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NIST Mission

To promote U.S. innovation and industrial
competitiveness by advancing measurement
science, standards, and technology In ways
that enhance economic security and
Improve our quality of life

The National Institute of Standards and Technology
(formerly NBS) is an agency of the U.S. Department of
Commerce
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Thermophysical Properties Division

Provide the best available measurements,
theory, computations, and data evaluation
for the thermophysical property information
required to enable development of
standards, enhance productivity, facilitate
trade, ensure scientific and technological
progress, and improve the quality of life

(11 ” . .
Energy is a major focus area.
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Thermophysical Properties Division

e Experimental Properties of Fluids
e Theory and Modeling of Fluids

e Thermodynamics Research Center
* Cryogenic Technology

* Properties for Process Separations
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Pure CO, Equation of State

e CO2 has been extremely well measured (p
to 0.03%, sound speed to 0.1%, c, to 0.2%)

e Common engineering EOS (SRK, Peng-
Robinson, etc.) will be In the ballpark, but
probably worse than 1%.

e Substance-specific multiparameter EOS
[Helmholtz energy as (T, p)] can achieve
experimental accuracy.




Pure CO, Equation of State

e Ely, Magee, & Haynes (NBS, 1987) — good
accuracy

e Span & Wagner (Bochum, 1996) —
excellent accuracy

e Wiens, Span, & Lemmon (Bochum/NIST,
2011) —excellent accuracy, more compact
and robust equation, better for use In

mixtures




Pure CO, Equation of State

Densities of Carbon Dioxide

e o Ay O KXQ@@
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20 30

Pressure p/MPa

0 Duschek et al., 220 K = Duschek et al., 260 K = Duschek et al., 340 K
» Gilgen et al., 280 K v Gilgenetal., 323 K O Brachthaeuser, 233 K
© Brachthaeuser, 523 K < Klimeck et al., 300 K < Klimeck et al., 430 K
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NIST REFPROP Software

e REFerence Fluid Thermodynamic & Transport
PROPerties

e Reference-quality EOS for ~50 pure fluids
(common gases, hydrocarbons, refrigerants, H20)

e Mixture model to combine high-quality EOS for
pures with minimal loss of accuracy

e Choose properties calculated, units
e Distributed as PC program, DLL, Fortran
e http://www.nist.gov/srd/nist23.cfm
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CO, Mixtures (without H,0)

e Model in Refprop (GERG, mainly for
natural gas) performs very well.

e For CO2 with small amounts of N2, O2,
CH4, CO, H2, thermodynamic properties
should be very accurate.




Example: 2% N, in CO,

2 g ' ;
. carbon dioxide + nitrogen, 7' = 320 K
g ------ Predictive SRK (1991), Xooq = 0.98
% - - - - Ideal Mixture of real gases, x,, = 0.98

1) L 1 o — (-
[deal gas, x_, = 0.98
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CO, Mixtures (with H,0)

e Solubility of CO2 in H20 known well, at
least near room temperature and up to
moderate pressures

e Dew point (H20 in saturated COZ2 vapor)
and gas mixture properties known much
less well, difficult to measure experimentally

e Molecular theory can help
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Second Virial Coefficient

p/(PRT)=1+Bp+Cp” +...
B(r):ZZXinBij(T)

* For aqueous systems below 500 K or
SO, adsorption makes measuring B;
difficult if not impossible.
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Gas/H,0O Second Virial
Coefficient (Theory)

e Can calculate B,, rigorously if 1-2
iIntermolecular potential known.

 For pairs of small molecules (H,O with H,,
N,, CO,, etc.), ab initio quantum
mechanics can produce guantitatively
accurate potentials.

 Collaboration with Prof. Richard Wheatley
(University of Nottingham)




Water-Nitrogen B,,(T)
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Summary of modeling work

* Derived potentials and calculated B(T) for
H,O with N, (published 2007), and with
CO, (In press).

* Previously did H,O with He, Ne, Ar, H,, O,,
CH,, CO [EPRI project for synthesis gas].

e Put calculations based on these data into

spreadsheet functions for gas-phase
properties based on NIST Refprop
database.
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" Testing B,, with High-T Densimetry

« New NIST apparatus for p-po-T
measurements on gas-water mixtures

 Archimedes (buoyancy) technique,
designed for up to 740 K

 DOE-funded measurement program for

e Encountered oxidation of silicon sinker, but
able to get results at 500, 560, and 620 K




| NIST High-Temperature,
= Single-Sinker Densimeter
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Properties

(Preliminary) Water-CO, B,,(T)
0

1

-20

B, / (cm® mol™)
o0 > A
o o o

1

-100

-120

This Work

Vanderzee & Haas (1981)
Gillespie & Wilson (1982)
Patel et al. (1987)
McLinden (2011)

e ODO

400

T T T T

450 500 550 600

Temperature (K)

National Institute of Standards and Technology

A division of
The Material Measurement Laboratory



Prgﬁm;w
T Water-CO, B,,(T)

-50

-100

-150

—— This Work

Coan & King (1971)
Vanderzee & Haas (1981)
Gillespie & Wilson (1982)
Patel et al. (1987)
Bamberger et al. (2000)
Valtz et al. (2004)

T T T T

300 350 400 450 500

-200

-250

>b4O0ORBRDOO

Temperature (K)

\2\ —— \
National Institute of Standards and Technology ) A division of
The Material Measurement Laboratory




the H,0/CO, Iinteraction matter?

e Test case: 300 K, 4 MPa (600 psi), compute
saturated H20O content (0.145%)

e Perturb B12 by Its uncertainty, saturation
changes to 0.167% or 0.127%

e Alternatively, for same composition and
pressure, dew-point temperature changes
by ~3 K (5 °F). Would get bigger change at
higher pressure.




Caveats about Dew Points

e Not considering “reactive” dew points
(sulfuric acid, nitric acid, etc.)

e Not considering liquid-liquid equilibria
(CO2 and H20 as simultaneous liquids)

e Not considering CO2 gas hydrate




Future Opportunities

e Improved measurement & modeling of thermal
conductivity & viscosity (pure CO2 already In
Refprop with decent accuracy).

e Enhance Refprop for vapor-liquid equilibrium
calculation for CO2/H20 (maybe VLLE?).

e Study adsorption of CO2 & CH4 on coal and
other surfaces.

e (Gas saturation measurement for water solubility
In CO2 gas to reduce dew point uncertainty
(using humidity apparatus).
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Gravimetric Hygrometer

Incomin
- Water
dry gas _ . | Gas Mass .
> Saturator > Collection > o >
Determination
Tubes

Principle of Operation:

Separate moisture from dry gas (usually
using desiccants)

Determine m, by measuring increase in
mass of water collection system

Determine m, using volume, temperature
and pressure measurements and using
equation of state
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