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DISCLAIMER AND COPYRIGHT

The American Gas Association’s (AGA) Operations and Engineering Section provides a forum for industry
experts to bring their collective knowledge together to improve the state of the art in the areas of operating,
engineering and technological aspects of producing, gathering, transporting, storing, distributing, measuring and
utilizing natural gas.

Through its publications, of which this is one, AGA provides for the exchange of information within the natural
gas industry and scientific, trade and governmental organizations. Many AGA publications are prepared or
sponsored by an AGA Operations and Engineering Section technical committee. While AGA may administer the
process, neither AGA nor the technical committee independently tests, evaluates or verifies the accuracy of any
information or the soundness of any judgments contained therein.

AGA disclaims liability for any personal injury, property or other damages of any nature whatsoever, whether
special, indirect, consequential or compensatory, directly or indirectly resulting from the publication, use of or
reliance on AGA publications. AGA makes no guaranty or warranty as to the accuracy and completeness of any
information published therein. The information contained therein is provided on an “as is” basis and AGA makes
no representations or warranties including any expressed or implied warranty of merchantability or fitness for a
particular purpose. Nothing contained in this document should be viewed as an endorsement or disapproval of any
particular manufacturer or product.

In issuing and making this document available, AGA is not undertaking to render professional or other services
for or on behalf of any person or entity. Nor is AGA undertaking to perform any duty owed by any person or
entity to someone else. Anyone using this document should rely on his or her own independent judgment or, as
appropriate, seek the advice of a competent professional in determining the exercise of reasonable care in any
given circumstances.

AGA has no power, nor does it undertake, to police or enforce compliance with the contents of this document.
Nor does AGA list, certify, test or inspect products, designs or installations for compliance with this document.
Any certification or other statement of compliance is solely the responsibility of the certifier or maker of the
statement.

AGA does not take any position with respect to the validity of any patent rights asserted in connection with any
items that are mentioned in or are the subject of AGA publications, and AGA disclaims liability for the
infringement of any patent resulting from the use of or reliance on its publications. Users of these publications are
expressly advised that determination of the validity of any such patent rights, and the risk of infringement of such
rights, is entirely their own responsibility.

Users of this publication should consult applicable federal, state and local laws and regulations. AGA does not,
through its publications, intend to urge action that is not in compliance with applicable laws, and its publications
may not be construed as doing so. Information concerning safety risks, proper installation or use, performance or
fitness or suitability for any purpose with respect to particular products or materials should be obtained from the
manufacturer or supplier of the material used.

Changes to this document may become necessary from time to time. If changes are believed appropriate by any
person or entity, such suggested changes should be communicated to AGA in writing and sent to: Operations &
Engineering Section, American Gas Association, 400 North Capitol Street, NW, 4" Floor, Washington, DC
20001, U.S.A. or E-mail to: publications@aga.org. Suggested changes must include: contact information,
including name, address and any corporate affiliation; full name of the document; suggested revisions to the
text of the document; the rationale for the suggested revisions; and permission to use the suggested revisions
in an amended publication of the document.

Copyright © 2017, American Gas Association, All Rights Reserved.
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FOREWORD

AGA Report No. 8, Part 2, provides technical information necessary to compute thermodynamic
properties including compressibility factors, densities, speeds of sound, and dew and bubble points for natural gas
and related gases. It is based on the research performed at the Ruhr University in Bochum, Germany, and published
in 2006 as the doctoral dissertation of Oliver Kunz under the direction of Prof. Dr.-Ing. Wolfgang Wagner. The
equations in the dissertation are commonly referred to as the GERG-2004 and GERG-2008 equations of state in
acknowledgement of partial sponsorship of the research by the Groupe Europeen de Recherches Gazieres
(GERG). Because these equations are used both in this document and the International Standards Organization
document ISO 20765: Natural Gas — Calculation of Thermodynamic Properties, Part 2: Single-Phase Properties
(Gas, Liquid, and Dense Fluid) for Extended Ranges of Application, 2015 edition, calculations of properties
should have the same values.

The companion publication, AGA Report No. 8, Part 1, provides calculation methods for the DETAIL
and GROSS equations of state as in the 1994 edition of AGA Report No. 8, but the temperature, pressure, and
composition limits for different levels of uncertainties have been modified.

The documentation of programs for calculating properties from the methods described in this document
is available as supplementary material in Appendix C. Examples are available in Fortran, VB, and C++ code.
The supplementary material also contains a Microsoft Excel spreadsheet for property calculations. This can be
used to determine if, for a particular temperature, pressure, and composition, the property values calculated from
the equations in Part 1 are within the desired uncertainty (by comparing with those in Part 2) even though one or
more of these inputs may be outside the ranges given in Part 1. A file containing calculated points at different
compositions (not necessarily related to typical natural gas) is included, which can be used to verify that programs
or equipment have been implemented or upgraded correctly to produce values that are in agreement with the
equations in this document.

Some material described in Part 2 also applies to Part 1, and vice versa, and is not repeated in both parts.
For example, Part 1 describes an algorithm for obtaining densities through an iterative procedure that can also be
used with the equations in Part 2 (and which is applied for this purpose to the GROSS, DETAIL, and GERG-
2008 equations of state in the programs in the supplementary material). Similarly, Part 2 outlines the method for
reporting calculated results and uncertainties from the equations in both parts, and also describes the experimental
database available for natural gas mixtures (both binary and multicomponent systems), much of which was used
in the development of the equations in Part 1. Some information, however, is repeated in both parts, such as the
material in Sections 2 and 3. The combination of Parts 1 & 2 gives a wider overview of the equations of state
and their appropriate application to natural gas.

Although Part 2 may be used to calculate thermodynamic properties for pressures, temperatures, and gas
compositions applicable for Part 1 (within the uncertainty limits of each equation), the decision to upgrade existing
installations to use Part 2 is left to the discretion of the parties involved.
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1 INTRODUCTION

1.1 Scope

Part 2 presents information for computation of thermodynamic properties, including compressibility
factors, densities, and speeds of sound, of natural gas and related gases, for gaseous states, vapor-liquid
equilibrium states, and liquid states, based on the GERG-2008 equation of state [1,2]. It also improves upon the
performance of the AGA 8 DETAIL equation [3] for gas-phase properties, especially at high pressures and low
temperatures. The ranges of temperature, pressure, and composition for which the GERG-2008 equation of state
applies are much wider than the AGA 8 DETAIL equation. Uncertainty estimations for different compositions,
pressures, and temperatures are given. With the availability of vapor-liquid equilibrium and liquid state
calculations, Part 2 enables the calculation of dew points, bubble points, and the critical point.

1.2 Background

Work began in the 1990’s at the Ruhr University in Bochum, Germany, under the direction of Wolfgang
Wagner to develop even more sophisticated models to represent not only the gas phase, as in the case of AGA 8,
1994 edition, but also the liquid phase and retrograde region. The first version of the new equation was released
in 2004 for 18 components, and then an updated version was released in 2008 with three additional components.
These 21 components, listed at the end of this section, are the same as the components in AGA 8, Part 1. Because
the calculation of dew points requires knowledge of the liquid phase as well as the gas phase, the DETAIL method
presented in Part 1 is not able to determine the state where liquids will condense from a natural gas stream. With
the addition of accurate liquid calculations in the GERG-2008 equation, dew points, as well as bubble points and
saturated states in the retrograde region, can now be calculated for any temperature or pressure input. The
equations required for these calculations are covered in Part 2.

The GERG-2008 equation is explicit in the Helmholtz energy, which is a fundamental property that
allows the calculation of all other thermodynamic properties through analytical derivatives with respect to the
independent properties, which are temperature and density. For example, pressure is proportional to the first
derivative of the Helmholtz energy with respect to density (at constant temperature). This equation is also
applicable in the calculation of two-phase properties (vapor-liquid equilibria). Through the use of a fundamental
equation of state, numerical differentiation or integration to obtain thermodynamic properties is not necessary, as
was done in AGA 10.

AGA Report No. 8, Part 2, provides all pertinent information required to implement the GERG-2008
mixture model for the calculation of volumetric and caloric properties of natural gases, manufactured fuel gases,
and similar mixtures. The model is also applicable to each of the pure natural gas components and to numerous
binary and multi-component mixtures not related to natural gas. It is valid at conditions where the mixture may
be in the single-phase gas, liquid, or retrograde region, as well as saturation and 2-phase states.

The uncertainties of calculated properties in the gas phase, including both volumetric properties (density)
and caloric properties (enthalpy, entropy, heat capacity, speed of sound, etc.) are the same or lower in most cases
than those for the methods described in Part 1 over the full ranges of validity of the DETAIL equation of state.
This is particularly true at lower temperatures, such as the temperature region from —10 °F to 35 °F (250 K to
275 K). As with Part 1, the uncertainties in density and speed of sound are generally within 0.1 % or less, where
uncertainties are given in this document with a 95 % level of confidence (k=2). Through the use of a more complex
model than that in Part 1, single-phase liquid states, 2-phase states, and dew and bubble points can now be
calculated with the Part 2 equations (which was not possible in Part 1).

With the more complex model, the regions of validity increase to cover the full pressure, temperature, and

composition ranges for most of the 21 components available. For example, Part 1 is limited to 25 mole percent
ethane, 6 mole percent propane, non-hydrogen-rich natural gases, and to very small amounts of the heavier
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hydrocarbons; whereas Part 2 extends these ranges to cover all mole fractions of these components in both the
vapor and liquid phases.

As with the DETAIL equation of state in Part 1, use of the GERG-2008 equation in Part 2 requires that
the mixture be completely characterized by a component analysis before thermodynamic properties can be
calculated. Because the mixture model combines the contributions from the pure fluid equations of state, the
composition must be specified for each component. For a C6+ fraction, the amount of the fraction must be
distributed among the heavy hydrocarbons. For a typical natural gas, this might include alkane hydrocarbons up
to about C; or Cs together with nitrogen and carbon dioxide. Additional components including nonane, decane,
water, hydrogen sulfide, and helium may be present, and should not be lumped with other components as their
presence can have a significant impact on some properties. Dew and bubble-points are influenced by the presence
of the cryogens hydrogen, carbon monoxide, and oxygen in manufactured gases. Trace components other than
the 21 available in the model must be reassigned appropriately depending on the desired properties (see Section 8).
Alkane isomers are typically combined by molar mass or boiling point with the normal alkanes and treated
collectively for density or VLE applications.

The use of a composite C6+ fraction for the heavy hydrocarbon compounds may be sufficient for density
or speed of sound calculations, but detrimental in the determination of the dew point. Vapor-liquid equilibrium
(VLE) calculations (which includes dew points) are most accurate when the compositions are known for all of the
components in the mixture. Small amounts of heptanes, octanes, nonanes, decanes, and water have a significant
impact on the dew-point state of the mixture. Analyses of the sensitivity of VLE calculations can help determine
whether a particular approximation is suitable for a particular application.

The independent variables in the Helmholtz energy equation of state are density, temperature, and molar
composition. These properties must be known before all other thermodynamic properties can be calculated
directly. When only pressure, temperature, and molar composition are available as the input variables, it is
necessary to use an iterative solution to determine the density required as the independent variable in the equation
of state. Multiple iterative solutions are available for such density-search algorithms, with the appropriate method
dependent on the complexity of an application. If all state points are known to be single phase and within the gas
region, the most successful search algorithms generally make use of the first and possibly second derivatives of
pressure with respect to density to quickly locate the root. Away from the critical region, such an algorithm can
converge within four to six steps depending on the value of the initial guess, the magnitude of the pressure or
density (with dense states requiring additional steps to locate the root), and the desired tolerance in the search
algorithm. Multi-term equations of state have several roots in the two-phase region, and verification that a root is
stable adds to the complexity of the procedure.

The composition in mole fractions is required for the following 21 components: methane, nitrogen, carbon
dioxide, ethane, propane, isobutane, n-butane, isopentane, n-pentane, n-hexane, n-heptane, n-octane, n-nonane,
n-decane, hydrogen, oxygen, carbon monoxide, water, hydrogen sulfide, helium, and argon. The allowable ranges
of mole fractions are defined in Section 5. The compositions of all mole fractions shall sum to one. Compositions
given in volume or mass fractions need to be converted to mole fractions, see GPA 2177, Analysis of Natural Gas
Liquid Mixtures Containing Nitrogen and Carbon Dioxide by Gas Chromatography or 1ISO 14912, Gas Analysis
— Conversion of Gas Mixture Composition Data.
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2 DEFINITIONS AND GENERAL EQUATIONS
2.1 Definitions of Phase Regions

As in Part 1, Part 2 puts forth a new approach to define the gas phase, dense phase, and liquid phase of a
mixture. Figure 1 shows the phase boundary of a natural gas mixture with about 83 % methane. The heaviest
hydrocarbons are heptane with a mole percent composition of 0.027 %, octane with 0.017 %, and nonane with
0.0009 %, where these three components play the largest role in the upper temperature and pressure limits of the
saturation boundaries.

Although a fluid transitions smoothly from vapor to liquid without discontinuities when the path is such
that it does not cross the phase boundary, defined regions are useful to give a general indication of the fluid’s
state. Most definitions of the phase regions use pressure and temperature parameters for bounding the gas, liquid,
and dense regions, resulting in different parsing technigues with varying degrees of complexity depending on a
group’s point of view. Most of these bounding techniques result in some inappropriately labeled areas, e.g., more
gas-like than dense-like or vice-versa, due to the extent to which a certain bounding box extends into a temperature
Or pressure space.

As shown in Figure 1, the three phase regions are now defined in terms of the critical density only. (The
critical point is the state where the co-existing liquid and vapor phases have the same density and composition.)
The gas phase is the region with densities less than 50 % of the critical density. Liquids are defined as states with
densities greater than 125 % of the critical density. The dense phase of a fluid is any single-phase state between
these two areas, i.e., a state with a density greater than 50 % and less than 125 % of the critical density. Other
points or curves are also shown in Figure 1, including the cricondentherm (maximum 2-phase temperature), the
cricondenbar (maximum 2-phase pressure), the bubble point curve, the dew point curve, and the retrograde curve.

In the dense phase region near the critical point for any pure fluid or mixture, the properties change rapidly
as the state approaches the critical point. For example, for a pure fluid the isobaric heat capacity increases to
infinity and the speed of sound approaches zero. For temperatures near the critical point, the area between 50 %
and 125 % of the critical density represents states where property changes become more significant.

There are various approaches that can be used to determine the critical density of a mixture, such as the
tools available in Reference [4] that use the GERG-2008 equation of state to locate the critical point. The use of
cubic equations of state (PR, SRK, etc.), though not as accurate as the GERG-2008, will determine a state point
that is in the general vicinity of the true critical point of the mixture when volume translation is applied. The
simplest but least accurate approach is to use a mole fraction average of the critical volumes of the pure fluids (the
critical density would then be the reciprocal of the critical volume). The approach taken depends on the needs of
a particular application.
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Figure 1. Example of gas, liquid, and dense phase regions of a natural gas mixture.

2.2 Nomenclature

a Molar Helmholtz energy (J/mol)

B Second virial density coefficient (dm%mol)
C Density exponent

Cp Molar isobaric heat capacity [J/(mol-K)]
Cv Molar isochoric heat capacity [J/(mol-K)]
Third virial coefficient (dm®/mol?)

Molar density (mol/dm?)

Density exponent

Critical density (mol/dm?®)

Fugacity of component i (MPa)

Mixture parameter

Molar Gibbs energy (J/mol)

Molar enthalpy (J/mol)

Serial number

Number of terms

Equilibrium factor of component i

Molar mass (molecular weight) (g/mol)
Coefficient

Number of moles

Vector of mole numbers

Number of components in the mixture
Absolute pressure (MPa)

Gas constant, R = 8.314472 J/(mol-K) [5]
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py)
*

NXXs<<c—H—~o

Gas constant, R"= 8.31451 J/(mol-K) [6]
Molar entropy [J/(mol-K)]

Temperature exponent

Absolute temperature (ITS-90) (K)
Molar energy (J/mol)

Molar volume (dm®/mol)

Specific volume (dm?d)

Speed of sound (m/s)

Mole fraction

Molar composition (vector of mole fractions)
Compressibility factor

Greek Symbols

o

B

B
b, B
Y
VArA
)

¢

[

Hi

&
Aa

Subscripts
C
Exp

Superscripts

0
r
0

Dimensionless molar Helmholtz energy
Overall vapor fraction

Parameter

Parameters for reducing functions
Parameter

Parameters for reducing functions
Reduced density

Isothermal throttling coefficient (dm®mol)
Fugacity coefficient of component i
Chemical potential of component i (J/mol)
Parameter

Departure function

Parameter

Parameter

Isentropic exponent

Isothermal compressibility

Joule-Thomson coefficient (K/MPa)
Mass density (kg/m3)
Reciprocal reduced temperature

At the critical point

Exponential term

Index

Index

Index

Polynomial term

Reducing property

At saturation (phase equilibrium)

Reference state, To = 298.15 K, po = 0.101325 MPa

Ideal-gas state

Residual contribution

Coefficient in ideal-gas heat capacity equations
Saturated liquid state

Saturated vapor state
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2.3 General Equations

This section contains general equations involving the compressibility factor, molar density, and mass
density of natural gas and other hydrocarbon gases.

The compressibility factor Z is defined by the equation

PV )
NnRT

where T is the absolute temperature of the gas, P is the absolute static pressure of the gas, V is the gas volume, n
is the number of moles, and R is the molar gas constant. As with the DETAIL and GROSS methods, the GERG-

2008 equation of state expresses the compressibility factor Z in terms of the molar density d (in moles per unit
volume),

d=2 @)

The gas mixture molar mass (molecular weight) M is calculated from the gas composition with the relation

M=) xM;, ©)

where Miis the molar mass of component i, N is the number of components in the gas mixture, and x; is the mole
fraction of component i in the gas mixture. The summation in this equation is over all components in the gas
mixture. The mass density p (mass per unit volume) is related to the molar density d by the relation

p=Md. 4

By substituting Equations (2) and (4) in Equation (1), the following equations for the molar density d and the mass
density p in terms of the compressibility factor result:

P
- 5
d ZRT ®)
=]
_ - 6
P=MZRT ©)
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3 UNITS, CONVERSIONS, PRECISION, AND ACCURACY

Most equations are presented here in a dimensionless form without specific units so that the equations can
easily be converted to a user’s need without unit conversion factors. In cases where quantities require a specific
set of units, the units are specified. The computer program subroutines provided in the supplementary material to
this document use Sl units. The subroutines use the following units for the principal dimensional quantities:
absolute temperature in kelvins (K), pressure in kilopascals (kPa), molar density in moles per cubic decimeter
(mol/dm?), real gas volumetric heating value in megajoules per cubic meter (MJ/m?), and molar ideal gross heating
value in kilojoules per mole (kJ/mol).

Conversion factors are required for conversions to and from other units. Some common conversion factors
are given in Table 1. Except for the mass and mole conversions (where exact conversions are given), the values
given in Table 3 are identical to those in API Chapter 15, Guidelines for Use of the International System of Units
(S in the Petroleum and Allied Industries, and ASTM-SI10, American National Standard for Metric Practice
(which rounded the conversion factors to seven significant digits). Most calculations in this report are not accurate
to more than seven significant digits; thus, the accuracy of computed compressibility factors is not improved by
the use of more significant digits. For example, a calculation precision of five significant digits is approximately
1 part in 100,000 (or 10 ppm) for the compressibility factor. An uncertainty of 0.048 % corresponds to 48 parts
in 100,000 (or 480 ppm), so the calculation precision of 1 part in 100,000 is an order of magnitude better than the
uncertainty in the computed compressibility factor. The computed compressibility factors in the region of validity
for each equation of state generally agree with the best available compressibility factor data for natural gas with
differences approaching the experimental uncertainty of 0.1 %. Thus, for compressibility factors less than one,
calculated values are at best accurate to about one part in 10,000 (or 100 ppm), or to about four significant digits.
When more than four significant digits are quoted in this document, the purpose is generally for computer program
verification only.

Table 1 — Unit Conversions

Quantity Unit conversion

Length 1.0 in = 0.0254 m (exact)

Mass 1.0 Ibm = 0.453 592 37 kg (exact)

Moles 1.0 Ibmol = 0.453 592 37 kmol (exact)

Temperature Temperature (in °R) = Temperature (in °F) + 459.67 (exact)
Temperature Temperature (in K) = Temperature (in °C) + 273.15 (exact)
Temperature 1.8 °R = 1.0 K (exact)

Pressure 1.0 psia = 0.006 894 757 MPa

Pressure 1.0 bar = 0.1 MPa (exact)

Gas constant 10.73164 psia-ft¥/(Iomol-R) = 8.31451 J/(mol-K)*

Gas constant 1.985886 Btu/(lbmol-R) = 8.31451 J/(mol-K)*

Energy 1.0 Btu = 1.055056 kJ*

For the gas constant, the values given do not represent the most current scientific values, but are
used here to conform with the 1994 edition of AGA 8 so that calculated property values match
those from the original equations.

fCorresponds to the IT value of 1 cal = 4.1868 J.
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4 EQUATION OF STATE FOR THE HELMHOLTZ ENERGY

The Helmholtz energy a in the GERG-2008 model for a mixture at a given molar density d, temperature
T, and molar composition X is the sum of two contributions, one accounting for the ideal gas a° and the other for
that of the real fluid a',

a(d,T,x)=a"(d,T,x)+a'(d,T,x), 0
and can be expressed in a dimensionless form as
old,T,x)="(d,T,x)+a'(6,7,%), 8)

where a=a/RT, and the reduced mixture density & and reciprocal reduced mixture temperature z are given by

d
0=——+o
il (X) and 9
= TﬁX) , (10)

where dr and T, are reducing functions for the mixture density and temperature depending on the molar
composition of the mixture only, and are explained further below.

4.1 The ldeal-gas Helmholtz Energy

The dimensionless Helmholtz energy «° represents the properties of the ideal-gas mixture at a given
mixture density d, temperature 7; and molar composition X according to

ao(d,T,x):iZi:xi[aio(d,T)+In ], (11)

where the subscript i indicates the component number in the mixture. In this equation, Inx; is the contribution
from the ideal-gas entropy of mixing. The equation for the pure-fluid ideal-gas Helmholtz energy «f can be
obtained through the use of thermodynamic relationships. The contribution to the ideal gas involves the enthalpy
h? and entropy s°,

a’=h° —RT —Ts°. (12)
When an expression for the ideal-gas heat capacity c,° is available, the ideal-gas enthalpy can be derived from the
relation

0
S i (13)
P ar ),
resulting in
T
he =g+ cpdT, (14)
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where the enthalpy at To is h{. (The value of To is not necessarily set to zero, but can be any arbitrary value,
resulting in the integration constant h?.) Likewise, the ideal-gas entropy can be derived from a fundamental
relationship, resulting in

T c? Td N
s =0 +.L0?”dT -R In(Todoj_ RiZ:l“ x, In(x; ) (15)

where dy is the ideal-gas density at To and Po (do = Po/RTo), and To and Pg are arbitrary reference conditions. The
last part of this term, summed over the number of components N in the mixture, accounts for the ideal-gas entropy
of mixing of the components in the gas. Combining these equations results in the following expression for the
Helmholtz energy of the ideal gas

c? N
a® = h? +jTT0cng _RT T8 —T_Lz?pdT +RT In TT: + RT_Zl:xi In(x, ). (16)

0~o

The reference state of zero enthalpy and zero entropy is here adopted at To = 298.15 K and P, = 0.101325 MPa
for the ideal unmixed gas [i.e., no entropy of mixing (the last term in this equation is set to zero)].

Expressions for the ideal-gas heat capacity c,’ were taken from Jaeschke and Schley (see Reference [6]),
given as

ﬁ—n°+2n° LIT 2+Z”° A -
R e 2 M sinn(erT)| T4 "™ cosh(9rT) s

The coefficients and parameters are given in Table A.1 (and are identical to those in Part 1). The equation for the
ideal-gas isobaric heat capacity is taken from [6] and given as a function of the temperature T. The values of the

parameters 9x (for k = 4 to 7) are in agreement with the original parameters D, F°, HS and J °in Reference [6],
and the values of ng (for k = 3 to 7) are identical to the coefficients B C° E° G and I °

Integrating Equation (17) and combining the outcome with Equation (16) results in the ideal-gas
Helmholtz energy «!of component i, as given by

0 e 0, 1T = (0%, —1)In(T)
T s
0

R|+ .0 In‘sinh(,sli"’k /T)‘ -y, In‘cosh(&i‘fk /T)‘
k=4,6 k=5,7

The values of the coefficients and parameters are given in Table A.2.

, The gas constant R=8.314472 J/(mol-K) was the internationally accepted value [5] when the GERG-2008
equation of state was developed. Integration of the equations for the ideal-gas heat capacities taken from
Reference [6] leads to Equation (18), which uses a different molar gas constant. The ratio R*/R with R"=8.31451
J/(mol-K) results in the exact solution of the original equations for the ideal-gas heat capacity.
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4.2 The Residual Helmholtz Energy
The real gas contribution «' to the dimensionless Helmholtz energy is
a'(8,7,%)= a(5,7,X)+ A (5, 7,%). (19)

In this equation, the first term on the right-hand side («o) describes the contribution of the residual parts of the
dimensionless Helmholtz energy of the pure-substance equations of state, as given by

5TX Zxa (6,7), (20)

where «i(5,7) is the residual part of the dimensionless Helmholtz energy of component i, and is given by

Kpoji Kpoli +Kexp,i
Zn,ké gk g k > ni,k5d‘*rt‘*e><p(—§°‘*). (21)
=Kpgj +1

The values of the coefficients and exponents are given in Tables A.3, A.4, and A.5. References for the equations
of state for the pure fluids are given in Table 2.

Table 2 — References for the Pure-Fluid Equations of State

Fluid Reference

Methane Klimeck (2000) [7]

Nitrogen Klimeck (2000) [7]

Carbon dioxide Klimeck (2000) [7]

Ethane Klimeck (2000) [7]

Propane Span and Wagner (2003) [8]
Isobutane Span and Wagner (2003) [8]
n-Butane Span and Wagner (2003) [8]
Isopentane Lemmon and Span (2006) [9]
n-Pentane Span and Wagner (2003) [8]
n-Hexane Span and Wagner (2003) [8]
n-Heptane Span and Wagner (2003) [8]
n-Octane Span and Wagner (2003) [8]
n-Nonane Lemmon and Span (2006) [9]
n-Decane Lemmon and Span (2006) [9]
Hydrogen Kunz et al. (2007) [2]
Oxygen Span and Wagner (2003) [8]
Carbon monoxide Lemmon and Span (2006) [9]
Water Kunz et al. (2007) [2]
Hydrogen sulfide Lemmon and Span (2006) [9]
Helium Kunz et al. (2007) [2]

Argon Span and Wagner (2003) [8]

The addition of the departure function Ac" in the mixture model improves the accuracy of
thermodynamic properties beyond what is possible with only the reducing functions when sufficiently accurate
experimental data are available to characterize the properties of the mixture. The departure function of the
multi-component mixture is the total contribution from each of the binary specific departure functions, and is
given by

N-1 N

Aar(d,r,x)zzZAai;(&r,x), (22)

i=1 j=i+l
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