyzed the growth rate in scientific publication
for all fields and concluded that (1) the overall growth rate was
near 4.7 % per year and (2) the growth rate has not decreased in
the last 50 years. The acceleration in data publication for
thermophysical properties substantially exceeds that of science in
general.
The observed increase in experimental data productivity is

supported, in part, by progress in measurement science, in-
cluding development of high-precision commercial devices for
measurement of temperature, pressure, and chemical com-
position, as well as fully automated control and data acquisition
systems for many key properties, such as density, viscosity, heat
capacity, etc. In turn, this has led to near elimination of apparatus
built in-house in thermophysical-property laboratories world-
wide, resulting in a further, and welcome, increase in produc-
tivity. Unfortunately, this increase in productivity can be
accompanied by a decrease in quality, due, in part, to the fact
that automated commercial equipment does not require
involvement of personnel with high expertise and in-depth
knowledge. This problem is further exacerbated by untenable
uncertainty claims made by some equipment manufacturers
seeking a competitive edge, which, when combined with a
demonstrated13 weak understanding within the scientific
community of the meaning of uncertainty and its assessment,
leads to a prevalence of grossly optimistic uncertainty assess-
ments. If the uncertainties are of poor quality, meaningful
application of the results is limited, and the overall utility of the
data is lowered substantially.
A review13 conducted at NIST TRC of reporting practices for

uncertainty of experimentally measured critical temperatures
showed that of ≈600 articles published between 1940 and 2001,
there was only one14 that provided an uncertainty analysis with
consideration of all contributing factors, including sample purity.
It was also shown that even for articles published after 1990
approximately half reported only repeatability (which is a lower
limit for the standard uncertainty) or a manufacturer’s claim
concerning how well their thermometer might measure tem-
perature, or no uncertainty at all. It is outside the scope of this
article to provide examples of appropriate uncertainty analyses,
but for the problem of considering sample purity, an approach for
one property is demonstrated in the Appendix.
The expression of uncertainty requires clear definition of a

variety of quantities and terms, and these were established in
1993 with publication of theGuide to the Expression of Uncertainty
in Measurement, ISO (International Organization for Stand-
ardization), also known as the GUM.15 The ISO recommenda-
tions were adopted with minor editorial changes as theU.S. Guide
to the Expression of Uncertainty in Measurement.16 The
recommendations have been summarized in Guidelines for the
Evaluation and Expression of Uncertainty in NIST Measurement
Results,11 which is available via free download from the Internet
(http://physics.nist.gov/cuu/). Recently, the full text of the
GUM was made available for free download,17 as was the Inter-
national Vocabulary of Metrology (the VIM).18 The application of
the principles of the GUM to experimental measurement of
thermophysical properties was discussed by Chirico et al.19 as
part of the development of the IUPAC (International Union of
Pure and Applied Chemistry) data communication standard,
ThermoML.20,21

Figure 1. Black bars represent the number of experimental data values
for thermophysical properties that were abstracted by NIST TRC from
the five cooperating journals in a given year. The dashed curve was
calculated based on an increase in the rate of data publication of 7 % per
year.
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Another common source of data quality problems today is
erroneous use of modern word processing software. While being
a major advance for ease of editing, checking of spelling,
formatting of tables, etc., word processing software is also at the
root of many published errors that can completely invalidate
large data sets. Software functions, such as “cut-and-paste” and
“fill-down” in spreadsheets, are extremely convenient, but they
also provide the opportunity to create erroneous data rapidly and
on a grand scale. Because of this, typographical problems are
much worse today than before widespread usage of word
processing software (roughly 25 years ago). Typographical
problems are common in the older literature, but these tend to be
for individual numerical values, rather than errors that invalidate
entire data sets, such as the copying of data from one table to
another to conserve format, but without updating the numerical
values or failing to update compound names. Every year, there
is a wide variety of such errors encountered in published
articles. Most typographical problems occur in the creation and
formatting of the compact tables that conserve space on a printed
page but are error prone to create. Such tables must also be
deconvoluted (probably back to their original simple form) if
they are to be used in any application. The deconvolution process
is also error prone. As journals move away from traditional print
media to electronic-only form, mechanisms to alleviate this
problem should be considered strongly.
In addition to increases in experimental efficiency noted

earlier, the increase in productivity shown in Figure 1 is also due
to the welcome globalization of scientific efforts. Only 20 years
ago, publications originating from South America, much of Asia,
Africa, and the Middle East, were relatively rare, and most
publications were from North America, Europe, and Japan. This
is no longer true. Handling the large number of articles from new
and often inexperienced authors is a major challenge for the
entire publishing industry. It took multiple generations of re-
searchers to establish protocols for many types of thermophysical
property measurements, and in many emerging countries, the
mechanisms and educational traditions are only now being
established. Global electronic communication can speed the
education process, but with so much information available,
accessing good information is difficult.
The Peer Review Debate. The traditional peer-review

process fails to adequately address many of the problems
summarized above. This is largely because it is impossible to
independently assess the high volume of presented experimental
information within the limited time available for a review. In
2006, the journal Nature conducted a “web debate” concerning
peer review that included a series of analyses and perspectives
from leading scientists, publishers, and other stakeholders.22

Much of the debate centered on fairness and openness of the
review process, which is outside the scope of the present article,
but some specific recommendations were made that are very
relevant to the topic of data quality.
Lee and Bero23 provided the commentary, “Increasing

accountability: What authors, editors and reviewers should do
to improve peer review.” The professional background of these
authors is in the field of pharmacology, but their comments show
a strong parallel to the concerns in the field of thermophysical
properties. Two specific recommendations were (1) “Although
reviewing raw data can be difficult, time-consuming, and expen-
sive, having such a policy would hold authors more accountable
for the accuracy of their data and potentially reduce scientific
fraud or misconduct” and (2) “journals should provide specific
instructions as well as evaluation tools or checklists for assessing

certain types of manuscripts”. Both of these approaches are being
taken in the NIST-Journal cooperation for thermophysical
properties, and we will show that with development of well-
designed tools, the process does not need to be “difficult, time-
consuming, and expensive.”

■ SCOPE AND STATISTICS

The scope of the experimental data considered here includes
essentially all thermodynamic and transport properties for pure,
binary, and ternary chemical systems. Properties of chemical
reactions such as enthalpies or thermodynamic equilibrium
constants are considered, as well. At this time, properties of
molecular and ionic compounds with unique elemental com-
position, molecular structure, and no overall charge are
considered. This means that properties of polymers, clathrates,
reactions involving ions (i.e., acid-dissociation equilibrium
constants) are not considered here. Of the articles published in
the Journal of Chemical and Engineering Data, Fluid phase
Equilibria, and The Journal of Chemical Thermodynamics,
approximately half of all papers fall within this scope, while for
the International Journal of Thermophysics and Thermochimica
Acta the fraction is much smaller.
Statistics specific to each participating journal concerning

the number of articles published and the number of articles
within the scope of this work are given in Table 1. Currently,

approximately 2000 articles per year are published by these
journals, collectively, with 800 falling within the scope of the co-
operation. Many manuscripts are reviewed more than once, plus
the overall rejection rate for these journals is roughly 40 %, so the
number of manuscripts considered is greater than 3000 per year.

■ HISTORY AND LESSONS LEARNED
Implementation 1 (2003/2004). The NIST-Journal

cooperation was first established with the Journal of Chemical
and Engineering Data in 2003,1 and this was followed soon after
with analogous arrangements with Fluid Phase Equilibria,3 The
Journal of Chemical Thermodynamics,2 the International Journal of
Thermophysics,5 and Thermochimica Acta.4 The focus of this
initial cooperation was clarity of data communication and was
done at the postacceptance stage in the peer-review process. An
early version19,24 of what was to become the IUPAC XML-based
data communications standard ThermoML20,21 had been
published, and the NIST ThermoML Archive of published

Table 1. Average Number Per Year and Fraction of Articles
within the Scope of the NIST-Journal Cooperation for Each
Participating Journala

journal
articles

publishedb
articles in
scopec

percent in
scoped

Journal of Chemical and
Engineering Data

766 398 52

The Journal of Chemical
Thermodynamics

271 169 62

Fluid phase Equilibria 351 125 36
Thermochimica Acta 358 76 21
International Journal of
Thermophysics

215 16 7

sum of all journals 1961 784 40
aTable entries are based on the years 2010 through 2012. bThe
average total number of articles published per year. cThe number of
articles within the scope of the cooperation per year. d100·(Articles in
scope/Articles published).
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experimental data was established.25 Authors were “invited” to
submit their data through a multistep process by (1) down-
loading and installing specialized Guided Data Capture software
(GDC)26,27 on their computer, (2) using the software to convert
their experimental data into a specially formatted file, and (3)
submitting the file to NIST by electronic mail. At NIST, the file
was (4) checked for errors and completeness, (5) checked for
serious inconsistencies with the existing literature using the
NIST ThermoData Engine software28−34 in conjunction with the
NIST TRC-SOURCE Data Archival System,35 (6) converted to
ThermoML format, and (7) posted on the Web in the NIST
ThermoML archive.25

The GDC software, which was key to this early effort, serves as
a data capture expert by guiding extraction of experimental
information from an article, assuring completeness of metadata
(properties, phases, constraints, etc.), validating the data through
property definitions, range checks, etc., and providing easy-to-use
tools for rapid data plotting as a function of any variable, which
allows simple detection of many typographical errors. Features of
GDC have been described multiple times in the literature.26,27,36

The second key tool in this process, the NIST ThermoData
Engine (TDE), is expert software that implements the concept of
dynamic data evaluation.37 This concept requires a large elec-
tronic database that stores essentially all related experimental
data with complete metadata and uncertainty estimates. For
TDE, the associated database is the NIST TDE-SOURCE Data
Archive,35 which is a version of the NIST TRC-SOURCE data-
base, as described previously.28 The combination of this database
with the TDE expert software allows generation of critically eval-
uated data on demand. Complete descriptions of all aspects of
the TDE software have been described in a series of articles.28−34

As part of the NIST-Journal cooperation, specialized algo-
rithms were constructed within the TDE software to allow auto-
matic generation of a NIST Data Report highlighting
inconsistencies between critically evaluated data generated by
TDE and new experimental data from a submitted manuscript,
together with lists of relevant literature references from the NIST
TRC-SOURCE database. At this early stage in the cooperation,
the NIST Data Report was used primarily in-house at NIST and
was not provided to journal editors. Editors were informed of
any serious problems, and authors were directed to submit
postpublication corrections, as the manuscript was already
accepted. There were many problems with this approach.
The origin of one major problem with this approach lies with

the complexity of the thermophysical property data to be com-
municated. The approach was modeled after the two well-known
processes of this type outside the field of thermodynamics:
submission and retrieval of crystal structures from the Protein
Data Bank (PDB)38 and the Cambridge Structural Database
(CSD).39 These databases are highly successful because only
one property (crystal structure) is considered, which allows for
data formats that are narrowly defined. It was recognized at the
time that establishing a global data delivery process for numerous
(> 100) thermodynamic properties would be substantially more
complex, particularly with consideration of the extensive system
of thermodynamic metadata (variables, constraints, phases,
methods, uncertainties) required. The Guided Data Capture
(GDC) software was designed originally for in-house use by
undergraduate chemistry and chemical engineering student
working at NIST on various data capture and analysis projects
under close supervision. Unfortunately, complexities built
into GDC to make it sufficiently flexible to capture a wide
variety of data types also made it awkward to use for authors

who typically report only a few data types in their entire careers
as experimentalists.
A second major problem was that there was little to motivate

article authors to participate. As noted earlier, most authors are
not major data users and, as such, would have little use for the
experimental data in ThermoML format. In practice, nearly all
data capture was done in-house at NIST, and of the few GDC
files received from authors, the majority required extensive
modification to be useful. If the use of GDC had been made
mandatory for authors, it is our opinion that this would only have
led to high levels of frustration for all involved (particularly
authors) and, ultimately, would have led to abandonment of the
cooperation effort. A key lesson learned here was that any tools
developed must be highly intuitive and unambiguous.
The third, and most important, problem was that the data

checking at NIST was being done too late. When authors were
invited to participate, the article had already been accepted and
changes to the published data could only be made in the form of
published corrections or “errata.” The process of communicating
problems to authors, generating correction documents, keeping
editors informed, and journal scheduling requirements, resulted
in most corrections appearing in print many months after the
original erroneous data were published. By this time, data were
already absorbed into the public domain with little likelihood of
correction by users. Successes of these early efforts (i.e., the find-
ing of problems in published articles) were touted in 2006,27 but
even then, the problem of wide separation (as much as 3 years)
between original publication and correction was apparent.

■ IMPLEMENTATION 2 (2008)
The first major redesign of the procedures began with discussions
between NIST personnel and journal editors at the International
Conference on Chemical Thermodynamics held in Warsaw,
Poland, in the summer of 2008. Changes were announced to
authors in editorials published in each of the cooperating journals
in 2009.6

Under the new system, authors were required to provide a
Data Summary, which summarized the experimental data
reported in each table. TheData Summary included the chemical
systems, properties, variables, constraints, experimental methods
(brief descriptions), variables, combined expanded uncertainties
for properties, and standard uncertainties for variables. TheData
Summary was submitted as Supporting Information for review
with the manuscript. With the aid of the Data Summary, NIST
personnel (1) captured the new experimental data with Guided
Data Capture software (described above), (2) generated a NIST
Data Report based on the TRC SOURCE database and
ThermoData Engine software (described above) that highlighted
typographical problems, serious inconsistencies with existing
literature, and provided a list of relevant references, and (3)
provided theNISTData Report to the journal editors through the
online manuscript handling software of the publisher. The
processing time at NIST was typically several working days.
After receipt of the NIST Data Report, editors proceeded with

the normal peer review process using the report provided by
NIST at their discretion, which could include providing the
report to referees to aid the review process or sending the report
to authors with an immediate revision request. If changes to the
experimental data were required in the review process, authors
were expected to notify both the editor and NIST.
As with the earlier implementation of the cooperation,

published experimental data were converted to ThermoML
format and posted on the Web in the NIST ThermoML
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Archive.25 The purpose of the ThermoML format is to facilitate
machine-to-machine communications. In order to make the
ThermoML files more useful to general users, new and freely
available software, ThermoML Opener,40 was developed at NIST
to allow easy conversion of the stored information into
spreadsheet format. ThermoML Opener has also been described
in the literature.36

While this second implementation of the NIST-Journal
cooperation was successful in catching problems with manu-
scripts early in the review process, several deficiencies became
apparent in practice. The largest problem involved the very large
effort necessary to get poor manuscripts to even the initial peer-
review stage. It was not unusual for poor manuscripts to go
through multiple iterations of prereview by NIST personnel,
followed by improvement requests from editors, resubmission by
authors, followed by another prereview at NIST with more
problems, etc. Once the data were finally in acceptable form, the
manuscript was often quickly rejected for other reasons, such as
poor experiment planning, incorrect model usage, or poor
interpretation. When this second implementation was planned, it
was believed that manuscripts involving new experimental data
would have a much lower rejection rate than other types of
manuscript, such as those describing modeling, correlation
development, computational chemistry, etc. This proved to be
false, with the rejection rate for the cooperating journals being
near 40 % of submissions, and with no apparent difference for
articles reporting experimental data.
A second problem was that issues highlighted in the NIST

Data Report were often not addressed during peer review.
Responsibility to check that simple problems were fixed prior to
acceptance was often left to the authors themselves, and this
approach was found to be unreliable. Overall, this second
approach led to far too much wasted effort by NIST staff and
journal editors on poor manuscripts at the outset of the review
process, plus the failure to correct many problems identified.
Implementation 3 (2010). The second major redesign

began with discussions between NIST personnel and journal
editors at the International Conference on Chemical Thermody-
namics held in Tsukuba, Japan, in the summer of 2010, with
changes announced to authors in editorials published in
2011.41−45 Two important changes were made. First, the process
was split into two steps with data-checking at NIST occurring
only after peer review was complete but prior to acceptance.
Second, all cooperating journals agreed to require that authors
comply with new (2012) IUPAC recommendations7 for the
reporting of thermophysical property data. The IUPAC rec-
ommendations were established primarily to address documen-
tation issues.
Upon receipt of a submitted article, NIST compiled and

provided a new document to editors, the NIST Literature Report,
containing relevant references from the NIST TRC-SOURCE
database. NIST personnel developed specialized in-house
software for this purpose, so that relevant references could be
efficiently retrieved based on the chemical system and property
or property type, such as “vapor−liquid equilibrium” or
“solubility”. The NIST Data Report, described earlier, was not
generated until the article had successfully passed through peer
review but before acceptance. A new term “approved” was coined
for an article at this new stage in the review process. Only at this
stage were the data abstracted and checked with the Guided Data
Capture software and validated with the procedures in the NIST
ThermoData Engine. Identified problems were compiled in the

NIST Data Report as before, but these were only for manuscripts
that, otherwise, were acceptable.
The emphasis of the NIST Data Report was indication of

typographical problems, serious inconsistencies with existing
literature, failure to cite or compare with previously published
data for the same chemical system and property, and non-
compliance with the IUPAC Guidelines for Reporting of phase
Equilibrium Measurements (2012).7 (The IUPAC recommenda-
tions were available online as provisional recommendations in
2011 and were published in 2012.) A key feature of the new
requirements was that tables be self-contained and include the
uncertainties of all reported quantities (variables, constraints, and
properties). To assist authors, numerous example tables were
prepared by NIST and made available online. A separate support
Web site was created for each participating journal so that the
example tables could match the requirements of each journal
exactly with regard to format, footnote style, numbering scheme,
etc., allowing the authors to use the tables as templates, if desired.
These procedures were in effect through approximately the

first quarter of 2013 and were successful in greatly reducing time
spent in the review process on poor articles and in catching and
repairing many other problems, such as typographical errors,
incorrect or incomplete compound identification, incompletely
defined data, missing experimental data, and poor uncertainty
estimates. Correction after the “approve” stage were necessary
for approximately one-third of the articles considered, but
only rarely were the problems found to be unfixable, causing the
article to be rejected by the journal. It was also found that authors
were highly motivated to make corrections at this late stage in the
review process, as they recognized these corrections as the only
impediment to publication. More discussion of statistics and the
types of problems found is given later.

Implementation 4 (2013). The fourth and current
implementation of the NIST-Journal cooperation procedures
involves an important shift of responsibility for the NIST
Literature Report from NIST personnel, at the postsubmission
stage, to the authors themselves at the presubmission and even
experiment-planning stage. This effort involved development
and release of a new software tool ThermoLit46 that is freely
available on the Web for use by authors, editors, reviewers, data
analysts, chemical process designers, etc. In the following section,
full details of the current implementation are described. Future
work is expected to involve improvements in the quality and
scope of the NIST Data Reports and journal support Web sites,
but no further fundamental changes in the NIST-Journal
cooperation are anticipated.

■ PROCEDURES (“WORKFLOW”) FOR THE
NIST-JOURNAL COOPERATION

The steps now in place for the five journals in the NIST-Journal
cooperation are shown in Figure 2. Interaction between NIST
and the journals occurs at three distinct stages in the review/
publication process, and these are indicated by large block letters
A, B, and C in Figure 2. In the following paragraphs, the purpose,
functionality, and background of the tools at each stage are
described.

Support in Advance of Article Submission (Stage A). At
stage A (Figure 2), support is provided to article authors in
advance of article submission during both experiment planning
(step 1a, Figure 2) and article preparation (step 1b, Figure 2).
Tools available to authors on the Web are ThermoLit,46 Ther-
moPlan,50 and the journal support Web sites.47 These tools are
maintained at NIST and are freely available to the public.

Journal of Chemical & Engineering Data Review

dx.doi.org/10.1021/je400569s | J. Chem. Eng. Data 2013, 58, 2699−27162704



ThermoLit is a Web application that provides free and open
access to literature information contained in the NIST TRC-
SOURCE database35 and is an easy-to-use tool for generation of
a NIST Literature Report in PDF format. The user selects the
chemical system type (pure, binary, or ternary), the compounds
(based on name, chemical formula, or Chemical Abstracts
Service Registry Number) and property (selected from broad
categories). The program returns references and variable ranges
for the selected property, as stored in TRC-SOURCE. The tool is
designed to function like a traditional literature search in that
references to properties related to the primary property are also
provided. For example, if vapor pressure for the liquid phase is
selected, the program will also return references to sublimation
pressure data, if any exist. Similarly, if the selected property type is
vapor−liquid equilibrium, the program will also return reference
information for other types of phase equilibrium, such as liquid−
liquid equilibrium or solid−liquid equilibrium for the same
chemical system. Numerical experimental data are not provided
in ThermoLit, as authors are expected to access and cite the
primary experimental literature.
Figure 3 shows an annotated screen shot from the ThermoLit

Web tool. Compounds selected are stored in a compound cache
for access during an active session. Search results are efficiently
updated and displayed dynamically as the compounds and
properties are changed by the user. Search results may be added
to a report draft that can be downloaded by the user and stored
locally in PDF format. Short video tutorials (2 to 4 min)48 are
posted on the Web site to aid the novice user. The brevity of the
tutorials is indicative of the efficiency and ease-of-use of the tool.

The ThermoLit tool is intended to aid researchers and
reviewers in determining relevant literature sources for a given
experimental measurement; however, it is not intended to
replace the comprehensive literature review required by all
journals, and no guarantee is made regarding completeness of the
information provided. The focus of the TRC-SOURCE database
is properties of organic compounds of all kinds, but a substantial
amount of data for inorganics is included, particularly for solution
properties. The scope of chemical-system types covered by
ThermoLit is defined clearly on the Web site.49 For an analysis of
the existing data coverage for a particular property, the web tool
ThermoPlan: Experimental Planning and Coverage Evaluation Aid
for Thermophysical Property Measurements50 is recommended.
The complete algorithms underlying the ThermoPlan web tool
were described previously, together with implementation in the
NIST ThermoData Engine.32 The ThermoLit and ThermoPlan
Web applications are updated quarterly with the most up-to-date
information from the TRC SOURCE archive. At present (April,
2013), TRC-SOURCE contains 4.9 million experimental
property values, including those for 21 000 pure compounds,
42 000 binary mixtures, 11 000 ternary mixtures, and 6200
chemical reactions.

Support in Advance of Article Submission (Reporting
Guidelines). In 2007, IUPAC project 2007-024-2-100 (Guide-
lines for Reporting of Phase Equilibrium Data) was initiated by a
group of industrial process engineers, data analysts, and journal
editors. In 2010, it was recognized that the goals of this IUPAC
project and the goals of the NIST-Journal cooperation were
essentially the same, and membership of the IUPAC committee

Figure 2.Workflow and tools used within the NIST-Journal cooperation for assessment of thermophysical property data. Sections that involve NIST are
indicated with the NIST logo. Roles of authors, editors, and reviewers are indicated by bracketed labels.
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was expanded to include editors representing all journals
involved in the NIST-Journal cooperation. Recommendations
of this committee were published in 2012 as the IUPAC

Guidelines for Reporting of Phase Equilibrium Data (the 2012
Guidelines).7 As noted in these recommendations, these were
far from the first efforts in this area, as the first such

Figure 3. Annotated screen capture of the public ThermoLit Web tool.
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recommendations were published in 1972.8 A key impediment to
full adoption of the previous recommendations was the absence
of a mechanism for their broad and targeted dissemination or for
their consistent application and enforcement. It was recognized
that the NIST-Journal cooperation could provide these missing
key elements. The 2012 Guidelines were established as journal
policy and were made mandatory for all manuscripts submitted
to the cooperating journals. Mechanisms that have been
established for their dissemination and consistent application
are described below.
A key requirement of the 2012 Guidelines was the creation of

stand-alone tables of experimental property data. For many years,
journals that publish thermophysical property data instructed
authors to create tables that “stand alone”; however, the termwas
not well-defined and this approach was rarely enforced.
Consequently, the reader was often forced to peruse the text
for key information, such as the identities of phases, values for
constrained variables, definitions of symbols, identities of
chemical species, definitions of composition representations,
and particularly, for uncertainties. Such disperse reporting
ensured that any attempt to incorporate the reported results
into the existing body of knowledge was highly error prone.
For the first time, the 2012 Guidelines provided clear

descriptions of all requirements for stand-alone tables of
experimental property data, together with a variety of example
tables ranging from single-property data to complex multiphase
equilibria. These examples, and more, were adapted with the
specific style requirements for each journal within the co-
operation and were posted on journal support Web sites47 with
full public access. Links to the journal support Web sites are
provided to authors by each journal through the Guidelines for
Authors included on the journal Web sites. Authors are further
reminded to adhere to the table requirements at the revision
stage of the publication process, and finally, a check of table
content is made at NIST immediately before acceptance.
The 2012 Guidelines include recommendations for titles and

abstracts, chemical sample descriptions, and apparatus and
experimental procedures, as well as tabulation of experimental
results. All recommendations are collected in a Summary
Checklist of Documentation Requirements that is included on the
journal support Web sites47 for access by authors, editors, and
reviewers.
Support of the Peer Review Process (Reviewers and

Editors). The traditional peer review process is represented by
steps 3 through 5 of Figure 2. After submission, manuscripts are
handled by the journal editors, who can decide to immediately
reject a manuscript based on considerations such as journal
scope, quantity of research reported, etc., or can send the
manuscript for peer review. Reviewers have full access to the
journal support Web sites,47 where they can use ThermoLit to
help verify that appropriate literature sources have been cited and
that appropriate comparisons have been made with published
works. The Summary Checklist of Documentation Requirements is
also provided to aid the reviewer in ensuring that all reporting
requirements are met.
At the end of the peer review process, the journal editors

consider the comments of peer reviewers and can reject the
manuscript, return the manuscript to the authors for revision,
orwithin the traditional peer review processaccept the
manuscript for publication. It is at this final stage that the process
implemented in the NIST-Journal cooperation deviates
markedly from the traditional approach. Here (step 5, Figure 2),
the manuscript is “approved” but not “accepted” and is

forwarded to NIST for analysis. This point marks the end of the
traditional peer-review process, and all procedures described
from here on do not occur for journals outside of this
cooperation.

Support at the “Approve” Stage (Stage B). When a
manuscript is “approved” and forwarded to NIST, a series of
procedures is carried out (steps 6a to 6c, Figure 2) and a
summary of the findings (the NIST Data Report) is returned to
the journal editor (step 7, Figure 2). Procedures carried out at
NIST at this stage have largely been described in the
literature,27,51 so brief descriptions only are provided here.
On receipt of an “approved” manuscript, NIST personnel

identify the experimental data within scope and forward the
manuscript to student associates for data capture with Guided
Data Capture (GDC) software (step 6a, Figure 2).26 The features
of the GDC software were summarized earlier along with
Implementation 1 of the NIST-Journal cooperation. Student
associates are typically chemistry and chemical engineering
undergraduate students from the University of Colorado
(Boulder, CO) and the Colorado School of Mines (Golden,
CO). Data captured by student associates are checked by NIST
professionals, and problems (typographical errors, inconsisten-
cies with the 2012 Guidelines,7 missing or incomplete method
descriptions, etc.) are noted in a draft of the NIST Data Report.
Special tools were implemented in the GDC software to allow
“one-click” exporting of graphs to the report draft, as well as
standardized comment text for common problems.
As noted earlier, plotting tools available in GDC are

particularly useful in identifying typographical errors in data
tables, and an example is shown in Figure 4. The plot shows
viscosities reported for a three-component chemical system at
four temperatures T between T = 288.15 K and T = 318.15 K
(pressure p = 0.1 MPa) for a series of solution compositions. The
lines in the figure connect values with the same composition
(isopleths), and anomalous data for T = 318.15 K are apparent.
The error was caused by erroneous duplication of columns
during manuscript preparation. These data were repaired and the
article was accepted. Other examples of typographical problems
have been given previously.27,36 The GDC software is used to
generate an output file of the experimental data from the
manuscript in ThermoML format, which serves as input for the
NIST ThermoData Engine (TDE), the next piece of software used
in the procedures.
As noted earlier, TDE provides critically evaluated thermo-

physical property data on demand and is used to check for
consistency between the newly reported data, data reported
previously in the literature, and established prediction methods
and correlations. Examples of problems with newly reported data
are shown in Figures 5, 6, and 7.
Parts A and B of Figure 5 show deviation plots (percentage and

absolute) generated by TDE for vapor pressures of diisopropyl
ether that were reported as part of vapor−liquid equilibrium
studies for a series of binary mixtures. All deviations are shown
relative to values critically evaluated by the TDE software. The
black dots in the figures represent experimental data from the
literature. The gold dots are also experimental data from the
literature, but these were rejected by TDE in the evaluation.
(Weighting of experimental and predicted data, data selection/
rejection criteria, models, model fitting, and uncertainty
assessment in TDE are described in the articles describing the
software.28−34) Figure 5B shows the reported values to be low by
roughly (−1.2 ± 0.6) kPa, which could be caused by an error in
calibration of a pressure-measuring device. The stated standard
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uncertainty for the pressures was 0.05 kPa, which is more than
20 times smaller than the average deviation. This article was
rejected by the journal based on these findings.
Parts A and B of Figure 6 demonstrate two types of errors for

properties of mixtures. Both examples come from the same
manuscript. Here, the property is viscosity and the chemical
systems studied were mixtures of cyclohexane with a series of
esters. In Figure 6A, the newly reported viscosities, for methyl
propanoate for the temperatures T = 298.15 K and T = 308.15 K
(pressure p = 0.1 MPa) are shown to be roughly 20 % and 12 %
higher relative to values reported in the literature by multiple
researchers, while the claimed standard uncertainty for the new
data was 1 %. A single literature value was cited in the manuscript
(indicated by the arrow in Figure 6A) as evidence of good
agreement with existing literature values. In fact, this anomalous
cited value was reported previously by the submitting authors
and is certainly part of the low-quality data already published
in the literature. The problems demonstrated for this pure com-
ponent ensure that property values reported in the manuscript
for any mixture involving this component are also invalidated.
Figure 6b shows viscosity results at temperature T = 298.15 K

and pressure p = 0.1 MPa for the chemical system (ethyl
propanoate + cyclohexane). Multiple literature sources are
shown to be in very good agreement (within 2 %), while the
newly measured values show deviations as large as 15 % near
the middle of the composition range. Here, the values for the
pure components (i.e., mole fractions of cyclohexane at 0 and 1)
are in good accord with the literature, and the mixture data are
anomalous. This manuscript was rejected by the journal based on
these findings.
Figure 7 shows a percentage deviation plot for densities of

acetone that were reported as part of an extensive study of binary
mixtures of acetone with a large series of other compounds. The
literature data for acetone are numerous and in good agreement

(within 0.2 %), while deviations for the newly reported values
range from 0.4 % low to 0.8 % high). The claimed standard
uncertainty was less than 0.1 %. The anomalous data may have
been caused by errors in calibration of the densimeter, but that
cannot be determined based on the reported information. If the
new data had been reported at higher temperatures (T > 410 K),
they would not have been considered anomalous within the TDE
software because the literature data in this region (within the
rectangle in Figure 7) are consistent to within only 1.5 %. This
manuscript was rejected based on these results.
All anomalous data shown in Figures 4 through 7 would have

been published in the archival literature if the procedures de-
scribed here had not been implemented. It is possible that the
rejected manuscripts were subsequently accepted by a journal
outside of the NIST-Journal cooperation, but this is not known at
this time.
A special quality assessment algorithm for binary vapor−liquid

equilibrium (VLE) data was developed in 2010 for mixtures in-
volving components at low-pressure (<1 MPa) subcritical con-
ditions.33 The algorithm combines four widely used tests of data
consistency based on the requirements of the Gibbs−Duhem
equation, plus a check of consistency between the VLE data and
the vapor pressures of the pure components. The algorithm was
subsequently extended to systems involving supercritical
components, and the extensions were described together with
implementation of the quality assessment algorithms in TDE.51

Results of the six tests are given numerical scores that are
combined algebraically to yield an overall data quality factor
QVLE, which is used in TDE to weight diverse experimental data
sets in the fitting of activity coefficient models. A low QVLE value
can indicate serious problems with reported VLE data, such as
errors in units or misidentification of components and phases.
An example of an error identified with the VLE quality as-

sessment algorithm is shown in Figure 8. Experimental VLE data

Figure 4. Viscosities (in mPa·s) for a ternary mixture plotted as a function of temperature (in K). Lines represent data of constant composition
(isopleths). Anomalous data from the submitted manuscript are circled in red.
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were submitted for the system (pyrrolidine + water). The QVLE

value for the data, as submitted, was very low (QVLE = 0.05),
indicating a problem. Results of the individual data-consistency
tests are output by TDE in graphical form to a draft of the NIST
Data Report for the particular manuscript. These graphs are

inspected by NIST personnel when a problem is indicated.
Figure 8a shows the results of the Van Ness test (as described in
ref 52) for the experimental data, as first submitted. Plots such as
those in Figure 8 provide essential clues to understanding
underlying problem sources. In this case, column headings for

Figure 5. Deviation plots (A, percentage; B, absolute) generated by TDE for vapor pressures of diisopropyl ether reported as part of vapor−liquid
equilibrium studies for a series of binary mixtures. Submitted experimental data are circled in the figure.
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compositions of the liquid and vapor phases were reversed in the
submitted manuscript. The data are shown after correction in
Figure 8B. Once corrected, the quality assessment factor QVLE

increased to near 0.50. The data were repaired in the manuscript
and the article was accepted by the journal. This problem would
not have been detected without application of the data-
consistency algorithm in TDE. Multiple examples of problems
discovered through the VLE consistency tests in TDE have been

described.51,52 All vapor−liquid equilibrium data processed
through the NIST-Journal cooperation procedures are checked
with these assessment procedures.
At the end of the NIST data-review procedures (stage B,

Figure 2), any problems found are communicated to the journal
editors in a NIST Data Report for each manuscript that is
uploaded through the online editorial system of the publisher
(step 7, Figure 2). If needed, the editors communicate with the

Figure 6. (A) Submitted viscosities for methyl propanoate (circled) relative to literature values reported bymultiple researchers (black dots). The arrow
indicates the only literature value cited in themanuscript. (B) Submitted viscosities for the system (ethyl propanoate + cyclohexane) (circled). Literature
data from multiple sources are shown as black dots.
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authors concerning repair of any problems found. If the
experimental data are repaired in a revision, the process is
returned to step 5 and a new review of the data is carried out and
an updated NIST Data Report is provided for the manuscript. At
the end of all reviews and revisions, the editor makes a final
decision to accept or reject the manuscript (step 8, Figure 2).

Support for Data Users at the Postpublication Stage.
For accepted manuscripts, the experimental data and metadata
are converted to ThermoML format and posted online in the
NIST ThermoML Archive25 of published experimental data
(step 9, Figure 2). This portion of the NIST-Journal cooperation
has been in effect since the first implementation in 2003 and has

Figure 7. Deviation plot for densities of acetone submitted as part of an extensive study of binary mixtures of involving acetone (circled). Literature
experimental data for acetone from multiple sources are shown as black and orange dots. (Data represented as orange dots were rejected in the
automated TDE data analysis.) The dotted rectangle indicates data for temperatures above the normal boiling temperature of acetone (T/K ≈ 329),
where uncertainties are large.

Figure 8. Results of the van Ness test as implemented as part of the VLE quality assessment algorithm in TDE.33,51 Experimental VLE data for a mixture
of an amine and water are shown as submitted (A) and revised (B). Filled circles represent bubble-point data and open circles are dew points.
Compositions for the liquid and gas phase were erroneously switched in the submitted data, as indicated by the double-headed arrow.
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been described previously.27 The archive of ThermoML files is
freely available for download by users (step 10, Figure 2).
Applications of the NIST ThermoML Archive as part of a “global
information system in science” have been described by
Frenkel.36,53

■ STATISTICS FOR TYPES OF PROBLEMS FOUND

Approximately one-third of articles that are “approved” (i.e, they
reach stage B of Figure 2) are found to contain significant
problems that require further revision. This portion does not
include manuscripts returned to ensure conformity with the
recommendations of the IUPAC 2012 Guidelines7 with regard
to data and metadata to be included in tables of experi-
mental property data. The IUPAC recommendations were
established quite recently, and authors are only now adapting to
them.
Figure 9 shows statistics concerning the types of problems

found in the one-third of manuscripts that require revision.

The most common problem is that of missing or grossly under-
estimated uncertainties. Authors often report manufacturers’
claims for particular measuring devices as uncertainty, without
consideration of the experimental context or validation. A typical
example is shown in Figure 10. The figure shows results of a VLE
study for the system (butan-2-ol + methylcyclopentane). The
property graphed is pressure as a function of mole fraction of
butan-2-ol, and the lines represent isotherms. The stated
standard uncertainty for the measured pressures was 0.01 kPa,
which is more than 10 times smaller than the size of the dots
representing the measured values. Based on the observed scatter
in the data, the repeatability of these measurements is near 2 kPa,
which is 200 times larger than the claimed “uncertainty”. As
noted earlier, the 2 kPa repeatability is only a lower limit for the
standard uncertainty because the purity of the samples and other
factors have not been considered. Numerous similar examples
can be found in the published literature. Uncertainties were
appropriately adjusted by the authors, and this manuscript was
later accepted by the journal.
The estimation of the contribution of sample impurity to

measurement uncertainty is difficult, but it must be addressed if
data are to be used effectively in the solution of academic,
industrial, and environmental problems. An example of how to
estimate the uncertainty contribution for sample impurity in the
measurement of density is given in the Appendix.
The second largest fraction of revision requests (Figure 9) is

related to data that are inconsistent with the existing literature or
show anomalous trends when plotted as a function of a particular
variable. An example is shown in Figure 11, where densities of
(dibutyl phthalate + ethenyl acetate) are shown as a function of
composition for three isotherms. When plotted, such data are
generally a series of parallel curves, as seen in the upper left of
Figure 11. The densities of the upper curve on the right side of
the figure are anomalous. This manuscript was rejected at the
approve stage for this reason. Examples of submitted data that
were inconsistent with the existing literature were given earlier.

Figure 9. Statistics for types of problems found in one-third of
manuscripts at the approve stage (stage B) of the workflow (Figure 2)
(i.e., after peer review and before acceptance).

Figure 10. Pressure (in kPa) as a function of mole fraction in a VLE study for a binary system of an alcohol with a cyclic alkane. The standard uncertainty
stated in the manuscript was 0.01 kPa, which cannot be detected on the plot. The repeatability for the circled values is approximately 2 kPa.
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(Note: It is always possible to publish new experimental data that
are inconsistent with the existing literature, but to do this,
uncertainties for the new measurements should be well
established and validated with measurements on reference
systems, whenever possible, and the discrepancies should be
discussed by the authors, with justifications, as feasible.) Well
characterized reference systems with which an apparatus can
be tested are relatively rare, particularly for phase equilibrium
studies, and an IUPAC project has been initiated to address
this problem.54

The third problem type listed in Figure 9, “Property definition
problems,” involves ambiguities in metadata that make ap-
propriate application of the experimental numerical data
impossible. These can include missing variables (e.g., a density
with no associated temperature), property values without clear
attribution (i.e., it cannot be determined if the data were
measured directly, derived from other measurements, abstracted
from the literature, estimated, etc.), poorly defined compositions
(e.g., “molalities” for a particular species in a ternary system
without specification of the associated solvent), and others.

Figure 11. Densities (in kg·dm−3) for the a binary system involving two esters are shown as a function of mole fraction of ethenyl acetate for three
isotherms. Anomalous submitted data are circled.

Figure 12.Densities (in kg·dm−3) for a binary system involving two alcohols are shown as a function of temperature (in K) for 12 isopleths. Anomalous
submitted data are circled.
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The fourth problem type in Figure 9, “typographical errors,”
represents those errors that were clearly introduced during
manuscript preparation. In modern manuscripts, number
transpositions are relatively rare because numerical values are
transferred electronically, but large scale errors, in which entire
columns of numbers are wrong, are common. An example is
given in Figure 12, where densities for the system (propan-2-ol +
diethylene glycol) are shown as a function of temperature for
twelve isopleths. (The IUPAC name for diethylene glycol is 2,2′-
oxidiethanol.) A typographical problem affecting most data at the
temperature T = 308.15 K is apparent. These data were fixed by
the author and the article was later published.
The fifth common problem involves the reporting of

compositions in volume-based units, such as molarity, mass of
solute per volume, or volume fraction. Such compositions are
awkward to convert to mole fraction because the required den-
sities may be unavailable. Also, some authors report molarities for
solutions made under unknown conditions, and then they report
properties for those solutions as a function of temperature.
Because the volume of the solution changes with temperature,
the molarity necessarily does as well. The 2012 Guidelines7 rec-
ommend that compositions be reported as mole fraction,
mass fraction, or molality with a defined solvent, and this
recommendation is enforced in the NIST-Journal cooperation.
The final problem type in Figure 9, “other,” includes those

related to ambiguous compound names, missing experimental
method descriptions, unreported experimental data, incomplete
sample descriptions, and other miscellaneous problems. The
most common of these is the failure to provide a numerical purity
for a sample studied, rather than an ill-defined “grade” provided
by the chemical manufacturer.

■ CONCLUSIONS AND FUTURE DEVELOPMENT

1. The accelerated growth of scientific and technical data
within the last 20 years makes it essential to establish data
validation procedures outside of the traditional peer
review process. Success of these efforts depends on broad
involvement of all stakeholders.

2. A global communication and data validation process has
been developed for the field of thermophysical properties
through cooperation between NIST and five major
journals. Although data evaluation is a complex and mul-
tifaceted problem, development of efficient software tools
has allowed the process to be become rapid and routine.

3. It was found that approximately one-third of articles
reporting experimental thermophysical properties con-
tained erroneous (or incomplete) numerical and metadata
information, even after peer review. This result was
common for all of the cooperating journals, and the
developed procedures allowed elimination of these errors
before publication.

4. Development of the online ThermoML Archive of
published experimental data dramatically shortens the
time for delivery of validated data from experimentalists to
users from months or years to a few days. Scientists and
engineers worldwide have unrestricted access to the
archived data files, which can be converted to a format
suitable for a particular application by use of either the
ThermoML Opener or other specifically designed Ther-
moML “reader” software.36

5. In future work, refinement and expansion of the modeling
and prediction tools in the NIST ThermoData Engine

(TDE) will continue at NIST, and these improvements
will directly benefit the prepublication data checking that is
the core of the NIST-Journal cooperation. Also, the
journal support Web sites provide a communication
mechanism that can be continuously enhanced and
refined. Additional guidance for authors in the estimation
of uncertainties is planned.

■ APPENDIX: ESTIMATION OF UNCERTAINTY FOR
DENSITIES AND THE CONTRIBUTION OF SAMPLE
IMPURITY

Themeasurement of density for pure compounds andmixtures is
one of the most often reported properties in the literature,
particularly since the development of commercial vibrating
U-tube densimeters. In these instruments, the oscillation
frequency of a U-tube is related to the density of the fluid that
it contains, and absolute values of density are obtained through
calibration with a fluid of known density, typically water. The
high sensitivity and ease-of-use of these instruments have made
them popular not only for studies of density but also as analytical
tools for phase equilibrium studies where density−composition
calibration curves allow determination of phase compositions.
Uncertainty claims made by manufacturers can be very small and
are generally given without qualification. For example, one
manufacturer reports an “accuracy”55 of 0.005 kg·m−3. According
to the GUM,17 accuracy is conceptual and does not have a numer-
ical value. For the sake of the discussion here, this accuracy is
assumed to correspond approximately to a relative standard un-
certainty ur of 0.000005. A problem arises when authors assume
that the “accuracy” stated by the manufacturer is identical to the
expanded uncertainty to be reported with their measurement
results.
Relative uncertainties ur for critically evaluated densities of

water56 ρ are small (typically, ur(ρ) = 0.00001 to 0.0002), and are
very small for liquid water at ambient pressure (ur(ρ) =
0.000001). The density of water is known sufficiently well to
support the uncertainty claims of the manufacturer only for water
near ambient pressure. In addition, there is the underlying
assumption that the measurement model holds (i.e., the
relationship between vibrational frequency of the U-tube and
density). At high temperatures and pressures, uncertainty for the
density of water must be considered. A detailed plot of
uncertainties for the density of water as a function of temperature
and pressure is given on page 434 of ref 56.
The most important consideration that is overlooked by most

authors is the purity of the sample measured. Reported
measurements on samples of mole fraction purity 0.99 and less
are very common, and these reports typically cite the uncertainty
stated by the instrument manufacturer as the standard
uncertainty for their measured densities. Furthermore, the
identity of the impurities is very rarely known. A rough estimate
of the contribution of sample impurity to the uncertainty can be
made by assuming (1) the impurity has a density that is 10 %
different from the sample of interest and (2) the excess volume is
zero for the mixture of the impurity and the sample of interest.
Based on these assumptions, the relative uncertainty for the
density of a sample of 0.99 mol fraction purity would be ur(ρ) =
0.001 or 200 times larger than the value stated by the
manufacturer. The assumption of zero excess volume results in
a linear relationship between the relative uncertainty ur(ρ), the
sample purity xs, and the assumed fractional density difference ξ
between the compound of interest and the impurity.
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If the assumed difference in density between the sample of
interest and the impurity is 10 %, then ξ is 0.1. This is only a
rough estimate and is provided to show the pitfall of simply
reporting the uncertainty claimed by the manufacturer. Many
chemical systems have substantial excess volumes, which would
cause larger shifts of density with impurity.
In the long term, we believe that undergraduate and graduate-

level educational institutions are the key venues in which to
address the problem of poor understanding of the concept of
uncertainty for physical properties. Recent work by Kim et al.57

seeks to begin to provide the resources needed for this task.
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