Improved Modelsfor Thermodynamic Propertiesof Industrially Important Fluids
Contact: E.W. Lemmon (Physical and Chemical Properties Div., Boulder)

Chemical and Allied Products

Context and Approach:

Equations of state are used to represent the thermodynamic properties of fluids over
ranges of state conditions; accurate and consistent information on such properties as
density, heat capacities, phase boundaries, compressibility, sound speed, enthalpy,
etc. are required to use the fluids in thermodynamic cycles or other applications, for
commerce in these fluids, and in their production or use as a feedstock. Beyond the
ideal gas law, equations of state for pure fluids have progressed over the years from
simple cubic and virial equations of state to Beattie-Bridgeman, Benedict-Webb-
Rubin (BWR), modified BWR (MBWR) equations and most recently to fundamental
equations of state that are explicit in the Helmholtz energy. Most modern, high-
accuracy equations of state for pure fluid properties are explicit in the Helmholtz
energy as a function of density and temperature. All single-phase thermodynamic
properties can be calculated as derivatives of the Helmholtz energy. During the past
20 years or so, many of the industrial equations of state for fluids such as nitrogen,
carbon dioxide, R-134a, and water have been replaced with high-accuracy
fundamental equations of state developed from fitting state-of the-art experimental
measurements for density, phase equilibrium, heat capacity, and speed of sound.
There are about 30 fluids that fit into this category; most of these fluids are fully
characterized over the entire fluid surface by extensive experimental measurements.
However, many fluids of industrial interest do not have an extensive set of
experimental data to facilitate the development of high-accuracy, fundamental
equations of state.

Major Accomplishment(s):

Our work here addresses the need for “technical equations of state” suited for
advanced technical applications, such as process calculations including caloric
properties, for fluids where state-of-the-art measurements are not available and for
which very low uncertainties are not required. Unlike highly accurate equations,
which generally use 20 to 50 fluid-specific terms to describe densities to the order of
(0.01 to 0.1) %, we developed “technical equations’ that are shorter and often use
fixed functional forms to characterize the fluid properties. Although the new
technical equations suffer from a slight loss in accuracy, their shorter forms allow for
faster computations--from 2 to 10 times faster depending on the number of termsin other
equations and on the use of special terms for increasing the accuracy. In this work, we
developed technical equations of state for 20 industrialy important fluids, shown in
Table 1. For severa fluids, the new equations presented here are the first attempt to
depict the fluid's properties with multiparameter equations. For other fluids, the new
equations replace older ones, many of which showed unphysical behavior such as
calculated negative heat capacities at low temperatures, or that exhibited physically
impossible behavior in accessible single-phase regions of the fluid surface. Typical



uncertainties of properties calculated with the new equations of state are 0.2 % in density,
1-2 % in heat capacity and liquid phase speed of sound, and 0.2 % in vapor pressure. We
also have implemented the correlations into NIST Standard Reference Database 23
(NIST REFPRPOP), where users can easily generate graphical output useful in
engineering applications such as the pressure-enthal py diagram shown in Figure 1.

Impact: These correlations are important to both our infrastructural work (information
will be disseminated through such standard reference databases as NIST REFPROP), and
to the immediate needs of customers. The article describing the work was the most
accessed manuscript for the second quarter of 2006 for the Journal of Chemical and
Engineering Data.

Future Plans. The ongoing program of advanced equation of state development will
continue to focus on both immediate and specific demands for improved property
information for important industrial fluids.

Publications, Patents:

These correlations have been published recently (Lemmon, E.W. and Span, R., “Short
Fundamental Equations of State for 20 Industrial Fluids, J. Chem. Eng. Data 2006; 51(3);
785-850)

Table 1. Summary of industrial fluids covered in the present study

acetone carbon monoxide carbony! sulfide decane

hydrogen sulfide isopentane neopentane isohexane
Krypton nitrous oxide nonane sulfur dioxide
toluene Xenon hexafluoroethane octafluoropropane
R-141b R-142b R-245fa R-41




Figure 1. Pressure-enthalpy diagram for toluene



THERM Ol nternational 2006 Conference held in Boulder
Contacts: D.G. Friend and M. Frenkel (Physical and Chemical Properties Div., Boulder)
Data and Informatics

A magjor international forum of about 700 leading technical researchers in thermodynamics and
related fields, THERMOlnternational 2006, was held at the University of Colorado in Boulder
from July 31 to August 4. It was organized and sponsored jointly by NIST, the American
Institute of Chemical Engineers (AIChE), the American Society of Mechanical Engineers
(ASME), the International Union of Pure and Applied Chemistry (IUPAC), and the International
Association of Chemical Thermodynamics. THERMOInternational 2006 comprised three
historically distinct conferences: the 16™ Symposium on Thermophysical Properties, the 19"
International Conference on Chemical Thermodynamics (ICCT), and the 61% Calorimetry
Conference. Because each of the conferences was slated for North America this year, they were
joined to create the unique event. There were approximately 1000 presentations on the program,
representing 750 speakers from 54 countries and 2000 authors from 62 countries.

Much of the research presented at the conference was related to NIST's mission in measurement
science, standards, and technology, but the participation was global, with about 75% of the
attendees from outside the U.S. The featured work impacts some of the larger themes and policy
issues of our time: energy efficiency/self- sufficiency, a hydrogen-based economy and alternative
fuels, global warming, ozone depletion, informatics, simulation, biophysics, etc. CSTL staff
played prominent roles in the conference, giving many presentations as well as being the primary
organizers. Willie May, Director of CSTL, was among those giving opening remarks. William
(Mickey) Haynes (Scientist Emeritus in CSTL) headed the organizing committee, and Michael
Frenkel (Group Leader in Physical and Chemical Properties Division) and Dan Friend (Acting
Chief of the Physical and Chemica Properties Division) served as vice presidents and chaired
the distinct components.

The Touloukian Award, a major honor within ASME for outstanding achievement in
thermophysical properties research, was presented to NIST Fellow Emeritus Anneke Sengers.
The Touloukian Award was awarded “for advancing the theoretica understanding of
thermodynamics of pure fluids and mixtures near critical points, and for applying that
understanding to improve practical predictions and correlations of the thermodynamic properties
for industrial processes and electrical power cycles.” Before the award was presented, Nobel
Laureate Carl Wieman gave the Touloukian Memorial Lecture, “A Scientific Approach to
Teaching Science.” The Rossini Award of the Calorimetry Conference was presented to Alex
Navrotsky from U. C. Davis, and the Huffman Award, of the ICCT, went to Earl Woolley of
BYU.






Advanced Distillation curvesfor Characterizing Complex Fluids
Contact: T.J. Bruno (Physical and Chemical Properties Div., Boulder)
Energy and Fuels

Context and Appr oach:

One of the most important properties measured for complex fluid mixtures is the
digtillation curve. Simply stated, this curve is a graphical depiction of the boiling
temperature of a fluid mixture plotted against volume fraction distilled, and such curves
are critical in assessing the properties of any complex fluid mixture. It has been
impossible to rely on current measurement methods because of large uncertainties and
biases, resulting in poor design and specification criteria costing millions of dollars. In
response to industry and DOD needs, several significant advances in the measurement of
distillation curves were introduced by NIST.

Major Accomplishments:

We have recently introduced an advanced approach to the measurement of the distillation
curve that takes the information content to a much higher level than is available with
classical approaches[1-8]. The new metrology provides:

. a composition explicit data channel for each distillate fraction (for both
gualitative and quantitative analysis),

. temperature measurements that are true thermodynamic state points,
. the energy content of each distillate fraction,
o consistency with a century of historical data,
. trace chemical analysis of each distillate fraction,
o corrosivity assessment of each distillate fraction.
Publications:
1 Bruno, T.J., Method and apparatus for precision in-line sampling of distillate.
Sep. Sci. Technol., 2006. 41(2): p. 309-314.
2. Bruno, T.J., Improvements in the measurement of distillation curves - part 1. a
composition-explicit approach. Ind. Eng. Chem. Res., 2006. 45: p. 4371-4380.
3. Bruno, T.J., Smith, B.L., Improvements in the measurement of distillation curves -
part 2: application to aerospace/aviation fuels RP-1 and S-8. Ind. Eng. Chem.
Res., 2006. 45: p. 4381-4388.
4, Smith, B.L., Bruno, T.J., Advanced distillation curve measurement with a model
predictive temperature controller. Int. J. Thermophys., 2006. in press.
5. Smith, B.L., Bruno, T.J., Improvements in the measurement of distillation curves:

part 3 - application to gasoline and gasoline + methanol mixtures. Ind. Eng.
Chem. Res,, in press.



Smith, B.L., Bruno, T.J., Improvements in the measurement of distillation curves:
part 4- application to the aviation turbine fuel Jet-A. Ind. Eng. Chem. Res., 2006.
in press.

Bruno, T.J., Smith, B.L., Enthalpy of combustion of fuels as a function of
distillate cut: application of an advanced distillation curve method. Energy and
Fuels, 2006, 20, 2109-2116.

Bruno, T.J., Huber, M.L., Laesecke, A, Lemmon, E.W., Perkins, R.A.,
Thermochemical and thermophysical properties of JP-10, NIST-IR 6640, National
Institute of Sandards and Technology (U.S),. 2006.
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Property Modelsand Data in Support of the Hydrogen Economy

Contact: M.L Huber (Physical and Chemical Properties Div., Boulder)

Energy and Environmental Technologies

Abstract:

NIST work on the properties of hydrogen has been incorporated into two new standards
that will support the development of hydrogen as a fuel in vehicle applications. A new,
simplified equation for the density of hydrogen gas was developed for the draft SAE
(Society of Automotive Engineers) procedure J2572. The NIST REFPROP equations for
the thermodynamic and transport properties of hydrogen form the basis for the new
ASTM International Standard D7265-06. We have also begun an experimental program,
which will generate the data necessary to develop improved models for hydrogen and
hydrogen-containing mixtures.

Context and Approach:

One of the challenges in the use of hydrogen in vehicle applications is the seemingly
trivial matter of measuring fuel consumption. Consumers and industry are accustomed to
the high accuracy that is easily achievable by the volumetric metering of gasoline and
other liquid fuels. But hydrogen, used either as a compressed gas or a cryogenic liquid,
presents significant metering challenges. Vehicle manufacturers have proposed a number
of different protocols and algorithms for their hydrogen-fueled vehicles, and the EPA
approached NIST to help provide a baseline for an appropriate standard. To evaluate the
consumption of gaseous hydrogen fuel in motor vehicles, determination of the
temperature and pressure before and after usage within a storage tank of known, and
essentially fixed, volume is one of three methods recognized in the SAE draft procedure
J2572 *Recommended Practice for Measuring the Fuel Consumption and Range of Fuel
Cell Powered Electric and Hybrid Electric Vehicles Using Compressed Gaseous
Hydrogen.” Compared to the alternative methods of continuously metering the flow of
hydrogen to the fuel cell or weighing the fuel tank before and after a test, the use of
pressure, volume, and temperature measurements has the potential to be the most robust
and economical method in terms of instrumentation costs and ongoing personnel test
resources, as well as for measurement precision, repeatability, accuracy, and lab-to-lab
reproducibility. The EPA National Vehicle Fuel and Emission Laboratory (NVFEL) is
currently evaluating this method for fuel cell (FC) and internal combustion (1C) engines.

Major Accomplishment(s):

In support of SAE J2572, we developed a new equation for hydrogen gas densities using
a truncated virial-type equation for the density of hydrogen in terms of pressure and
temperature. The new equation reproduces the available experimental data to within
0.2 % (combined uncertainty with a coverage factor of two) and is recommended for use
over the temperature range 220 to 400 K at pressures up to 45 MPa. This equation will
standardize calculations of hydrogen fuel consumption in vehicles, and represents an
initial facet of the NIST effort to help build the infrastructure for a hydrogen-based
economy.



In arelated effort, the hydrogen property values from the NIST REFPROP database form
the basis for the new ASTM International standard D7265-06 “ Standard Specification for
Hydrogen Thermophysical Property Tables.” This standard specification was written by
NIST staff who also led the specification through the approval process within ASTM
Committee D03 on Gaseous Fuels.

The SAE and ASTM documents (as well as the hydrogen properties in the current version
of REFPROP) are based on an existing NIST Standard Reference Data formulation
dating from 1982. This formulation is “old-fashioned” by current standards and must
certainly be improved, but the immediate needs of industry demanded that we provide
interim data. In anticipation of the development of more modern equations of state and
property formulations, we have collaborated with researchers from the University of
Idaho to survey the available thermophysical properties data for hydrogen over the entire
fluid surface (not just the compressed gas). This survey will help to identify regions
where additional data may be needed to support new applications.

We dso initiated in FY’06 what is expected to be an ongoing experimental effort on
hydrogen systems with measurements of the heat capacity and thermal conductivity of a
methane plus hydrogen blend. The measurements extended from 140 to 350 K with
pressures up to 20 MPa. This blend is used as a fuel, but the primary motivation was to
provide data for developing models of hydrogen-containing mixtures.

Impact: The correlations developed this year will satisfy immediate needs of our
customers, and will be disseminated through standard reference databases, such as NIST
REFPROP. Before this NIST effort, there was no generally accepted industry-wide
method of calculation for hydrogen-fueled vehicles.

Future Plans. A significant initiative on “codes and standards for the hydrogen
economy” is being considered for funding in the FY’'07 NIST budget. Under this
initiative, we would significantly expand our experimental efforts on hydrogen and
hydrogen-containing mixtures, which would be important in the production of hydrogen
(e.g. process streams in coa gasification) or as fuels in their own right (e.g. hydrogen-
methane blends). We will develop modern equations of state and other property
formulations for hydrogen. We will work to satisfy the immediate data needs of industry,
delivering interim data and models when necessary, while working towards the broader,
long-term goal of developing comprehensive, high-accuracy property models for
hydrogen and hydrogen-containing systems.

Project Team: E.W. Lemmon, M.L. Huber, D.G. Friend, D.G. Archer, M.O. McLinden,
R. Perkins, J. Magee, (Physical and Chemical Properties Div.); R.T Jacobsen and JW.
Leachman (University of Idaho); C. Paulina (EPA)

Publications
D7265-06 Standard Specification for Hydrogen Thermophysical Property Tables, ASTM
International, 2006.



E. W. Lemmon, M.L. Huber, D.G. Friend, and C. Paulina, “ Standardized Equation for
Hydrogen Gas Densities for Fuel Consumption”, Paper 2006-01-0434, Proceedings SAE
World Conference, April 3-6, 2006 Detroit, Ml

R.T Jacobsen, JW. Leachman, S.G. Penoncello, and E.W. Lemmon, ” Current Status of
Thermodynamic Properties of Hydrogen”, Int. J. Thermophysics, submitted Aug 2006.

JW. Leachman, R.T Jacobsen, S.G. Penoncello, and M.L. Huber, “ Current Status of
Transport Properties of Hydrogen”, Int. J. Thermophysics, submitted Aug 2006.

Quote to highlight in a separate box (assuming the same format as FY’ 05 TARS):
“Before this NIST effort, there was no industry-wide method of calculating the fuel
consumption of hydrogen-fueled vehicles.”

Figure 1. “Hydrogen fuel-cell powered vehicle undergoing tests of fuel economy ”
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