EQUATION OF STATE MODEL DEVELOPMENT
FOR EXTREME TEMPERATURES
AND PRESSURES
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BACKGROUND

The density and viscosity of natural gas and crude oil at reservoir conditions are critical fundamental properties. Predicting these
properties is required to accurately forecast the amount of recoverable petroleum within a reservoir, and to better understand
the flow of these fluids within the porous subsurface material. These properties are also used to design appropriate drilling and
production equipment, such as blow-out preventers and risers. A limited database currently exists for density and viscosity at
extreme conditions associated with ultra-deep formations. Furthermore, currently available equations of state (EoS) models and
transport models for viscosity are generally limited to less extreme conditions and do not predict accurately when extrapolated
to extreme conditions. NETL diligently gathered data for crude oil density at extreme temperatures and pressures, then released
the data to the pubic via the EDX website. Such information is vital to estimate the domestic oil reserve hidden in ultradeep
reservoirs beneath the sea floor where extreme temperature and pressure conditions prevail in the reservoirs.
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Predictions of hydrocarbon fluid properties are essential to
developing mitigation techniques for uncontrolled releases of
oil/gas from a well, writing safety regulations, and designing
surface and subsurface production equipment. EoS could
be used to predict fundamental thermodynamics properties of
multi-component hydrocarbon mixtures over a wide range of
temperatures and pressures, extending from ambient conditions
to the extreme conditions of very deep wells including pressures
up to 40,000 psi and temperatures up to 260 °C. At present,
oil companies use correlations based on lower temperature and
pressure databases, but these correlations cannot be used to
accurately predict fluid properties at extreme conditions due to
their large margin of error (e.g., errors as great as + 50 percent).

PRIMARY GOAL

The primary goal of this project was to develop and
experimentally validate models for density and viscosity
of crude oil and natural gas at high temperatures and high
pressures (HTHP). The overarching objective was to develop
thermodynamic EoS and transport property correlations for
predicting the following properties/behaviors of systems
composed of hydrocarbons, water, carbon dioxide, or
mixtures of those constituents at HTHP conditions.

e physical properties: density and viscosity

e thermal properties: constant pressure, heat capacity, and
thermal conductivity

e equilibrium phase behavior: number of phases and
composition of phases at a specified temperature and
pressure

OBJECTIVE

The overall objective of this work is to develop methodologies
that will provide crude oil thermodynamic and transport
properties, including density and viscosity, and phase
compositions at extreme temperatures and pressures to
reduce uncertainties associated with deep drilling and to
promote safe and secure processes for oil production.

PROJECT DESCRIPTION

The U.S. Department of Energy (DOE) National Energy
Technology Laboratory (NETL) is combining pressure-
volume-temperature (PVT) data and viscosity data from a
comprehensive literature survey with PVT data and viscosity
data from a focused experimental program to create a
comprehensive database needed to develop new EoS and
viscosity correlations. The new EoS correlations will be used
to determine the number of phases, composition of phases,
phase densities, and phase boundaries (e.g., vapor pressure
and dew points of pure components or mixtures) at extreme
pressure and temperature conditions. NETL will also evaluate
viscosity correlations for pure components and mixtures at the
same conditions applicable to the vapor, liquid, or supercritical
fluid phase. These correlations are designed to be accurate for
the conditions associated with emerging technologies for deep
aquifer sequestration and ultra-deep petroleum production.

NETL Phase and Composition Analysis Laboratory, Pittsburgh, PA.
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BENEFITS

Rapid and systematic access to hydrocarbon fluid properties
at ultra-deep reservoir conditions is a critical step to improving
the understanding of crude oil behavior in an emergency
situation, such as the 2010 BP Deepwater Horizon oil spill
(Macondo blowout) in the Gulf of Mexico. Accurate fluid
properties are necessary for developing mitigation strategies
and techniques. Reservoir in situ fluid properties are also
needed for the development of effective safety regulations.

ACCOMPLISHMENTS

EXPERIMENTAL

NETL ENGINEERED DENSIMETER AND VISCOMETER
FOR EXTREME CONDITIONS

The ability to accurately characterize the density and
viscosity of hydrocarbons over an extremely wide range of
temperatures and pressures, including conditions found in
ultra-deep formations, will foster safer drilling and production
operations and provide a means for obtaining more accurate
predictions of the recoverable reserves and petroleum
production rates from these critically important reservoirs.

For this purpose, NETLs research team designed,
developed, and commissioned the specialized apparatus
and methodologies needed to measure thermodynamic
and transport properties, such as density and viscosity of
hydrocarbons and their mixtures at the extreme temperatures
and pressures (260 °C and 40,000 psi) representative of
the conditions found in ultra-deep oil reservoirs. Using this
unique equipment, hydrocarbon density and viscosity values
were measured at extreme conditions for more than 19 pure
component hydrocarbon fluids and three fluid binary mixtures.
This research filled major gaps in datasets present in the
literature.

These data, released in a number of peer-reviewed journals
including Fuel, The Journal of Chemical Thermodynamics,
and Fluid Phase Equilibria, are used to develop new EoS
and modify contemporary EoS to improve the quality of the
predictions of hydrocarbon properties at extreme operating
conditions.

As part of this research, the team addressed an issue of
great interest to the energy industry. An excellent Deepwater
Viscosity Standard candidate fluid was identified—a thermally
stable perfluoropolyether oil known as Krytox® GPL 102—
that exhibits a viscosity of 20 cP at 260 °C and 35,000 psi.
If accepted, Krytox® GPL 102 would enable researchers
studying the viscosity of petroleum fluids found in ultra-deep
formations to reliably calibrate and validate their equipment
at the relevant conditions. The NETL results are being
used for comparison with data obtained with different
techniques by several internationally recognized rheology

research laboratories: the University of Western Australia,
University of New South Wales (Australia), University of
Santiago de Compostela (Spain), Imperial College London
(United Kingdom), Aristotle University of Thessaloniki
(Greece), Université de Pau et des Pays de I'’Adour (France),
Universidad Nacional Autonoma (Mexico), Georgia Institute
of Technology, and National Institute of Standards and
Technology (NIST).

MODELING

NETL RESEARCHERS DEVELOPED PREDICTIVE
MODELS FOR HTHP HYDROCARBON DENSITY

An NETL research team extended a group contribution method
to calculate the perturbed-chain statistical associating fluid
theory (PC-SAFT) parameter sets for polymers to accurately
determine parameters for normal and branched alkanes,
aromatics, and cycloalkanes at temperatures to 260 °C and
pressures to 40,000 psi—conditions encountered in ultra-
deep reservoirs. The researchers anticipate that this method
can be further extended to predict PC-SAFT parameter sets for
hydrocarbon mixtures, including crude oil. Density predictions
of pure hydrocarbons using the new model agree with NIST’s
reference data within +1 percent throughout the HTHP range.
Derivative properties—isothermal compressibility, isobaric
heat capacity, and sound speed in hydrocarbons—are within
10 percent of NIST’s reference values. These predictive
models have been published in Industrial & Engineering
Chemistry Research and are available via NETL's Energy Data
eXchange (EDX) website.

NETL EOS MODELS CAPTURED ISOMERIC
STRUCTURE ON DENSITY PREDICTIONS

NETL researchers and collaborators have extended their
modeling studies to address whether the PC-SAFT EoS can
accurately model the effect of isomer structure on density.
The results from these studies represent the first step in
ascertaining the fundamental information needed to predict
other fluid properties at HTHP conditions, such as solution
viscosity, which directly impacts the efficacy of operating ultra-
deep petroleum reservoirs. The predictive approach used in
this study elucidated the structural impact on these densities.
Details of these findings were released in The Journal of
Physical Chemistry B.

This project was also included in the final list of the 2014
Institution of Chemical Engineers Global Awards, Core
Chemical Engineering category.
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To learn more about this research. NETL publications are available electronically:
https://netl.doe.gov/advsearch?tid=107
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Working together with our partners in private industry and academia, NETL is committed to utilizing and creating the most
current technology to implement safeguards and practices that address the energy industry’s most demanding and complex
challenges, resulting in safer workplaces, improved environmental stewardship performance, and greater domestic energy
security for the future.
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