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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
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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


https://standardsiso.com/api/?name=0c5e4e6f6787851210c3d0e281b2c338



https://standardsiso.com/api/?name=0c5e4e6f6787851210c3d0e281b2c338

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

Thig part of 1ISO 20765 specifies a method of calculation for the volumetric and-caloric properties of natural
gasgs, natural gases containing synthetic admixture and similar mixtures, at conditions where the mixture can
exigt only as a gas.

Thel method is applicable to pipeline-quality gases within the ranges of.pressure, p, and tempefature, T, at

whi
fact|

properties (for example enthalpy, heat capacity, Joule-Thomson{coefficient, speed of sound), the|
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3

th transmission and distribution operations normally take place’,For volumetric properties (¢
pr and density), the uncertainty of calculation is about + 0,1 % (95 % confidence interval).

blculation is usually greater.

Normative references

following referenced documents are indispensable for the application of this document
rences, only the edition cited applies.*For undated references, the latest edition of the
Liment (including any amendments) applies.

31-3, Quantities and units — Part'3: Mechanics

31-4, Quantities and units =\Part 4: Heat

7504, Gas analysis —Yocabulary

12213-2, Natural_gas — Calculation of compression factor — Part 2: Calculation using molar-
ysis

14532, Natural gas — Vocabulary

Terms and definitions

ompression
For caloric
uncertainty

For dated
referenced

composition

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.

3.1

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.
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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=athermodyrmamicproperty which—resutts—fromtheTon=ideat—(reat-gas)betaviourof a—gap or
homogenequs gas mixture, i.e. the difference between a thermodynamic property of a real gas or gas-mixture
and the sarmme thermodynamic property for the same gas or gas mixture, in the ideal state, at the same dtate
conditions @f temperature and density

3.4

thermodynlamic property

volumetric @r caloric property

3.5

volumetric|property

characterisfic of a gas or homogeneous gas mixture that can be calculated from-a volumetric equation of sfate
NOTE The volumetric properties to which this part of ISO 20765 can be applied are compression factor and densijty.
4 Thermodynamic basis of the method

4.1 Pringiple

The methdd recommended is based on the .concept that pipeline-quality natural gas is complgtely
characterizéd 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 ngcessary first to convert thesé:to'temperature and density.

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

The method uses a detailed molar composition analysis in which all components present in amopnts
exceeding P,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 heljum.
Typically, igomers;for alkanes above C5 may be lumped together by molecular weight and treated collectively
as the normalisemer.

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.
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ISO 20765

The fundamental equation of Helmholtz free energy

1 Background

-1:2005(E)

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

der for the AGAS nqnnfinn to become useful for the calculation of all fhnrmr\rl\]ln:mir\ prnpnrﬁ

s, there are

two

a)

b)

An
ene

formp. Hence, there is no need for numerical differéntiation or integration within any computer p

imp

The
part

4.2,
The

exp
real

whi

major requirements.

The equation itself, published initially in a form explicit only for volumetric properties,
mathematically recast in a form explicit for the residual Helmholtz free energy. |Ih fact, 4
published as such, the original development of the equation was as a fundamental_equation in

Helmholtz free energy. This formulation [2] is essential in that all residual thermodynamic prg
be calculated from the Helmholtz free energy and its derivatives with respeet to the state c
temperature and density.

For the calculation of caloric properties, a formulation is required*for the Helmholtz free er
ideal gas as a function of temperature. Most previous formulations-for the ideal gas have begq
the isobaric heat capacity and so, again, the chosen formulatioh 3] [4] has to be recast so as t
in the Helmholtz free energy. Again, derivatives of the Hélmholtz free energy with respect
conditions are needed.

mportant aspect of the formulations chosen for both‘the ideal and residual parts of the He
Fgy is that the derivatives required for calculating the thermodynamic properties can be given

ements the procedures. As a result, numerical‘problems are avoided and calculation times are

method of calculation described is very suitable for use within process simulation progrs
cular, within programs developed foruse in natural gas transmission and distribution applicatid

P The Helmholtz free energy
Helmholtz free energy, |, of a homogeneous gas mixture at uniform pressure and tempera

ressed as the sum of @'part f,, describing the ideal gas behaviour and a part £, describing thg
Lgas behaviour, as given in Equation (1):

f(o.T. X)=Asdp T. X)+ f1 (o T, X)
th, rewritten in the form of dimensionless reduced free energy ¢ = f/(R-T), becomes Equation (2

(0(5,1, X)=¢0(5,r, X)+gor(5, r,X)

has to be
[though not
the form of
perties can
onditions of

ergy of the
n explicit in
b be explicit
to the state

mholtz free
n analytical
rogram that
shorter.

ms and, in
ns.

fure can be

residual or

(1)

~

()

where

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

Equation (3):
t=LIT

where L =1 K.

© 1SO 2005 - All rights reserved
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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=K% p (4)

where K is gmixturesize 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 istate (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 Eqtiation (5):

fo(101 F’X) :ho(T’X) _R'T_T’SO(P’T’X) (5)

The enthalgy, 4., and entropy, s,, can in turn be expressed in terms of. the isobaric heat capacity, Copr of the
ideal gas ag given in Equations (6) and (7), where the implied limits*ofintegration are Tg and T:

ho (T, ) = [ cop AT + o (6)

N
solp I, X) = j°pdT R- In[ j R-In[i)+so‘9—R~in~lnxi 7)
Po Ty i=1

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

The reducefd Helmholtz free energy Jp, = f,/(R-T) can then be written, using Equations (6) and (7), as a fungtion
of 6, rand X, as given in Equatior’(8):

c hog T c
9o (9, ',X):—TJ. 2P _dr 428 —1+J P 4z +In| — o +In| —
R.r2 R-L R-tr 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

4 © I1SO 2005 — All rights reserved
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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.

-1:2005(E)

The compression factor, Z, is related to the residual part of reduced free energy, ¢,, as given in Equation (10):

Z=1+5 ¢,

(10)

whegre ¢, 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

Equation (11) for the residual part of the reduced Helmholtz free energy:
B.5 18 58 5 L
¢r(§,r,X):—3—5 Z C, '+ Z C, -t 5" exp(c, - 5%)
K n=13 n=13
Sed Annexes C and D for details of this formulation.
4.2.p The reduced Helmholtz free energy
The fundamental equation [Equation (2)] for the reduced Helmholtz free energy, ¢, makes it possi
use| of Equation (8) for the ideal part, ¢,, and Equation (11) for the residual part, ¢, to ¢

thermodynamic properties analytically. The reduced_He&lmholtz free energy, ¢, therefore can b

eads to the

(11)

ble, through
alculate all
B written as

givgn in Equation (12):
Cop hog 7 Cop o g | So08 S
p(8,0.X) = [ —2Eodr+ 20— —1pf2Pdr+in| = |+In[ 2 |- =22+ I+
R.12 R R-t Jg T R
’ (12)
B.5 18 58 . .
...+—3—5Z Conaln + Z C,-t'n-8"nexp(—c,-5"")
K n=18 n=13
4.3 Thermodynamic properties derived from the Helmholtz free energy
4311 Background
All of the thepmadynamic properties can be written explicitly in terms of the reduced Helmholtz fre¢ energy, ¢,
and| various_derivatives thereof. The required derivatives, ¢, ¢, @5, @55 and ¢, are defined |as given in
Equations(13):
7 525 7 (25 T
% % 4 4 4
0c=[SL) o= 05 =(22]  os- r | —| 2] (13)
v \or 5. w LafzJax LY Lagz % ¢ o\ od x5

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:

=2.5-0x +52.
o5 Ps Pss

P1=
7,X

© 1SO 2005 - All rights reserved
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- ps

et oo
3,X

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

0

. (15)

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
i1

Values for [molar masses, M,, of pure substances are given in References [1}\and [2]; these values|are
identical with those given in ISO 6976:1995 [5].
NOTE The values given in 1ISO 6976 for the molar masses are in most.cases not identical with the most rgcent
values adopfed by the international community of metrologists. They are, haweéver, the values that were in generall use
during the de¢velopment of the AGA8 equation, and are therefore retained, here; the differences are in all cases less fthan
0,001 kg/kmel.
In Equationg (20), (21) and (23) to (26), the basic expressions for the properties #, s, Cpr s x and w have heen
transformed in several ways, such that values of properties already derived can be used to simplify| the
subsequen{ calculations. This approach is useful for applications where several or all of the thermodyngmic
properties are to be determined. For clarity, the basi¢c thermodynamic relationships are given first in gach
subclause, pnd the subsidiary transformations aregiven below.
4.3.2 Equations for thermodynamic properties
4.3.21 (Gompression factor and density
The expresgion for the compressian/factor, Z, is given by Equation (17):
where g5 i the deriyative with respect to the reduced molar density of the Helmholtz free energy [see plso
Equation (10)]. Thexmolar density, p, and specific (mass) density, D, are related to pressure as givep in
Equation (1B):

,OZlev[—p/(Zur\"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,

43.2.2

ISO 12213-2 shall take precedence.

Internal energy

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

u
R-T

UM
“Rr 7

(19)

© I1SO 2005 — All rights reserved


https://standardsiso.com/api/?name=0c5e4e6f6787851210c3d0e281b2c338

ISO 20765-1:2005(E)

4.3.2.3 Enthalpy

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

h  H-M

T R-T
=70, +0-9; (20)
- +7Z = +7Z
R-T R

4324 Entropy

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

s S-M

R R
=T P.—@ (21)

u _U~M

Rr "R Y

4.3R.5 Isochoric heat capacity

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

c CcC, M
S A (22)

v
R R
4.3PR.6 Isobaric heat capacity

Thel expression for the isobaric heat capacity, (= is given by Equation (23):

o _GM
R R
2
2 @
=T QP +_2
?1
2 (23)
_Sv, 92
R 94
Cy-M 905
= + —
R ?1
4.3.R.7 «» \WJoule-Thomson coefficient
Th CAPICQDEUII fUI thc JUU:C'ThUIIIDUII \JUUfﬁbicllt, ,Ll, iD UiVCII by Equatiun (24)
H-R-D
R-p=
H P v
_ P2 —P1
2 2
(02—(7 '¢’n'(/’1)
24
_ £(¢_2 1\ 4
Cp \ @1
_ R ((02 1\
Cp "M\ ¢4
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4.3.2.8 Isentropic exponent

The expression for the isentropic exponent, x, is given by Equation (25):

03
P1-—%
K= T P
5-95
2 *(ﬂ%
_ Cv
b, + R
B 1 c, M P2
B Z
_1.% o1 S
V ¢y zZ C,
4.3.29 §peed of sound
The expression for the speed of sound, w, is given by Equation (26):
w? M » 05
= 01— —
R-T LRy -
‘p
=7 -K= 01— 26)
Cv
C
—
1 c,
5 Method of calculation
5.1 Input variables
Although the natural formulation~6f the method presented in this part of ISO 20765 uses reduced dengity,
inverse redluced temperaturezand molar composition as the input variables, the input variables most ustially
available fof use are the absolute pressure, absolute temperature and the molar composition. In consequéence,
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 convergion fromspressure to reduced density can be carried out as described in 5.2.
If, instead gfdhe pressure, p, the (mass) density, D, is available as input, then §is obtained directly, without
the need fortheproceduredescribedin52as =Dk where s themotar massgivenby 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

appropriate

ly 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.

© 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
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
O0-R-L

—Z=1+ U b bn—cn-kn~5k")exp(—cn-5k")

5Zc r"+ZC

n=13 n=13

If th
may
b,,
(Eq
pur
(D.

e input variables are available as pressure, inverse reduced temperature and composition, E
be solved for the reduced molar density, 6. The variable quantities B(z,X), C,(X), K(X) and the
c,, k, and u, in Equation (27) may be obtained from equations and tabulations given

hations (D.1), (D.6) and (D.11), and Table D.1, respectively) for these quantities. Numerical v

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

Th
equption-of-state density-search algorithm may be the most c¢onvenient and satisfactory. Such
usufplly use an initial estimate of the density (often the ideal-gas approximation) and proceed,
caldqulations of p and 6, in order to find the value of & that' reproduces the known value of p
pre-established level of agreement. A suitable criterion in the present case is that the pressure cald
the falculated reduced molar density, &, shall reproduceé.the input value of p to within 1 part in 106.

5.3 Implementation

Therequired set of input variables is now available. With this revised set of input variables, reduce
invgrse reduced temperature, 7, and composition, X, it is now possible to use the fundamental
calqulate the reduced Helmholtz free' energy and the other thermodynamic properties. E
formulates the reduced Helmholtz free energy as ¢ = ¢, + ¢.. Equation (11) formulates the residug
Helinholtz free energy ¢, as afunction of reduced density, ¢, inverse reduced temperature, z, an
con

Annex B so as to express @as given in Equation (28):

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

If the composition is known by volume fractions, these will need to be converted to mole fractions using the

(27)

uation (27)
coefficients
n Annex D
alues for all

-component and binary interaction parameters that are also required for-the evaluation of Equations (D.1),

solution may be obtained by any suitable numerical methdd but, in practice, a standard form of

algorithms
by iterative
to within a
ulated from

d density, 4,
equation to
uation (12)
| part of the
d the molar

position, X. The ideal part, ¢;, formulated in Equation (8), may be developed as given by Equation (B.3) of

ot G, -In[sinh(H ;- 7) ]~ 1o, In[cosh(J 5, - ) | +Inx,] Ink—J+In( j (28)
18 58
B_‘é_ Al i, Al Ly b, — - ke,
.+K3 o T T O T O TEXp\—-C, -0 )
n=13 n=13

Values for all of the coefficients (4, 1);,
the 21 possible component gases.

(Ao,2 )i and Bo

1 to J, ;for the ideal gas are given in Annex B for all of

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.
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6 Ranges of application

6.1 Pressure and temperature

The method described in this part of ISO 20765 applies only to pipeline quality gases (see 6.2) for those
ranges of pressure and temperature within which transmission and distribution operations normally take place.
The relevant ranges of pressure and temperature are given in Table 1. The method applies strictly to mixtures
in the gaseous state and is subject to the specific restriction that it shall not be taken as valid for any set of

conditions for which the calculated value of compression factor is less than 0,5.

Table 1 — Ranges of application for pipeline quality gas

Pressure (absolute), MPa

0<p<30

Temperature, K

250 < T< 350

6.2 Pipe

Pipeline qu
minor com

Possible trg
The total ca

ine quality gas

Tlable 2 — Ranges of mole fractions for major-and minor components of natural gas

blity gas shall be taken as a natural (or similar) gas with mole fra€tions of the various major|and
onents that fall within the ranges given in Table 2.

ce components of natural gases, and details of how to deal with these, are discussed in Annelx E.
mbined content of all trace components shall not exceed 0,000 5 mole fraction.

Numbef i Component mollza:‘rr]a?:tion
1 nitrogen 0 <xn2<0,20
2 carboen dioxide 0 <xco2<0,20
3 methane 0,7 < xcn4 < 1,00
4 ethane 0 < xcoHe < 0,10
5 propane 0 < xg3pg < 0,035
6+7 n-butane + iso-butane 0 < xcqnH10 < 0,015
8+9 n-pentane + iso-pentane 0 < xgsH12 < 0,005
10 n-hexane 0 < xceH14 < 0,001
11 n-heptane 0 < xc7n16 < 0,000 5
12 + 13 144 n-octane + n-nonane + n-decane 0 < xep+< 00005
15 hydrogen 0<xyp<0,10
17 carbon monoxide 0 <xco0<0,03
18 water 0 < xpyp0 < 0,000 15
20 helium 0 < xpe < 0,005
16 oxygen 0 < xpp < 0,000 2
19 hydrogen sulfide 0 < xpps < 0,000 2
21 argon 0 < xpr < 0,000 2

10
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7 Uncertainty
7.1 Uncertainty for pipeline quality gas

7.1.1 Uncertainty diagrams for methane

As a guide to the uncertainty which may be expected for mixtures containing a mole fraction of methane close
to unity, Figures 1 to 3 present uncertainty diagrams for pure methane for compression factor, speed of sound
and enthalpy, respectively. The uncertainty, expressed as a 95 % confidence limit, given for each region
represents the largest value within the region of the sum of (a) the uncertainty in well-documented reference
data, and (b) the difference between the reference data and the value of the property calculated using the
method presented in this part of ISO 20765. The reference data used are calculated from equations given in
Reference [6].

A

Y
30

25
20 - a
15
10
5L b

0 | | | | | | | | | >
250 260 270 280 290 300310 320 330 340 350 X

Key
X femperature, expressed in kelvin
Y pressure, expressed in megapascals

Region of uncertainty of + 0,08 %.
Region of uncertainty of = 0,04 %.

Figure 1 — Uncertainty diagram for Z, the compression factor of methane

A

Y
30

25
20 -
5+
104

51 b

0 | | | | | | | | | -
250 260 270 280 290 300 310 320 330 340 350 X

Key
X temperature, expressed in kelvin
Y pressure, expressed in megapascals

Region of uncertainty of + 0,20 %.
b Region of uncertainty of + 0,05 %.

Figure 2 — Uncertainty diagram for w, the speed of sound of methane
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As a guide
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ure, expressed in kelvin

, expressed in megapascals
f uncertainty of + 3 kJ/kg.

f uncertainty of + 2 kJ/kg.

f uncertainty of + 1 kd/kg.

Figure 3 — Uncertainty diagram for H, the enthalpy of methane

ertainty diagrams for natural gas

to the uncertainty that can be expected for natural gases, Figures 4, 5 and 6 present uncertz
r compression factor, speed of sound andcenthalpy, respectively. The uncertainty, expressed
ence limit, given for each region reprgsents the largest difference, for a wide range of na
een the directly measured property:-and the value calculated using the method presented in
20765. For the compression factor, the directly measured values are taken from Reference [7]

or all gases, the uncertajnty diagram for density is identical in form to that for compression factor.

or all gases, the uncertainty in the isentropic exponent is approximately twice the uncertainty in speq

inty
AS a
ural
this
: for

pund, the values are taken frem .Reference [8] and for the enthalpy, the values are taken from
[9].

d of
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Figure 4 — Uncertainty diagram for Z, the compression factor of natural gas

25
20 -
5+

5F c
0 N I N T B

e

250 260 270 280 290 300 310

femperature, expressed in kelvin

ressure, expressed in megapascals

320 330 340 350 X

Region of uncertainty of + 2,0 %.
Region of uncertainty of + 0,8 %.
Region of uncertainty of £ 0,2 %.

Figure 5 — Uncertainty diagram for w, the speed of sound of natural gas
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Figure 6 — Uncertainty diagram for H, the enthalpy-of natural gas

es other than compression factor, density (for whichithe uncertainty diagram is the same ag
h factor), speed of sound and enthalpy, the paucity of experimental data of good (refere
Es it impossible to provide definitive numerical estimates of uncertainty. Nevertheless, it is posg
e guidelines.

at low pressures (below, say, 1 MPa) having approximately ideal behavior (compression fg
h, say, 0,95), it is reasonable to expect all of the caloric properties to be predicted with a
This follows from the fact that, in_this restricted case, the greater part of each property der
pal part of the Helmholtz free energy that, being derived directly from high-accuracy data fon
fic heat capacity (see AnnexB), is itself known with high accuracy. In this case, the den
h factor, speed of soundy-isochoric and isobaric heat capacities, isentropic exponent
son coefficient are probably all predicted within 0,1 %.

ct of uncertainties of input variables

hould recogrize that uncertainties in the input variables, usually pressure, temperature
by mole{fractions, will have additional effects upon the uncertainty of any calculated result. In
pplication> where the additional uncertainty could be of importance, the user should carry

for
nce)
ible

ctor
low
ves
the
Sity,
and

and
any
out

8 Reporting of results

When reported in accordance with the units given in Annex A, results for the thermodynamic properties shall
be quoted with the number of digits after the decimal point as given in Table 3. The report shall identify the
temperature, pressure (or density) and detailed composition to which the results refer. The method of
calculation used shall be identified by reference to this document, e.g. ISO 20765-1.

For validation of computational procedures, it can be useful to carry extra digits (see example calculations in

Annex G).

14
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Table 3 — Reporting of results

Symbol Property Units Decimal places
Z compression factor — 4
p) molar density kmol/m?3 3
D density kg/m3 2
u molar internal energy kJ/kmol 0
U specific internal energy kJ/kg 1
h molar enthalpy kd/kmol 0
H specific enthalpy kJ/kg 1
s molar entropy kJ/(kmol-K) 2
S specific entropy kJ/(kg-K) 3
Cy molar isochoric heat capacity kJ/(kmol-K) 2
Cy specific isochoric heat capacity kd/(kg-K) 3
o molar isobaric heat capacity kJ/(kmokK) 2
G specific isobaric heat capacity kd/(kg-K) 3
U Joule-Thomson coefficient K/MPa 2
K isentropic exponent — 2
w speed of sound m/s 1
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Annex A
(normative)

Symbols and units

Meaning Source of values Units
constantsimEquationstB-2)and+b-6) Fabte B4
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -
coefficient in the ideal gas equation [(Equation (B.3)] Table B.1 —
constants in the real gas equation [(Equation (9)] Table D.1
second virial coefficient Equation (D.1) m3/kmol
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -—-
quantities in Equation (D.1) Equatien(D.2) -—-
binary interaction parameter in Equation (D.2) Equation (D.3) -—-
constants in the real gas equation [Equation (9)] Table D.1 -

molar isobaric heat capacity Equation (23) kJ/(kmol-K)
molar isochoric heat capacity Equation (22) kJ/(kmol-K)
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -—-
coefficients in the real gas equation [Equation (9)] Equation (D.6) -—-
specific isobaric heat capacity Equation (23) kJ/(kg'K)
specific isochoric heat capacity Equation (22) kJ/(kg-K)
specific (mass) density Equation (18) kg/m3
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 ---
energy parameter in Equations (D.4) and (D.7) Table D.2 -
coefficient in the ideal’gas equation [Equation (B.3)] Table B.1 -—-
binary interaction-energy parameter in Equation (D.2) Equation (D.4) -—-
binary interaction energy parameter in Equation (D.4) Table D.3 -

molar Helmholtz free energy Equation (1) kJ/kmol
constants'in Equations (D.3) and (D.6) Table D.1 -
constant in Equation (D.6) Equation (D.10) -

high temperature parameter in Equations (D.3) and (D-10) Table D2 —
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -—-
constants in Equations (D.3) and (D.6) Table D.1 -—-
constant in Equation (D.6) Equation (D.8) ---
orientation parameter in Equations (D.5) and (D.8) Table D.2 -
coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -
binary interaction orientation parameter in Equation (D.3) Equation (D.5) -
binary interaction orientation parameter in Table D.3 -

Equations (D.5) and (D.8)
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h molar enthalpy Equation (20) kJ/kmol

H specific enthalpy Equation (20) kJ/kg

Hy ; coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -—-

Iy, coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -—-

Jo.i coefficient in the ideal gas equation [Equation (B.3)] Table B.1 -

k, constants in the AGA8 equation [Equation (9)] Table D.1 -

K mixture size parameter in Equation (9) Equation (D.11) (m3/kmol)1/3
K; compoenentsize-parameter-inEquations{B2ranrdHB-+H Fabte-B-2 ¢m3/kmol)1/3
K binary interaction size parameter in Equation (D.11) Table D.3 =t

L reference temperature in Equation (3) L=1 K

M molar mass of a mixture Equation (16) kg/kmol

M, molar mass of component i Table B.2 kg/kmol

N number of components in gas mixture input -+

p pressure iiput MPa

q, constants in Equations (D.3) and (D.6) Table D.1

0 constant in Equation (D.6) Equation (D.9)

0; quadrupole parameter in Equations (D.3) and (D.9) Table D.2 -+

R molar gas constant R=28,314 510 k{/(kmol-K)
NOTE The value given here for the molar gas constani\is not the most recent value adopted by the|international

community of metrologists. However, it is the value that was\in general use during the development of the AG
and|is therefore retained here. The difference between thé value given here and presently accepted value is
parts per million.

A8 equation,
ess than five

s molar entropy Equation (21) kU/(kmol-K)
s, constants in Equation (D.3) Table D.1 -1

S specific entropy Equation (21) kU/(kg-K)
S; dipole parameter-in.Equation (D.3) Table D.2 -4

T temperature input K

u molar internal’ energy Equation (19) kp)/kmol
u, constants in the AGA8 equation [Equation (9)] Table D.1 -1

U specific internal energy Equation (19) kp/kg

vV constant in Equation (D.6) Equation (D.7) -

Vii binary interaction parameter in Equation (D.7) Table D.3 -1

w Speed of sound Equation (Zb) m/s

w, constants in Equation (D.3) Table D.1 -

W, association parameter in Equation (D.3) Table D.2 -

X mole fraction input -

X mixture mole fraction vector (x4, x5, x3 ..., X; ..., Xo1) input ---

VA compression factor Equation (17)

1) reduced density Equation (4) ---

® reduced Helmholtz free energy Equation (2) -

© 1SO 2005 - All rights reserved
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K isentropic exponent Equation (25) -

7] Joule-Thomson coefficient Equation (24) K/IMPa
P molar density Equation (18) kmol/m3
T inverse reduced temperature Equation (3) -
Subscripts

i for component i (i =1 to N)

j for the second component; in a binary interaction (j = 2 to N)

n equation of state coefficient counter (n = 1 to 58)

o} for the ideal-gas state

r for the residual part

d partial derivative with respect to reduced molar density

0 for the reference state (75 = 298,15 K, pg = 0,101 325 MPa)

T partial derivative with respect to inverse reduced temperature
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Annex B
(normative)

The Helmholtz free energy of the ideal gas

B.1 Calculation of the Helmholtz free energy of the ideal gas

a) |The ideal isobaric heat capacity of a single component [3: 4l may be written as in Equation(B:1

~

2 2 2
(co‘p)izB  +Co, —DOZ.T +E,; —Fo‘i.r + Gy —Ho‘i.r H
! "I sinh(Dy; - 7) *' cosh(F,; - 7) ! sinh(H o ; 1)
’ ’ (B.1)
1 JO,i T 2
%%l cosh(J; - 7)
Equation (B.1) may be generalized to the case of an N-component mixture by use of Equation (B.2):
Y (cop)i
= in% (B.2)
i=1

b) |This formulation for the ideal isobaric heat capacity, c¢,,, may be inserted into Equatior| (8) for the
reduced Helmholtz free energy, ¢, The integrations in Equation (8) may then be performed, yielding
Equation (B.3):

N

Po=D % { (Ao1)i +(Ao2)i - T+ Byy N7+ Co-In[sinh(Dg ;- 7) |- Eq ;- In[ cosh(Fo ;- 7) | +.]
i=1 (B.3)
...+Go‘i~ln[sinh(Ho7l--T)J—quln[cosh(Jo, )]+Inx +In(—} +In[?j

In Equation (B.3), the Constants (4,1); and (4,5); are related to the integration constants ((s,g); and
(hoJp); of Equation (8)-in accordance with Equations (B.4) and (B.5):

(Ao,1); :_(So,e)i/R+Bo,i_1 (B.4)

(4g,2), :(ho,G)i/R'L (B.5)

It islimportant to observe, in Fquation (B 3), that o _is a function of the reduced molar density, A of the real
gas (i.e. not the reduced molar density of the ideal gas) and, therefore, cannot be completely evaluated until a
value for & is available (see Annex D). Equation (B.3) shall be used for the calculation of the reduced
Helmholtz free energy of the ideal gas.

c) The best available values in the scientific literature for the ideal isobaric heat capacity, ¢, ,, have recently
been taken as source data and re-correlated[4] so as to provide numerical values of the constants Ay to J,
for the 21 pure component gases considered in this part of ISO 20765.

Values of the constants (4,4); and (4,5); and constants B, ; to J, ; for use in Equation (B.3) are given in
Table B.1.
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B.2 Derivatives of the Helmholtz free energy of the ideal gas

For some of the thermodynamic properties, the calculation requires first and second partial derivatives of the
reduced Helmholtz free energy, ¢,, of the ideal gas equation [Equation (B.3)] with respect to inverse reduced
temperature, z. The relevant mathematical expressions are given in Equations (B.6) and (B.7):

N -1 cosh(Dy ; - sinh(F, ; -
ZY‘X,-"V(AA')) JBoa™V o p, SMPor ) p o Sy D) (B.6)
=i 7 T SMN(Dg; 7). COSN(Fg -7)
+G,.-H cosh(H,,; 7) sinh(J,, - 7)
A G Ho i~ "loi Vo7
sinh(H, ; - 7) cosh(J; 7)

and

62% 2| Cop
= = — 2 —1
(Po,rr { 81'2 Jéx T R
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Annex C
(normative)

The equation for the Helmholtz free energy

C.1 Calculation of the Helmholtz free energy
The reducefd Helmholtz free energy for the specified gas mixture shall be calculated from Equation (C.T);
58
9 =0, +——5Z C,t“n+ > Cporn " exp(-c, - 55n) €1
n=13 n=13
where ¢, ghall be calculated in accordance with the procedure described in~-Annex B. That part of
Equation (d.1) which accounts for the residual part of the Helmholtz free energy-(all of the right-hand gide
except for ¢,) is from Equation (11). Equations for calculation of the variable quantities B(z, X), C,(X) and K(X)
in Equation|(C.1) are given in D.1. Values of the various constants in Equation (€:1) are given in D.2.
C.2 Deriyatives of the Helmholtz free energy
The calculgtion of various thermodynamic properties requires.first and/or second partial derivatives with
respect to inverse reduced temperature and/or to reduced density of the reduced Helmholtz free energy. [The
relevant mgthematical expressions are given as Equations (€:2) to (C.6):
18 18
T.gof:z-a_(o :T.¢Or+i. un'B:l’Tun_é‘Zun'Cn’Tun"'
ot )5y S S -
) n=1 n=13 (: 2)
58 '
et Z Uy “C, T 50 ~exp(—cn ~5k")
n=4F3
52 PRL . 18
72 o) = 72(—(5} = ¢4 00, +—32(u3 ~u,) B, -t'" =35 Z (”3 —u,) C,-t"n +...
0t" )s5x K™ n=13 &3
58 '
et Z (u,% —u,)-C,-z'n 50 ~exp(—cn ~é'k")
n=13
59 ::5(‘3—“"} _1+——5Z C,
g 28 ) .
) n=1o (C4)
ot Z C, c'n .5 (b,, ek, .5"n)~exp(—cn ~5"n)
n=13
¢:(52.¢,) :M 1+ 2__2 5ZC rhn g
! °)s 05 =
nX (C.5)

22

et 3 C, st -[bn (ke k55w (b, —c, K, -5"n)2]exp(—cn ~5"n)
n=13
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18 18
o :—12(5-(p5/1)r :—TZ[M} :1+i32(1—un)~32 glin —52 (1—un)-Cn oty
ot 5.X K™= n=13
. (C.6)
et Y (1=uy)-Cy ez 0 .(b,, e, k, ~5k”)exp(—cn .5"»«)
n=13

Equations and constants required for the evaluation of Equations (C.2) to (C.6) are given in Annex D.
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Annex D
(normative)

Detailed documentation for the equation of state

D.1 Subsidiary equations

In order to gvaluate Equation (C.1), it is necessary to assign values to the second virial coefficient, B(z;%)), to
the quantities C, (X) and to the size parameter K(X). In addition, because Equation (C.1) is explicit in| the
reduced maqlar density, ¢, it is also necessary to have a means to relate this quantity to the usualjinput varigble
of pressure| These matters are dealt with in D.1 a) to D.1 d).
a) The sepond virial coefficient shall be calculated using Equations (D.1) to (D.5), together with the valugs of

the relgvant constants from Tables D.1 to D.3:

18
B(z,X)|=) B, -z"n (b.1)
n=1
where
SN 3/2
* * u
By=dal, Y Y x;x; B Epm (KK ;) (p.2)
i=1 j=1

where

B;ij = GU +1_gn)gn(Qin +1_qn)qn(ﬂFiFj +1_fn)fn(SiSj +1_Sn)sn(Win +1_Wn)wn (D3)
and

E,.j.:z,;.~ EE; (p.4)
b) The quantities C,(for » = 13 to 58) shall be calculated using Equations (D.6) to (D.10), together with the

values [of the relevant constants from Tables D.1 to D.3:

C, (X)L, (G+1-g,)8" (02 +1—q,)In(F +1—f,)/ny¥n (p.6)
where

5 [ 52| . . 5 5/2
v :LZx[~E,- J +2. xpx (V) = WEE)) (D.7)
i=1 i=1 j=i+1
N N-1 N

24
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F:Zx

i=1

1:2005(E)

(D.9)

(D.10)

In Table D.2, F; is zero for all components except hydrogen, for which F;5=1,0 and W, is zero for all

1

components except water, for which W,g = 1,0. Many of the interaction parameters in Table D.3 have a value
of unity.

c)

The mixture size parameter K(X) shall be calculated using Equation (D.11) together with-thev|
relevant constants from Tables D.2 and D.3.

alues of the

(N /2\2 N-1 N P
K(X)® :Lin~K? J +2:3 3 xx (K=K K ) (D.11)
i=1 i=1 j=i+1
Marpy values of K;; have a value of unity.
d) |The reduced molar density, § (p,r, X), shall be determined "as the solution of Equption (D.12)
(Equation (27) of the main text rewritten so as to be explicit in‘pressure).
18 58
» =“;'3L[1+B—'35-5. > Cprn e Y C et 0B, — e, k8 )exp(— ¢, - 50) (D.12)
K K n=13 n=13
Equation (D.12) may be solved using a standard equation-of-state density-search algorithm.
D.2 Values of constants for the €équation of state
Thig section lists values for all the constants needed to implement the AGA8 equation of state through
Equations (C.1) and (D.1) to (D-42). Table D.1 gives values for those constants generic to the strycture of the
equption. Table D.2 gives vatues for those constants that relate to the properties of individual components.
Table D.3 gives values for-those constants that relate to the properties of pair-wise (binary) unlike molecule
intefactions between compenents.
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Table D.1 — Constants of the equation of state

n an b}’l c}’l kn un gn q}’l f;’l Sn W}’l
1 0,153 832 600 1 0 0 0,0 0 0 0 0 0
2 1,341 953 000 1 0 0 0,5 0 0 0 0 0
3 —2,998 583 000 1 0 0 1,0 0 0 0 0 0
4 —0,048 312 280 1 0 0 3,5 0 0 0 0 0
5 0,375 796 500 1 0 0 -0,5 1 0 0 0 0
6 —1,589 575 000 1 0 0 45 1 0 0 0 0
7 —0,053 588 470 1 0 0 0,5 0 1 0 0 0
8 0,886 594 630 1 0 0 75 0 0 0 1 0
9 =0,710 237 040 T 0 ] 9.5 0 ] 0 T 0
10 —1,471 722 000 1 0 0 6,0 0 0 0 0 1
11 1,321 850 350 1 0 0 12,0 0 0 0 0 1
12 —0,786 659 250 1 0 0 12,5 0 0 0 0 1
13 D 291 290 x 1079 1 1 3 —6,0 0 0 1 0 0
14 0,157 672 400 1 1 2 2,0 0 0 0 0 0
15 —0,436 386 400 1 1 2 3,0 0 0 0 0 0
16 —0,044 081 590 1 1 2 2,0 0 1 0 0 0
17 —0,003 433 888 1 1 4 2,0 0 0 0 0 0
18 0,032 059 050 1 1 4 11,0 0 0 0 0 0
19 0,024 873 550 2 0 0 -0,5 0 0 0 0 0
20 0,073 322 790 2 0 0 0,5 0 0 0 0 0
21 —0,001 600 573 2 1 2 0,0 0 0 0 0 0
22 0,642 470 600 2 1 2 4,0 0 0 0 0 0
23 —0,416 260 100 2 1 2 6,0 0 0 0 0 0
24 —0,066 899 570 2 1 4 21,0 0 0 0 0 0
25 0,279 179 500 2 1 4 23,0 1 0 0 0 0
26 —0,696 605 100 2 1 4 22,0, 0 1 0 0 0
27 —0,002 860 589 2 1 4 —1,0 0 0 1 0 0
28 —0,008 098 836 3 0 0 <0,5 0 1 0 0 0
29 3,150 547 000 3 1 1 7,0 1 0 0 0 0
30 0,007 224 479 3 1 1 —1,0 0 0 1 0 0
31 —0,705 752 900 3 1 2 6,0 0 0 0 0 0
32 0,534 979 200 3 1 2 4,0 1 0 0 0 0
33 —0,079 314 910 3 1 3 1,0 1 0 0 0 0
34 —1,418 465 000 3 1 3 9,0 1 0 0 0 0
35 15,999 05 x 10~17 3 1 4 -13,0 0 0 1 0 0
36 0,105 840 200 3 1 4 21,0 0 0 0 0 0
37 0,034 317 290 3 1 4 8,0 0 1 0 0 0
38 —0,007 022 847 4 0 0 -0,5 0 0 0 0 0
39 0,024 955 870 4 0 0 0,0 0 0 0 0 0
40 0,042 968 180 4 1 2 2,0 0 0 0 0 0
41 0,746 545 300 4 1 2 7,0 0 0 0 0 0
42 -0,291 961300 4 1 2 9,0 0 1 0 0 0
43 7,294.616 000 4 1 4 22,0 0 0 0 0 0
44 —9,936'757 000 4 1 4 23,0 0 0 0 0 0
45 —0,005 399 808 5 0 0 1,0 0 0 0 0 0
46 —0,243 256 700 5 1 2 9,0 0 0 0 0 0
47 0,049 870 160 5 1 2 3,0 0 1 0 0 0
48 0,003 733 797 5 1 4 8,0 0 0 0 0 0
49 1,874 951 000 5 1 4 23,0 0 1 0 0 0
50 0,002 168 144 6 0 0 15 0 0 0 0 0
51 —0,658 716 400 6 1 2 5,0 1 0 0 0 0
52 0,000 205 518 7 0 0 -0,5 0 1 0 0 0
53 0,009 776 195 7 1 2 4,0 0 0 0 0 0
54 —0,020 487 080 8 1 1 7,0 1 0 0 0 0
55 0,015 573 220 8 1 2 3,0 0 0 0 0 0
56 0,006 862 415 8 1 2 0,0 1 0 0 0 0
57 —0,001 226 752 9 1 2 1,0 0 0 0 0 0
58 0,002 850 908 9 1 2 0,0 0 1 0 0 0
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Table D.2 — Pure component characterization parameters

Molar Energy Size Orientation | Quadrupole High Dipole [ Association
; Component m;[js para];r;eter para[r;:eter parag;eter parag;eter t:l:lg?;aett::e para;?eter para;:eter
kg/kmol (m3/kmol)1/3 F;
1 | nitrogen 28,0135 | 99,737 780 | 0,447 9153 | 0,027 815 0,0 0,0 0,0 0,0
2 | carbon dioxide 44,010 241,960 600 | 0,4557489 | 0,189 065 0,690 000 0,0 0,0 0,0
3 | methane 16,043 151,318 300 | 0,461 9255 0,0 0,0 0,0 0,0 0,0
4 | ethane 30,070 244,166 700 | 0,527 9209 | 0,079 300 0.0 0.0 0.0 0,0
5 |propane 44,097 298,118 300 | 0,583 7490 | 0,141 239 0,0 0,0 0,0 0,0
6 |n-butane 58,123 | 337,638 900 | 0,634 1423 | 0,281 835 0,0 0,0 0,0 0,0
7 |iso-butane 58,123 | 324,068 900 | 0,640 693 7 | 0,256 692 0,0 0,0 0,0 0,0
8 |n-pentane 72,150 | 370,682 300 | 0,6798307 | 0,366 911 0,0 0,0 0,0 0,0
9 |iso-pentane 72,150 | 365,599 900 | 0,673 857 7 | 0,332 267 0,0 0,0 0,0 0,0
10 | n-hexane 86,177 402,636 293 | 0,717 5118 | 0,289 731 0,0 0,0 0,0 0,0
11 | n-heptane 100,204 (427,722 630 | 0,752518 9 | 0,337 542 0,0 0,0 0,0 0,0
12 | n-octane 114,231 | 450,325 022 | 0,784 9550 | 0,383 381 0,0 0,0 0,0 0,0
13 |n-nonane 128,258 |[470,840891| 0,8152731 | 0,427 354 0,0 0,0 0,0 0,0
14 |n-decane 142,285 | 489,558 373 | 0,843 7826 | 0,469:659 0,0 0,0 0,0 0,0
15 | hydrogen 2,0159 | 26,957 940 | 0,3514916 | 0,034 369 0,0 1,0 0,0 0,0
16 |oxygen 31,998 8 | 122,766 700 | 0,418 695 4 10,021 000 0,0 0,0 0,0 0,0
17 |carbon monoxide | 28,010 | 105,534 800 | 0,453 3894 | 0,038 953 0,0 0,0 0,0 0,0
18 |water 18,0153 | 514,015 600 | 0,382°586 8 | 0,332 500 1,067 750 0,0 1,582 200 1,0
19 | hydrogen sulfide 34,082 296,355 000+0,461 826 3 | 0,088 500 0,633 276 0,0 0,390 000 0,0
20 | helium 4,002 6 2,6104117 | 0,358 988 8 0,0 0,0 0,0 0,0 0,0
21 |argon 39,948 149,629 900 | 0,421 655 1 0,0 0,0 0,0 0,0 0,0
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Table D.3 — Binary interaction parameters

i Jj Component pair Ej Vi K G
1 2 nitrogen carbon dioxide 1,022 740 0,835 058 0,982 361 0,982 746
1 3 nitrogen methane 0,971 640 0,886 106 1,003 630 1,0
1 4 nitrogen ethane 0,970120 | 0,816 431 1,007 960 1,0
1 5 nitrogen propane 0,945 939 0,915 502 1,0 1,0
1 6 nitrogen n-butane 0,973 384 0,993 556 1,0 1,0
1 7 nitrogen iso-butane 0,946 914 1,0 1,0 1,0
1 8 nitrogen n-pentane 0,945 520 1,0 1,0 1,0
1 9 nitrogen iso-pentane 0,959 340 1,0 1,0 1,0
1 15 nitrogen hydrogen 1,086 320 0,408 838 1,032 270 1,0
1 16 nitrogen oxygen 1,021 000 1,0 10 1,0
1 17 nitrogen carbon monoxide 1,005 710 1,0 1,0 1,0
1 18 nitrogen water 0,746 954 1,0 1,0 1,0
1 19 nitrogen hydrogen sulfide 0,902 271 0,993 476 0,942 596 1,0
2 3 carbon dioxide methane 0,960 644 0,963 827 0,995 933 0,807 6p3
2 4 carbon dioxide ethane 0,925 063 0,969 870 1,008 510 | 0,370 2P6
2 5 carbon dioxide propane 0,960237 1,0 1,0 1,0
2 6 carbon dioxide n-butane 0)897 362 1,0 1,0 1,0
2 7 carbon dioxide iso-butane 0,906 849 1,0 1,0 1,0
2 8 carbon dioxide n-pentane 0,859 764 1,0 1,0 1,0
2 9 carbon dioxide iso-pentane 0,726 255 1,0 1,0 1,0
2 10 carbon dioxide n-hexane 0,855 134 1,066 638 0,910 183 1,0
2 11 carbon dioxide n-heptane 0,831 229 1,077 634 | 0,895 362 1,0
2 12 carbon dioxide n-octane 0,808 310 1,088 178 0,881 152 1,0
2 13 carbon dioxide n-nonane 0,786 323 1,098 291 0,867 520 1,0
2 14 carbon dioxide n-decane 0,765 171 1,108 021 0,854 406 1,0
2 15 carbon dioxide hydrogen 1,281 790 1,0 1,0 1,0
2 17 carbon‘dioxide carbon monoxide 1,500 000 0,900 000 1,0 1,0
2 18 earbon dioxide water 0,849 408 1,0 1,0 1,673 0PO
2 19 carbon dioxide hydrogen sulfide 0,955 052 1,045290 1,007 790 1,0
3 5 methane propane 0,994 635 0,990 877 1,007 619 1,0
3 6 methane n-butane 0,989 844 | 0,992 291 0,997 596 1,0
3 7 methane iso-butane 1,019 530 1,0 1,0 1,0
3 8 methane n-pentane 0,999 268 1,003 670 1,002 529 1,0
3 9 methane iso-pentane 1,002 350 1,0 1,0 1,0
3 10 methane n-hexane 1,107 274 1,302 576 | 0,982 962 1,0
3 11 methane n-heptane 0,880 880 1,191 904 | 0,983 565 1,0
3 12 methane n-octane 0,880 973 1,205769 | 0,982 707 1,0
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i Jj Component pair Ej Vi K G
3 13 methane n-nonane 0,881 067 1,219 634 0,981 849 1,0
3 14 methane n-decane 0,881 161 1,233498 | 0,980 991 1,0
3 15 methane hydrogen 1,170 520 1,156 390 1,023 260 1,957 310
3 17 methane carbon monoxide 0,990 126 1,0 1,0 1,0
3 18 methane water 0,708 218 1,0 1,0 1,0
3 19 methane hydrogen sulfide 0,931484 | 0,736 833 1,000 080. 1,0
4 5 ethane propane 1,022 560 1,065 173 | 0,986893 1,0
4 6 ethane n-butane 1,013 060 1,250 000 0 1,0
4 7 ethane iso-butane 1,0 1,250 000 1,0 1,0
4 8 ethane n-pentane 1,005 320 1,250 000 1,0 1,0
4 9 ethane iso-pentane 1,0 1,250.000 1,0 1,0
4 15 ethane hydrogen 1,164 460 1,616 660 1,020 340 1,0
4 18 ethane water 0,693 168 1,0 1,0 1,0
4 19 ethane hydrogen sulfide 0,946/871 0,971926 | 0,999 969 1,0
5 6 propane n-butane 1,004 900 1,0 1,0 1,0
5 15 propane hydrogen 1,034 787 1,0 1,0 1,0
6 15 n-butane hydrogen 1,300 000 1,0 1,0 1,0
7 15 iso-butane hydrogen 1,300 000 1,0 1,0 1,0
10 19 n-hexane hydrogen sulfide 1,008 692 1,028 973 0,968 130 1,0
1 19 n-heptane hydrogen sulfide 1,010 126 1,033 754 0,962 870 1,0
13 19 n-octane hydrogen sulfide 1,011 501 1,038 338 | 0,957 828 1,0
1 19 n-nonane hydrogen sulfide 1,012 821 1,042 735 0,952 441 1,0
14 19 n-decane hydrogen sulfide 1,014 089 1,046 966 0,948 338 1,0
14 17 hydregen carbon monoxide 1,100 000 1,0 1,0 1,0
Thelinteraction parameters for any pair of components not listed in Table D.3 shall all have the valdge 1,0.
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Annex E
(informative)

Assignment of trace components

In order to calculate, by use of the method described in this part of ISO 20765, the thermodynamic properties
of a natural gas or similar mixture which contains a trace amount of one or more components which do not
appear in Trabte-2-its necessary-to aaoiyll each—stch—trace componenttoone ofthe—24 |||qu| ard-minor
components for which the AGA8 equation was developed. Recommendations for appropriate assignmenis are
given in Table E.1.

Each recorxmendation is based upon an assessment of which assignment is likely to give the best ovgrall
compromisg¢ of best accuracy for the complete set of thermodynamic properties. The, factors taken [into
account in fhis assessment include molar mass, energy parameter (related to critical temperature) and size
parameter |[related to critical volume). Because, however, no single assignment is) likely to be equally
satisfactory|for all properties, it is not unreasonable that the user may prefer an altérpative assignment for a
particular application in which, for example, only a single property is needed. For this reason,|the
recommendations are not normative. Implementations of the method that includes assignments for tface
component$ need to be carefully documented in this respect.

NOTE The set of components completed by the addition of those in Table"\E.1 to those in Table 2 is the same a$ the
set of companents included in 1ISO 6976:1995 [51.
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Table E.1 — Assignment of trace components

Trace component Formula Recommended assignment i
2,2-dimethylpropane (neo-pentane) CgH1o n-pentane 8
2-methylpentane CgH14 n-hexane 10
3-methylpentane CgH14 n-hexane 10
2,2-dimethylbutane CgH14 n-hexane 10
2,3-dimethylbutane CgH14 n-hexane 10
ethylene (ethene) CoHy ethane 4
propylene (propene) C3Hg propane 5
1-butene C4Hg n-butane 6
cisR-butene C4Hg n-butane 6
trars-2-butene C4Hg n-butane 6
2-nethylpropene C4Hg n-butane 6
1-pgentene CsHqg n-pentare 8
propadiene C3Hy propane 5
1,21butadiene C4Hg n-butane 6
1,31butadiene C4Hsg n-butane 6
acetylene (ethyne) C,H, ethane 4
cyclopentane CgHqg n-pentane 8
methylcyclopentane CgHq2 n-hexane 10
ethylcyclopentane C/Hq4 n-heptane 11
cyclohexane CgH1» n-hexane 10
methylcyclohexane C7Hiy n-heptane 11
ethylcyclohexane CgH16 n-octane 12
ber|zene CeHg n-pentane 8
toluene (methylbenzene) C/Hg n-hexane 10
ethylbenzene CgH4g n-heptane 11
o-xylene CgH1g n-heptane 11
all gther Cg hydrocarbons — n-hexane 10
all gther C, hydrocarbons — n-heptane 11
all gther Cg hydrocarbons — n-octane 12
all gther C4 hydrocarbons — n-nonane 13
all gther C,, hydrocarbons — n-decane 14
all higher hydrocarbons — n-decane 14
methanol, (methyl alcohol) CH30H ethane 4
metharethioHmethy-mercaptarn) CH-SH propane 5
ammonia NH3 methane 3
hydrogen cyanide HCN ethane 4
carbonyl sulfide (carbon oxysulfide) COSs n-butane 6
carbon disulfide CS, n-pentane 8
sulfur dioxide SO, n-butane 6
nitrous oxide N,O carbon dioxide 2
neon Ne argon 21
krypton Kr argon 21
xenon Xe argon 21
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Annex F
(informative)

Implementation of the method

This annex describes in summary form the sequence of calculations that needs to be carried out in order to
implement the evaluation of thermodynamic properties in accordance with this part of ISO 20765. The method

is sufficient
Computatio
follows the

Step 1

Yy \JUIII'.J:CA thdt It iD ;Illplabt;ba: tU pCI_IcUIIII thc ua:uu:at;uua vvithuut thU :-IU:IJ Uf (=] UUIIIputCI PTUY
hal aspects of the procedure are also discussed in this annex. Figure F.1 is a flow diagramvw
step-by-step procedure outlined below for the computer implementation of the calculations:

Select the mole fraction, x;, of each component of the natural gas mixture plus the (absolute) temperatur

and (absolu

In one kno
pressure in
value in K ¢
be used.

te) pressure, p, for the calculation.

vn and validated implementation of the method, the temperature is«input in kelvins (K) and
megapascals (MPa). If either is given in any other unit, the value shall first to be converted
r MPa, as appropriate. For this purpose, conversion factors given in ISO 31-3 and ISO 31-4 5

It is sometilnes the case that the (mass) density, D, is available as_input in place of the pressure, p. In

cases, proc
Step 2

a) Forthe
b) Likewig
c) Use Eg
d) Calculs

eed as follows but take note of the final paragraph of step 4.

selected values of x;, use Equations (D.2) to-(D.5) to calculate values of B; (X).
e, for the selected values of x;, use Equations (D.6) to (D.10) to calculate values of C,(X).
uation (D.11) to calculate a value for the mixture size parameter K(X).

te the values of the following:

— the¢ reduced temperature] 7,; from Equation (3) with 7'= Tj;

— the¢ reduced density, o, of the ideal gas at reference conditions from Equation (4) with p = p,.

The ideal re

Step 3

ference density, py, is defined in the text following Equation (7).

a) Forthe

Equation (D.1) to calculate the second virial coefficient, B(z, X).

am.
hich

=~

—

he
to a
hall

uch

n

a) in

b) Likewise, for the selected value of T, use values of C,(X) from step 2b) to calculate values of the
quantities C,(X) - "7 for n =13 to 58.

32
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Step 4

a) Substitute the calculated values of B(z, X), C,(X)- 7" and K(X) from steps 3 a), 3 b) and 2 c), respectively,
into Equation (D.12). This equation for p, which is known from step 1, now contains the reduced density, 6,
as the only unknown.

1
Start
input p, 7, X
Y 2
Calculate 7y and the X-dependent | N "
quantities Bp, Cn, K, &, < ew composition
Y 3
Calculate 7 and 7-dependent B New t .
quantities B, Cp - t'n < ew temperature
New pressure
Y 4

Solve (reduced density search)

Test

< (P gaic pinput)/pinput|<1o-6 no
es
Output reduced-quantities o, v y
New no &
" 5 8 py 7-, X 1’TOP

Calculate ¢ and its derivatives

Y 6

Calculate ¢ and its derivatives

Y 7

Output: thermodynamic properties

Figure F.1 — Flow diagram for calculation of thermodynamic properties
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b) Solve this equation for 6. The required 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 ¢ 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, J, reproduces the
input value of p to within 1 part in 106.

If, instead of the pressure, p, the (mass) density, D, is available as input, then ¢ is obtained directly,

without the need for any iterative procedure, as &= D-K3/M where M(X) is the molar mass given by
Equatif\n (1 R) of the-main-text-

Step 5

Substitute

reduced terj
use Equatiq
reduced terj

Step 6

Use Equati
and (C.4) tq
reduced de
to inverse r

Step 7
a) Use E

comprg
isobari

b and ¢, into Equation (B.3), together with the various constants and functions of+the inv
nperature, 7, in order to calculate the ideal-gas part, ¢,, of the reduced Helmholtz free energy.
ns (B.6) and (B.7) to calculate the partial first and second derivatives of ¢, with\respect to inv
Nperature.

bn (C.1) to calculate the total reduced Helmholtz free energy oo, 'z X). Also use Equations (

calculate the partial first derivatives ¢_ and g5 of ¢ with respectinverse reduced temperature
hsity, respectively, Equation (C.3) to calculate the partial second derivative, ¢, of ¢ with res
bduced temperature, Equation (C.5) to calculate ¢, and Equation (C.6) to calculate ¢,.

uations (17) to (26) of the main text to calculate the full set of thermodynamic proper
ssion factor, Z; density, p; internal energy, 4 enthalpy, 4; entropy, s; isochoric heat capacity
C heat capacity, Cps Joule-Thomson coefficient, u; isentropic index, x and speed of sound, w.

b) Note that Equations (18) to (23) give thethermodynamic properties on both the molar basis (u

lower-d
The fa
mixturg

Step 8

ase symbols) and on the specific (i.e. mass) basis (using the corresponding upper-case symb
ctor which converts between molar-basis and specific quantities is the molar mass, M(X), of
, Which is calculated using Equation (16).

Return to sfep 1 (select new input variables) or end.

brse
Also,
brse
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fies:
u cv;

s5ing
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