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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 20765-1 was prepared by Technical Committee ISO/TC 193, Natural gas, Subcommittee SC 1, Analysis
of natural gas.

ISO 20765 consists of the following parts, under the general title Natural gas — Calculation of thermodynamic
properties:

— Part 1: Gas phase properties for transmission and distribution applications
The following parts are under preparation:
— Part 2: Single phase properties (gas, liquid and dense-fluid) for extended ranges of application

— Part 3: Two-phase properties (vapour-liquid equilibria)

iv © SO 2005 — Al rights reserved
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Introduction

This part of ISO 20765 specifies methods for the calculation of thermodynamic properties of natural gases,
natural gases containing synthetic admixture, and similar mixtures.

This part of ISO 20765 has four normative annexes and three informative annexes.

© 1SO 2005 — All rights reserved
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INTERNATIONAL STANDARD ISO 20765-1:2005(E)

Natural gas — Calculation of thermodynamic properties —

Part 1:
Gas phase properties for transmission and distribution
applications

1 Scope

This part of ISO 20765 specifies a method of calculation for the volumetric and caloric properties of natural
gases, natural gases containing synthetic admixture and similar mixtures, at conditions where the mixture can
exist only as a gas.

The method is applicable to pipeline-quality gases within the ranges of pressure, p, and temperature, T, at
which transmission and distribution operations normally take place. For volumetric properties (compression
factor and density), the uncertainty of calculation is about + 0,1 % (95 % confidence interval). For caloric
properties (for example enthalpy, heat capacity, Joule-Thomson coefficient, speed of sound), the uncertainty
of calculation is usually greater,

2 Normative references

The following referenced documents. are indispensable-for the application of this document. For dated
references, only the edition ‘cited applies.” For ‘undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 31-3, Quantities and units — Part 3: Mechanics
ISO 31-4, Quantities and units — Part 4: Heat
ISO 7504, Gas analysis — Vocabulary

ISO 12213-2, Natural gas — Calculation of compression factor — Part 2: Calculation using molar-composition
analysis

ISO 14532, Natural gas — Vocabulary

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 31-4, ISO 7504 and ISO 14532 and
the following apply.

NOTE See Annex A for the list of symbols and units used in this part of ISO 20765.

31

caloric property

characteristic of a gas or homogeneous gas mixture which can be calculated from a fundamental equation of
state

NOTE The caloric properties to which this part of ISO 20765 can be applied are internal energy, enthalpy, entropy,
isochoric heat capacity, isobaric heat capacity, Joule-Thomson coefficient, isentropic exponent and speed of sound.

© 1SO 2005 - All rights reserved 1
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3.2
equation of state
mathematical relationship between state variables of a gas or homogeneous gas mixture

NOTE In this part of ISO 20765, it is useful to distinguish between two types of equation of state, namely (1)
volumetric equation of state, in which the relationship is between the state variables pressure, temperature and the volume
occupied by a given amount of substance, and (2) fundamental equation of state, in which the relationship is between the
density, temperature and the Helmholtz free energy.

3.3

residual property

that part of a thermodynamic property which results from the non-ideal (real-gas) behaviour of a gas or
homogeneous gas mixture, i.e. the difference between a thermodynamic property of a real gas or gas mixture
and the same thermodynamic property for the same gas or gas mixture, in the ideal state, at the same state
conditions of temperature and density

3.4
thermodynamic property
volumetric or caloric property

3.5
volumetric property
characteristic of a gas or homogeneous gas mixture that can be calculated from a volumetric equation of state

NOTE The volumetric properties to which this part of ISO 20765 can be applied are compression factor and density.

4 Thermodynamic basis of the method

4.1 Principle

The method recommended is based on;the;.concept  that,pipeline-quality natural gas is completely
characterized for the calculation of its thermodynamic properties by component analysis. Such an analysis,
together with the state variables of temperature and density, provides the necessary input data for the method.
In practice, the state variables available as input data are more usually temperature and pressure and, in this
case, it is necessary first to convert these to temperature and density.

Equations are presented which express the Helmholtz free energy of the gas as a function of density,
temperature and composition, from which all of the thermodynamic properties can be obtained in terms of the
Helmholtz free energy and its derivatives with respect to temperature and density.

The method uses a detailed molar composition analysis in which all components present in amounts
exceeding 0,000 05 mole fraction [50 molar ppm 1)] should be represented. For a typical natural gas, this
might include alkane hydrocarbons up to about C; or Cg, together with nitrogen, carbon dioxide and helium.
Typically, isomers for alkanes above C5 may be lumped together by molecular weight and treated collectively
as the normal isomer.

For some natural gases, it may be necessary to take into consideration additional components such as Cq and
C,o hydrocarbons, water vapour and hydrogen sulfide. For manufactured gases, hydrogen and carbon
monoxide should be considered.

More precisely, the method uses a 21-component analysis in which all of the major and minor components of
natural gas are included (see 6.2). Any trace component present but not identified as one of the 21 specified
components may be reassigned appropriately to a specified component.

1) ppmis a depredated unit.

2 © I1SO 2005 — All rights reserved
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4.2 The fundamental equation of Helmholtz free energy

4.21 Background

The AGAS8 equation [l was published in 1992 by the Transmission Measurements Committee of the American
Gas Association, having been designed specifically as a means for the high accuracy calculation of
compression factor. In this respect, it is already the subject of 1ISO 12213-2. Since then it has become
increasingly apparent that the equation has excellent potential for use in the calculation of all thermodynamic
properties of natural gas, even though the accuracy of calculation is less well documented.

In order for the AGA8 equation to become useful for the calculation of all thermodynamic properties, there are
two major requirements.

a) The equation itself, published initially in a form explicit only for volumetric properties, has to be
mathematically recast in a form explicit for the residual Helmholtz free energy. In fact, although not
published as such, the original development of the equation was as a fundamental equation in the form of
Helmholtz free energy. This formulation [2] is essential in that all residual thermodynamic properties can
be calculated from the Helmholtz free energy and its derivatives with respect to the state conditions of
temperature and density.

b) For the calculation of caloric properties, a formulation is required for the Helmholtz free energy of the
ideal gas as a function of temperature. Most previous formulations for the ideal gas have been explicit in
the isobaric heat capacity and so, again, the chosen formulation [3]: 4] has to be recast so as to be explicit
in the Helmholtz free energy. Again, derivatives of the Helmholtz free energy with respect to the state
conditions are needed:

An important aspect of the formulations chasen.for_both_the ideal and residual parts of the Helmholtz free

energy is that the derivatives required for calculating the thermodynamic properties can be given in analytical

form. Hence, there is no need for numerical differentiation or integration within any computer program that
implements the procedures. As a result, numerical (problems are avoided and calculation times are shorter.

The method of calculation described is>very:suitable/for luse) within process simulation programs and, in
particular, within programs developed for use in natural gas transmission and distribution applications.

4.2.2 The Helmholtz free energy
The Helmholtz free energy, f, of a homogeneous gas mixture at uniform pressure and temperature can be

expressed as the sum of a part f; describing the ideal gas behaviour and a part /. describing the residual or
real-gas behaviour, as given in Equation (1):

[T X)=1o(p T, X)+ fr (P T, X) (1)
which, rewritten in the form of dimensionless reduced free energy ¢ =f/(R-T), becomes Equation (2):

P(6,7, X) =0y (5,7, X)+ 0, (5,7, X) (2)

where

X is a vector that defines the composition of the mixture;

r is the inverse (dimensionless) reduced temperature, related to the temperature, 7, as given in
Equation (3):

r=LIT (3)

where L =1 K.

© 1SO 2005 - All rights reserved 3
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Note that Equations (1) and (2) are written in terms of the molar density, p, and reduced density, &,
respectively, not in terms of the more commonly available input variable of pressure, p. This is because, from
statistical thermodynamics, the Helmholtz free energy appears as a natural consequence of the number and
types of molecular interactions in a mixture and, therefore, becomes a natural function of the molar density
and mole fractions of the molecules.

The reduced density, 6, is related to the molar density, p, as shown in Equation (4):
5=K3p (4)
where K is a mixture size parameter.

The ideal part, ¢,, of the reduced Helmholtz free energy is obtained from equations for the isobaric heat
capacity in the ideal gas state (see 4.2.3), and the residual part, ¢, from the AGA8 equation of state (see
4.2.4).

4.2.3 The Helmholtz free energy of the ideal gas

The Helmholtz free energy of an ideal gas can be expressed in terms of the enthalpy, %,, and entropy, s,, as
given in Equation (5):

fo(P’T’X) :ho(T’X) _R'T_T’SO(P’T’X) (5)

The enthalpy, 4, and entropy, ss,can in turn,be expressed-in terms of the isobaric heat capacity, Copr of the
ideal gas as given in Equations (6) and\(7); where the implied. limits of integration-are'Tg and T:

ho (T, X) = [ cop AT +hop (6)

N
So(p, T,X)= I OP 47— R- In[ﬂe] R-ln[Tie]+so‘9—R~in~lnxi (7)
i=1

The reference state of zero enthalpy and zero entropy is here adopted as T7g=298,15K and
pg = 0,101 325 MPa for the ideal unmixed gas. The integration constants, #,¢ and s, g, are then determined
so as to conform to this definition. The reference (ideal) density, py, is given by P = pe/(R Tp).

The reduced Helmholtz free energy ¢, = f,/(R-T) can then be written, using Equations (6) and (7), as a function
of 6, rand X, as given in Equation (8):

c hog- T c
00 (8,7, X) = —t[—2Edr+ 20— 1+ [>Pdr+in| - 9 |im[ e
R.-72 R-L R-t o

See Annex B for details of this formulation.

(8)

4.2.4 The residual part of the Helmholtz free energy

The residual part of the reduced Helmholtz free energy is obtained, for the purposes of this part of ISO 20765,
by use of the AGA8 equation. Written for the compression factor as a function of reduced density, inverse
reduced temperature and composition, the AGA8 equation has the form of Equation (9):

58
_1+——5Zc WS C,ertn st bn—cn-kn-a"n)exp(—cn-é"n) )
n=13 n=13
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where
B is the second virial coefficient;
b, ¢, k,, u, are coefficients of the equation and functions of composition;
C, is a function of composition.
The compression factor, Z, is related to the residual part of reduced free energy, ¢,, as given in Equation (10):

Z=14+5-p (10)

where ¢ 5is the partial derivative of ¢, with respect to reduced density at constant z and X.

Elimination of Z between Equations (9) and (10), and integration with respect to reduced density leads to the
Equation (11) for the residual part of the reduced Helmholtz free energy:

B-S 18 58 , .
PO X) == =8 D, €yt ), Cperr -5 exp(c, ™) (11)
K n=13 n=13

See Annexes C and D for details of this formulation.

4.2.5 The reduced Helmholtz free energy

The fundamental equation [Equation (2)] for the reduced Helmholtz free energy, ¢, makes it possible, through
use of Equation (8) for the ideal (part, ) <and-|Equation(14); for the residual part, ¢, to calculate all
thermodynamic properties analytically. The reduced Helmholtz free energy, ¢, therefore can be written as
given in Equation (12):

i
B Cop ho,e‘T_ Co,p eal 79 | %08
p(6,7,X)= rJ. 5 dr+ I 1+jR dr+|n(5 J+In[ I +;x,~ Inx; +...

R-1 T 2] T
18 58 (12)
B-5 b k
+F—§z Cn.z-uil+ Z Cn'Tu"'5 n exp(_cn.é‘ n)
n=13 n=13

4.3 Thermodynamic properties derived from the Helmholtz free energy

4.3.1 Background

All of the thermodynamic properties can be written explicitly in terms of the reduced Helmholtz free energy, ¢,
and various derivatives thereof. The required derivatives, ¢, ¢, @5, @55 and ¢, are defined as given in
Equations (13):

ago] 62p) (8(0] (92¢) ) (8¢)]
¢=(— P =| ?5 = 5q Pss =| — P =| | =< (13)
toNor/sx T LaeréX °as) x T Laéthx © o or\as) x 5.X

Each derivative is the sum of an ideal part (see Annex B) and a residual part (see Annex C). The substitutions
given in Equations (14) and (15) help to simplify the appearance of the relevant relationships:

=255 +52- 14
5 ?5 P55 (14)

P1=
7,X

© 1SO 2005 - All rights reserved 5
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o(d-@
¢2=—T2{E[TBH =005 =T 0 Q5 (15)
8,X

Detailed expressions for ¢, ¢_., @5, ; and ¢, can be found in Annex C.

The relevant general relationships for the various thermodynamic properties are given in 4.3.2.1 to 4.3.2.9
[Equations (17) to (26)]. In Equations (19) to (24), lowercase symbols represent molar quantities (i.e. quantity
per mole) and the corresponding upper case symbols represent specific quantities (i.e. quantity per kilogram).
Conversion of molar variables to mass-basis variables is achieved by division by the molar mass M.

NOTE In these equations, R is the molar gas constant; consequently R/M is the specific gas constant.

The molar mass, M, of the mixture is derived from the composition, X, and molar masses, M,, of the pure
substances as given in Equation (16):

N
i=1

Values for molar masses, M, of pure substances are given in References [1] and [2]; these values are
identical with those given in 1ISO 6976:1995 [5].

NOTE The values given in 1ISO 6976 for the molar masses are in most cases not identical with the most recent
values adopted by the international community of metrologists. They are, however, the values that were in general use
during the development of the AGA8/equation, and /aré\therefore retained here; the differences are in all cases less than
0,001 kg/kmol.

In Equations (20), (21) and (23) to (26), the"basic expressions for the properties #, s, Cpr s x and w have been
transformed in several ways, such that values of properties already derived can be used to simplify the
subsequent calculations. This approach is useful fof applications-where several or all of the thermodynamic

properties are to be determined.sForiclarity; the:basicithermodynamic-relationships lare given first in each
subclause, and the subsidiary transformations are-givenl below!

4.3.2 Equations for thermodynamic properties

4.3.21 Compression factor and density
The expression for the compression factor, Z, is given by Equation (17):

Z=5 0 (17)
where g5 is the derivative with respect to the reduced molar density of the Helmholtz free energy [see also
Equation (10)]. The molar density, p, and specific (mass) density, D, are related to pressure as given in
Equation (18):

p=DIM=p/(Z-R-T) (18)
Values of compression factor, Z, calculated in accordance with this part of ISO 20765 should normally be

identical with values calculated in accordance with ISO 12213-2. In any case where a requirement for priority
is identified, 1ISO 12213-2 shall take precedence.

4.3.2.2 Internal energy
The expression for the internal energy, u, is given by Equation (19):

u U-M
-2 7 _ L. 19
R-T R-T T-¢Qq (19)

6 © I1SO 2005 — All rights reserved



4.3.2.3 Enthalpy

The expression for the enthalpy, 4, is given by Equation (20):

h _ H-M
T R-T
=70, +0-0g
u
= + =
R-T R

4.3.2.4 Entropy

The expression for the entropy, s, is given by Equation (21):

s _SM
R R

=T Q=@
u UM

4.3.2.5 Isochoric heat capacity

The expression for the isochoric heat capacity, c,, is given by Equation (22):

C _CV~M_ 2

i
R R

4.3.2.6 Isobaric heat capacity

The expression for therisobaric'heat/capacity; ég) is'given by Equation {(23)!

S _CoM
R R
2
2 @
=-T (p‘t‘t+_2
?1
2
oy, 05
R 4
Cy-M (05
= + —
R ?1

4.3.2.7 Joule-Thomson coefficient

The expression for the Joule-Thomson coefficient, 4, is given by Equation (24):

H-R-D
M

,URP:

P2 — P4

Rr "R Y

-7 .qDTT

T2 (2
03 ~(7% 0r 1)

_ £(¢_2_1\
Cp \ @1

Cp’M ?1

© 1SO 2005 - All rights reserved

R (95

ISO 20765-1:2005(E)

(20)

(21)

(22)

(23)

(24)



ISO 20765-1:2005(E)

4.3.2.8 Isentropic exponent
The expression for the isentropic exponent, x, is given by Equation (25):
2
P1- 2

2
T P
5-95

- 7 (25)

21 % _ 1 o
zZ C,

4.3.29 Speed of sound

The expression for the speed of sound, w, is given by Equation (26):

w2 M » 03
=4
R-T 72.¢)TT
“p
:Z'K‘:¢)1— (26)
Cy
C
_ p
(P1Cv

5 Method of calculation

5.1 Input variables

Although the natural formulation of the method presented in this part of ISO 20765 uses reduced density,
inverse reduced temperature and molar composition as the input variables, the input variables most usually
available for use are the absolute pressure, absolute temperature and the molar composition. In consequence,
it is usually necessary first to evaluate the inverse reduced temperature and the reduced density from the
available input. The conversion from temperature to inverse reduced temperature is given by Equation (3).
The conversion from pressure to reduced density can be carried out as described in 5.2.

If, instead of the pressure, p, the (mass) density, D, is available as input, then §is obtained directly, without
the need for the procedure described in 5.2, as 6= D-K3/M, where M is the molar mass given by Equation (16).

The composition is required by mole fractions of the following 21 components: nitrogen, carbon dioxide,
methane, ethane, propane, n-butane, iso-butane (2-methylpropane), n-pentane, iso-pentane (2-methylbutane),
n-hexane, n-heptane, n-octane, n-nonane, n-decane, hydrogen, oxygen, carbon monoxide, water, hydrogen
sulfide, helium and argon. For the allowable ranges of mole fraction to which the method applies, see 6.2. Any
trace component present but not identified as one of the 21 specified components may be assigned
appropriately to one of these 21 components (see Annex E).

The sum of all mole fractions shall be unity. If the sum of all mole fractions is not unity then the composition is

either faulty or incomplete. The user shall not proceed until the source of this problem has been identified and
eliminated.

8 © I1SO 2005 — All rights reserved
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If the mole fractions of heptanes, octanes, nonanes and decanes are unknown, then the use of a composite
Ce. fraction may be acceptable. The user should carry out a sensitivity analysis in order to test whether a
particular approximation of this type degrades the result.

NOTE If the composition is known by volume fractions, these will need to be converted to mole fractions using the
method given in 1ISO 6976 5],

5.2 Conversion from pressure to reduced density

Combination of Equations (4), (9) and (18) results in Equation (27):

p-T-K

-z 5Zc gty Zc U b bn—cn-kn~5k")exp(—cn-5k") (27)

n=13 n=13

If the input variables are available as pressure, inverse reduced temperature and composition, Equation (27)
may be solved for the reduced molar density, 6. The variable quantities B(z,X), C,(X), K(X) and the coefficients
b,, ¢, k, and u, in Equation (27) may be obtained from equations and tabulations given in Annex D
(Equations (D.1), (D.6) and (D.11), and Table D.1, respectively) for these quantities. Numerical values for all
pure-component and binary interaction parameters that are also required for the evaluation of Equations (D.1),

(D.6) and (D.11) are given in Tables D.2 and D.3, respectively.

The solution may be obtained by any suitable numerical method but, in practice, a standard form of
equation-of-state density-search algorithm may be the most convenient and satisfactory. Such algorithms
usually use an initial estimate of the, density. (often the ideal-gas_approximation) and proceed, by iterative
calculations of p and &, in‘order to find.the value“of /o that“reproduces the known value of p to within a
pre-established level of agreement, A suitable criterion in the present case is that the pressure calculated from
the calculated reduced molar density, ‘5, shall repréduce the input value of p to within 1 part in 106.

5.3 Implementation

The required set of input variables is now available:‘Withthis-révised set of input variables, reduced density, 4,
inverse reduced temperature, 7, and composition, X, it is now possible to use the fundamental equation to
calculate the reduced Helmholtz free energy and the other thermodynamic properties. Equation (12)
formulates the reduced Helmholtz free energy as ¢ = ¢, + ¢,.. Equation (11) formulates the residual part of the
Helmholtz free energy ¢, as a function of reduced density, ¢, inverse reduced temperature, 7, and the molar
composition, X. The ideal part, ¢,, formulated in Equation (8), may be developed as given by Equation (B.3) of
Annex B so as to express ¢ as given in Equation (28):

N
p=>x { (Ao1)i +(Ag2)i 7+ By -INT+Co - In[sinh(Dg ;- 7) |- Eq ;- In[ cOSh(Fg ;- 7) |+ ..
i=1

ot G, -In[sinh(H ;- 7)]- 1o, -In[cosh(J o, - 1) | +Inx, | + InL—J +In( j (28)
58
+——5ZC "+ch~r”"-5b"exp(—cn~5k")
n=13 n=13

Values for all of the coefficients (4, 1);, (452); and B, ; to J, ; for the ideal gas are given in Annex B for all of
the 21 possible component gases.

Derivatives of ¢ with respect to (reduced) density and (inverse reduced) temperature, which are needed for
the evaluation of the various thermodynamic properties, may be obtained from Equations (C.2) to (C.6) given
in Annex C. Finally, the various thermodynamic properties may be evaluated by means of Equations (17)
to (26). Values for the coefficients b, ¢ and u, and the quantities C,, which are functions of composition,
are given in Annex D.

I’l’l’l

A more detailed description of the implementation procedure is given in Annex F.

© 1SO 2005 - All rights reserved 9



	…�˝0�©Óüéd>X˘[ƒš�àYÊlå$�)"Ö¤6ýË-Í®ŁÎRä�D¥ÊÃY‘û<ŠÇw¼�	ìMÞ$…øZƒ÷äèÝÛ’c�½⁄Ç

