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reword

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.
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Natural gas — Calculation of thermodynamic properties —

Part 2:
Single-phase properties (gas, liquid, and dense fluid) for
extended ranges of application

1
Thi
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(de

NO1
and
unc

Scope

5 part of ISO 20765 specifies a method to calculate volumetric and caloric propertiés of nat

ogeneous (single-phase) gas state, the homogeneous liquid state, or the homogeneous s\
se-fluid) state.

ma{ufactured fuel gases, and similar mixtures, at conditions where the mixture‘may be ir

E1 Although the primary application of this document is to naturdl gases, manufactured
similar mixtures, the method presented is also applicable with high*accuracy (i.e., to within e
brtainty) to each of the (pure) natural gas components and to numerous’binary and multi-compone

relafed to or not related to natural gas.

For
and
sou
Stai
son|
275
pro

ural gases,
either the
percritical

fuel gases,
kperimental
ntmixtures

mixtures in the gas phase and for both volumetric properties (compression factor and density)

caloric properties (for example, enthalpy, heat capacity, Joule-Thomson coefficient, an
nd), the method is at least equal in accuracy to thédnethod described in Part 1 of this In
ndard, over the full ranges of pressure p, temperature T, and composition to which Part 1

e regions, the performance is significantly better; for example, in the temperature rang

K (-10 °F to 35 °F). The method described\here maintains an uncertainty of < 0,1 % for
perties, and generally within 0,1 % for)speed of sound. It accurately describes volu

calg
eq

NO
(co

ric properties of homogeneous gas, liquid, and supercritical fluids as well as those in va
ilibrium. Therefore its structure issmore complex than that in Part 1.

E 2  All uncertainties in this document are expanded uncertainties given for a 95 % conf
erage factor k = 2).

d speed of
fernational
applies. In
e 250 K to
volumetric
metric and
bour-liquid

dence level

ranges of
example, it

igher content

0,25 mole

iral usage is

uestration

liquid and

e ftatements

of uncertamty for all sorts of multi- component natural gas mixtures. For saturated liquid densities of
LNG-type fluids in the temperature range from 100 K to 140 K (-280 °F to -208 °F), the uncertainty is
<(0,1-0,3) %, which is in agreement with the estimated experimental uncertainty of available test data.
The model represents experimental data for compressed liquid densities of various binary mixtures
to within #(0,1 - 0,2) % at pressures up to 40 MPa (5800 psia), which is also in agreement with the
estimated experimental uncertainty. Due to the high accuracy of the equations developed for the binary
subsystems, the mixture model can predict the thermodynamic properties for the liquid and dense-fluid
regions with the best accuracy presently possible for multi-component natural gas fluids.
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2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

ISO 7504, Gas Analysis — Vocabulary

[SO 14532, Natural gas — Vocabulary

ISO 20765-1, Natural gas — Calculation of thermodynamic properties — Part 1: Gas phase properties for

transmissidqmand distribution appiicatrions

[SO 8000015:2007, Quantities and units — Part 5: Thermodynamics

3 Terms and definitions

For the pugposes of this document, the terms and definitions in ISO 80000-5:2007yand/or ISO 207§5-1,

ISO 7504, ISO 14532, and the following apply.

NOTE1 4ee Annex A for the list of symbols and units used in this part of ISO 20765.

NOTE 2  Figure 1 is a schematic representation of the phase behaviour of a‘typical natural gas as a functidn of

pressure anld temperature. The positions of the bubble and dew lines depend upon the composition. This phase

diagram mdy be useful in understanding the definitions below.
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bubble pressure
pressure at which an
specified temperature

Figure 1 — Phase diagram for a typical natural gas

infinitesimal amount of vapour is in equilibrium with a bulk liquid for a
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bubble temperature
temperature at which an infinitesimal amount of vapour is in equilibrium with a bulk liquid for a
specified pressure

Note 1 to entry: The locus of bubble points is known as the bubble line.

Note 2 to entry: More than one bubble temperature may exist at a specific pressure. Moreover, more than one
bubble pressure may exist at a specified temperature, as explained in the example given in 3.6.

3.3

Cric
maj

3.4
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maj

3.5
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Not

Not
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Not
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3.6
dev
pre
spe

Not

compression at 300 K with a gas-Similar to that shown in Figure 1: At low pressure the mixture is g

;

abo
two
ata
pha
will

3.7
de
tem

Ulldcllbdl
Kimum pressure at which two-phase separation can occur

ondentherm
kKimum temperature at which two-phase separation can occur

ical point
Jue saturation point along the two-phase vapour-liquid equilibriuniboundary where both
liquid phases have the same composition and density

e 1 to entry: The critical point is the point at which the dew lineand the bubble line meet.

b 2 to entry: The pressure at the critical point is known as-the’ critical pressure and the temper
cal temperature.

e 3 to entry: A mixture of given composition may have‘one, more than one, or no critical points.

phase behaviour may be quite different from that shown in Fig. 1 for mixtures (including na|
aining, e.g., hydrogen or helium.

 pressure
csure at which an infinitesimalsamount of liquid is in equilibrium with a bulk va
cified temperature

b 1 to entry: More than onesdéew pressure may exist at the specified temperature. For example
e 2 MPa (the dew pressure), a liquid phase initially forms. As pressure increases more liquid

have different/eoempositions.

y temperature

spe

cified pressure

perature at which an infinitesimal amount of liquid is in equilibrium with a bulk v3

the vapour

hture as the

In addition,
fural gases)

pour for a

isothermal
gas. At just
rms in the

-phase region, but a further increase in pressure reduces the amount of liquid (retrograde condengation) until
pout 8 MPa where/theliquid phase disappears at the upper dew pressure, and the mixture is in the dense gas
be. In the two-pliase’ region, the overall composition is as specified, however the coexisting vapou

r and liquid

pour for a

Note 1 to entry: More than one dew temperature may exist at a specified pressure, similar to the example given in 3.6.

Note 2 to entry: The locus of dew points is known as the dew line.

3.8

supercritical state
dense phase region above the critical point (often considered to be a state above the critical temperature
and pressure) within which no two-phase separation can occur
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4 Thermodynamic basis of the method

4.1 Principle

The method is based on the concept that natural gas or any other type of mixture can be completely
characterized in 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 calculation of properties. In practice, the state variables available as input data are generally
temperature and pressure, and it is thus necessary to first iteratively determine the density using the
equations provided here.

ure,
hse)

rgy
] to

These equdtions express the Helmholtz free energy of the mixture as a function of density, temperat
and compdsition, from which all other thermodynamic properties in the homogeneous (singlée-ph
gas, liquid,jand supercritical (dense-fluid) regions may be obtained in terms of the Helmholtz fre‘e ene
and its derfivatives with respect to temperature and density. For example, pressure is preportionz
the first dgrivative of the Helmholtz energy with respect to density (at constant tempgrature).

quid
this

NOTE hese equations are also applicable in the calculation of two-phase préperties (vapour-li
equilibria). [Additional composition-dependent derivatives are required and are préesented in Part 3 of
Internationgl Standard.

nts
de

The methdd uses a detailed molar composition analysis in which all components present in amo
exceeding 0,000 05 mole fraction (50 ppm) are specified. For a typieal‘natural gas, this might inc

alkane hy
isomers fol
normal iso

For some f
need to be
may also b

More preci
component
of the 21 sp

4.2 The

4.2.1 Background

The GERG-
Bochum in
natural ga
The new ed
in addition
liquid phas

rocarbons up to about C7 or Cg together with nitrogen, carbon dioxide, and helium. Typic
alkanes Cg and higher may be lumped together by molar mass and treated collectively ag
mer.

uids, additional components such as Cog, C1g, water, and hydrogen sulfide may be present
taken into consideration. For manufactured.gases, hydrogen, carbon monoxide, and oxy
b present in the mixture.

Gely, the method uses a 21-component @nalysis in which all of the major and most of the m
s of natural gas are included (see ClauSe'6). Any trace component present but not identified as
ecified components may be assighed appropriately to one of these 21 components (see Anne

fundamental equationbased on the Helmholtz free energy

D008 equation[Lwas published by the Lehrstuhl fiir Thermodynamik at the Ruhr-Univers
Germany as;aew wide-range equation of state for the volumetric and caloric propertig
ses and other mixtures. It was originally published in 2007[2] and later updated in 200
uation improves upon the performance of the AGA-8 equationl3] for gas phase properties
is applicable to the properties of the liquid phase, to the dense-fluid phase, to the vap
e-boundary, and to properties for two-phase states. The ranges of temperature, press

hlly,
the

and
gen

nor
one
k F).

itat
s of
B.[1]
and
bur-
Lure,

and compa

sition to which the GERG-2008 equation of state applies are much wider than the AG

A-8

equation and cover an extended range of application. The Groupe Européen de Recherches Gazieres
(GERG) supported the development of this equation of state over several years.

The GERG-2008 equation is explicit in the Helmholtz free energy, a formulation that enables all
thermodynamic properties to be expressed analytically as functions of the free energy and of its
derivatives with respect to the state conditions of temperature and density. There is generally no need
for numerical differentiation or integration within any computer program that implements the method.
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4.2.2 The Helmholtz free energy

The Helmholtz free energy a of a fluid mixture at a given mixture density p, temperature 7, and molar
composition X can be expressed as the sum of a° describing the ideal gas behaviour and ar describing

the

residual or real-gas contribution, as follows:

a(p,T,x)=a°(p,T,X)+a"(p,T,X)

4.2.3 The reduced Helmholtz free energy

Thg Helmholtz free energy is often used in its dimensionless form a=a/(RT) as

Int

and|the inverse reduced (dimensionless) mixture temperature 7 is@iven by

whére

prand Trare reducing functions for the mixture density and mixture temperature (see 4.2.7)
on he molar composition of the mixture only.

The residual part ar of the reduced Helmheltz free energy is given by

Int

of t
the
T(s

all binary specific-and generalized departure functions developed for the respective binar
(seq equation (10)):

©IS

e8]

a(5,r,)_():ao(p,T,)_()Jrar(S,r,)?)

his equation, the reduced (dimensionless) mixture density ¢ is given by
5= —
pr(X)

| _T.(®)
T

o' (8,7,X)=ay(8,7,X)+Aa"(5,7%)

his equation, the first termron the right-hand side a describes the contribution of the reg

mole fraction of the covresponding substance, and calculated at the reduced mixture vari
be equation (8)). Thesecond term Aar is the departure function, which is the double sumn

(2)

(3)

(4)

depending

(5)

idual parts

he reduced Helmholtz freé energy of the pure substance equations of state, which are myiltiplied by

hbles 6 and
hation over
y mixtures
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4.2.4 Thereduced Helmholtz free energy of the ideal gas

The reduced Helmholtz free energy a°© represents the properties of the ideal-gas mixture at a given
mixture density p, temperature 7, and molar composition x according to

N
a®(p,T, %)= x;[ag(p,T)+Inx;]

i=1

(6)

In this equation, the term Y x;lnx; is the contribution from the entropy of mixing, and ag;(p,T) is the

dimensionless form of the Helmholtz free energy in the ideal-gas state of component i, as given by

a(())i(pr

where
peiand Tg;
The values

NOTE1 1
Internation

the change in definition of the inverse reduced temperature t betwéén Part 1 and Part 2.

NOTE2 ]
time of dev
ideal-gas h¢
the mixturg
and therefo

4.2.5 TT
The contripution of the residual parts of the reduced Helmholtz free energy of the pure substd

equations

ay(S,t

P
pc,i

c,i

T

Tc,i o
T + oi,k

Z ngl-’k In

k=4,6

s

”)zln{

— Z ngi‘k In

k=5,7

R* 0 0 Tci 0
\]4—? noi,1+noi,2 T +n0i,31n

cosh(

are the critical parameters of the pure components (see Annex-).

c,i

o T
T

oi,k

of the coefficients ng; , and the parameters 9y; , forall 21'components are given in Anng

'he method prescribed is taken without change from, the* method prescribed in Part 1 of
h1 Standard. The user should however be aware of significant differences that result inevitably f

= 8,314 472 ]-mol-1-K-1 was the internationally aceepted standard for the molar gas constant[4] a
tlopment of the equation of state. Equation (7)\résults from the integration of the equations for
at capacities taken from [5], where a different molar gas constant was used than the one adopte
model presented here. The ratio R*/R with-R*=8,314 51 ]J-mol-1-K-1 takes into account this differ
e leads to the exact solution of the original equations for the ideal-gas heat capacity.

pure substance contribution.to the residual part of the reduced Helmholtz free ene

bf state oy to the residual part of the reduced Helmholtz free energy of the mixture is

N
X)=) x; a7

i=1

(7)

x B.
this

rom

the
the
din
bnce

nce

(8)
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where

asi(8,7) is the residual part of the reduced Helmholtz free energy of component i (i.e., the residual part
of the respective pure substance equation of state listed in Table 2) and is given by

Kpol i Kpol i +K Exp i

r S doij tor o doik _toik ,~500k

agi(8,1)= D ngyd otkgionk 4 N stk poike 9)
k=1 k=Kpq,i+1

The equations for a; use the same basic structure as further detailed in Annex D.2. The values of the

coeffiTieTts Tor At the eXpOTents tor T, tor kAT Tor k fOTatt 2t comporerntsare giverr irAmmex D.2.2.

4.2)6 The departure function contribution to the residual part of the reduced Helmholtz free
endrgy

The purpose of the departure function is to further improve the accuracy of th® mixture model in the
desfription of thermodynamic properties in addition to fitting the parametefs)of the reducinfg functions
(seq 4.2.7) when sufficiently accurate experimental data are available to characterize the propgrties of the
mixture. The departure function Aar of the multi-component mixture s the double summatfon over all
binary specific and generalized departure functions developed for the binary subsystems and|is given by

N-1 N
A" (5,7,8)=D. > Aaj(s,r,X) (10)
i=1 j=i+1
with
Aai(8,7,X)=xx ;Fyaj(5,7) (11)

In this equation, the function ar;(6,7) is the part of the departure function Aarj(6,7, x ) that dgpends only
on the reduced mixture variables § and.z; as given by

KPO]'U da: i
afi(5,0)= D my 8 ke ik
k=1
Kpol,ij+KExp,ij J
+ Z n,-j'k5
k:Kpol,,-j+1

2 (12)
ijk 7 Cij k e—ny,k(5—8ij,k) —Bij k(67 k)

whére

a,;- 0,7) was-developed either for a specific binary mixture (a binary specific departure fupction with

binary spécific coefficients and exponents) or for a group of binary mixtures (generalized| departure
funftieh with a uniform structure for the group of binary mixtures).

a) Bimaryspecificdeparture functions

Binary specific departure functions were developed for the binary mixtures of methane with nitrogen,
carbon dioxide, ethane, propane, and hydrogen, and of nitrogen with carbon dioxide and ethane. For a
binary specific departure function, the adjustable factor Fjjin equation (11) equals unity.

b) Generalized departure function

A generalized departure function was developed for the binary mixtures of methane with n-butane and
isobutane, of ethane with propane, n-butane, and isobutane, of propane with n-butane and isobutane,
and of n-butane with isobutane. For each mixture in the group of generalized binary mixtures, the

© IS0 2015 - All rights reserved 7
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parameter Fj; is fitted to the corresponding binary specific data (except for the binary system methane-
n-butane, where Fj; equals unity).

c¢) No departure function

For all of the remaining binary mixtures, no departure function was developed, and Fjj equals zero, i.e.,
Aai;-(é,v:,)?) equals zero. For most of these mixtures, however, the parameters of the reducing functions
for density and temperature were fitted to selected experimental data (see 4.2.7 and 6.2).

The values of the coeff1c1ents njj k, the exponents d,],k and t,],k, and the parameters Nij ks s,],k, ﬁ,],k, and  Yijk

for all bina
here are g
the source
calculation

NOTE
of minor im
deviation tq

publication; the effect of truncatlon is not obvious and all of the digits shall be used i
s. The non-zero Fjj parameters are listed in Table D.5.

ompared to the reducing functions for density and temperature, the departure function is in gen
pbortance for the residual behaviour of the mixture since it only describes an additional small resi
the real mixture behaviour. The development of such a function was, howeven necessary to f

the high denands on the accuracy of the mixture model presented here in the descriptien of the thermodyn3

properties ¢

4.2.7 Re
The reduc

fnatural gases and other mixtures.

ducing functions

bd mixture variables § and 7 are calculated from equdtions (3) and (4) by means of

eral
Hual
ulfil
mic

the

compositiqn-dependent reducing functions for the mixture density.and temperature
N N j
1 ZZ Xi + Xj 1 1 1
=1 XiXjBuiVvi——— | =l 13 T3 13)
pr(X) | 5T Byjx;+x;L8 Pc{ Pc/,
N N
X;+X;
Tr(X)ZZZX ﬁTUyTU 1 / (Tc,i c,j) (14)
i-1 -1 Bf ;i x ij
These fungtions are based on quadratlc mixing rules and are reasonably connected to physidally
well-foundpd mixing rules. The binary\parameters fy; and y,,; in equation (13) and fB7; and ygjfj in
equation (14) are fitted to data for bihary mixtures subject to the conditions =1/ and yj=y;ji. [(he
values of the binary parameters for/all binary mixtures are listed in Table E.1 of Annex E. The criffical
parameterf p;and T, ; of the ptiré components are given in Annex C.

NOTE
behaviour d
rules (with
experiment
(calculated)
way, which

T

he binary parameters of equations (13) and (14) were fitted based on the deviations between
f the real mixtureé (determined by experimental data) and the one resulting from ideal combi
3 and y set to.1) for the critical parameters of the pure components. In those cases where suffid
h| data ar€ not available, the parameters of equations (13) and (14) are either set to unity or mod
in such-a>manner that the critical parameters of the pure components are combined in a diffe
broyved to be more suitable for certain binary subsystems (see also Annex E.1).

the
hing
ient
fied
rent

4.3 Thermodynamic properties derived from the Helmholtz free energy

4.3.1 Ba

ckground

The thermodynamic properties in the homogeneous gas, liquid, and supercritical regions of a mixture
are related to derivatives of the Helmholtz free energy with respect to the reduced mixture variables 6§
and 7, as summarized in the following section (see Table 1). All of the thermodynamic properties may
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be written explicitly in terms of the reduced Helmholtz free energy a and its various derivatives. The
required derivatives a, ar, as, ass, and as; are defined as follows:

62a
052

0%a

or?

o
25

oa

0
ot

60 —

[ (

25

b 58, (), weo(8), o (RLBLL,

(15)

Each derivative is the sum of an ideal-gas part (see Annex B) and a residual part (see Annex D). The
following substitutions help to simplify the appearance of the relevant relationships:

225(X,q +52a,qx = 1+25a,§ +62a£g

_[(20620,))

(16)

Det

NOT
derti
vap

4.3

Thd
and|
pro

jT,XI'

0
or

5(15

N 0o
azz—fz( [

hiled expressions for ag, arr, as, ass, ast, a1, and az can be found in Annexes B’and D.

J] =8ag—Stag, =1+da s —dtay,
T
5,)(1'

E In addition to the derivatives of @ with respect to the reduced mixture variables 6 and T,
vatives of @ and of the reducing functions for density and temperature-are required for the c3
bur-liquid equilibrium (VLE) properties as described in Part 3 of this International Standard.

2 Relations for the calculation of thermodynamic properties in the homogeneous

relations between common thermodynamic properties and the reduced Helmholtz fre
its derivatives are summarized in Table 1. The first celumn of this table defines the therr
perties. The second column gives their relation ¢o the reduced Helmholtz free energ

and x have been additionally transformed, such that values of properties already derived can

mixture. In equations (26), (28), (29), (30), and (31);the basic expressions for the properties
sirral)lify the subsequent calculations. This approach is useful for applications where several

the

In €
(i-e.
nor
by t

Thd
sub

The

'modynamic properties are to be determined.

quations (22) to (27), the relations forthe thermodynamic properties represent the molaj

quantity per mole, lower case symbols). Specific quantities (i.e., quantity per kilogram, r
mally by upper case symbols) are obtained by dividing the molar variables (e.g., v, u, s, h, ¢
he molar mass M.

molar mass M of the mixture is derived from the composition x; and the molar masses M;
stances, as follows

N
M(x)= " x;-M;

i=1

mass-based density D is given by

D=pM

(17)

fomposition
lculation of

region

e energy «
hodynamic
y a of the
Cp W, T, O,
be used to
br all of the

quantities
bpresented
¢y and ¢p)

of the pure

(18)

(19)

NOTE 1

Values of the molar masses M; of the pure substances are given in Annex C and are taken from [6]; these

values are not identical with those given in ISO 20765-1 and ISO 6976:1995.[Z] However, they are identical with the
mostrecent values adopted by the international community of metrologists. In these equations, R is the molar gas
constant; consequently R/M is the specific gas constant.

NOTE 2

©IS

See Annex B.1 for information on reference states for enthalpy and entropy.
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Table 1 — Definitions of common thermodynamic properties and their relation to the reduced
Helmholtz free energy o

Property and definition Relation to a and its derivatives
Pressure p . (20)
p=—(80/6v)T')7 ﬁ=1+5a5
Compression factor _ r (21
Z=p/(pRT) Z=1+0a;
Internal enprgy m 22}
u=a+Ts — =T,
RT
Entropy s (23)
s=—(0a/qT), x E:m‘r -a
Isochoric hgat capacity c, 2 (24)
c,=(0u/4T), % - %
Enthalpy h . (25)
h=u+pv —=1+das +1a
p RT 1) T
Isobaric hept capacity c o2 (26)
c,=(0h/qT), 5 B T
R Oq
Gibbs free ¢gnergy g (27)
g:h—TS —=1+50Cg+06
RT
Sp(zeed of sound 52y 0‘22 ¢, (28)
wo=(1/M)(p/0op)sx =y ——t—=IKk=a—
RT T4 v
T
Joule-Thomlson coefficient - R(a (29)
=0T / )z iRp = 92=%1 (_2_1]
oy —tiagay Cpl%
Isothermal|throttling coefficient oy (30)
¢=(0h/om)r % op=1-—=
1
Isentropic ¢xponent 2 c (31)
k=—(v/p)(@p/ Ik k=% | %%
1+8ag tlaay ) Z ¢y
Second viripl coefficient B r——Hrmrfor) (32)
B=1im (0Z /3p)r P50 o)
p—0
Thll‘d. v1r1alzcoeff1c;ent CPrz — lim (« 55 ) (33)
C=1lim(0°Z/0op )rx/2 50
p—0 ’

10
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5 Method of calculation

5.1 Inputvariables

The method presented in this standard uses reduced density, inverse reduced temperature, and molar
composition as the input variables. If the mass-based density D is available as input, then p is obtained
directly as p=D/M, where M(x ) is the molar mass given by equation (18). For given values of the molar
density p, temperature T, and molar composition x, the reduced mixture variables § and 7 can be
calculated from equations (3) and (4) using the reducing functions for density and temperature given by

equ

ations (13) and (14).

Mot
var
Inve
red
give

Thd
dios
n-h

sulfide, helium, and argon. For natural gases and similar (multi-eemponent) mixtures, the

ran

NOT

is either faulty or incomplete. The user should not proceed until*the source of this problem has beg

and

NOTI

e often, however, absolute pressure, temperature, and molar composition are availablé 3
ables. As a consequence, it is usually necessary to first evaluate the reduced deénsity
brse reduced temperature t from the available inputs. The conversion from temperature
iced temperature is given by equation (4). Section 5.2 explains how to obtainthe reduc
n pressure and temperature.

composition in mole fractions is required for the following 21 components: methane, nitro
tide, ethane, propane, n-butane,isobutane (2-methylpropane),n-pentane isopentane (2-met
bxane, n-heptane, n-octane, n-nonane, n-decane, hydrogen, oxygen,‘carbon monoxide, wate

bes of mole fraction are defined in 6.3. The sum of all mole fractions shall be unity.

E1 Ifthesumofall molefractionsisnotunity within the limit of analytical resolution, then the

eliminated.

E2 If the mole fractions of heptanes, octanes, nenanes, and decanes are unknown, then f{

comlposite C6+ fraction may be applicable for densityealculation, where the composite components 3
indifidual fractions. VLE calculations (including déw’points) obtain the best results when all compo
mixfure are quantified. The composite component simplification (C6+) may have a higher uncertaint
smalll amounts of heptanes, octanes, nonanes, decanes, and higher hydrocarbons have a significant

s the input
6 and the
to inverse
ed density

ben, carbon
hylbutane),
I, hydrogen
e allowable

fomposition
n identified

he use of a
re splitinto
nents in the
y since even
nfluence on

the phase behaviour of the mixture. The.uSer should carry out a sensitivity analysis in order to teqt whether a
particular approximation of this type is’shitable for the intended purpose.
NOTE3  Composition given in volume or mass fractions will need to be converted to mole fractiops using the
method given in 1SO 14912.[8]
5.2 Conversion from pressure to reduced density
Thg combination ef\the relations for the reduced mixture variables ¢ and t (equations (3) ahd (4)) and
equiation (21) resSults in the following expression

- PLY _75,0,%)=1+8aL(5,1,%) (34)

6 pe (XIRT,(X)
whére

N r N-1 N r
. |oa’ oayi(5,7) oaf(8,7)
@5(8,7.%)= D e R N I (35)
00 | _ = 00 — = 00
r,x I=1 ¢ =1 j=i+l

T

If the input variables are available as pressure, temperature, and molar composition, equation (34) may
be solved for the reduced molar density &. The derivatives of ag;(5,7) with respect to § and the
coefficients and exponents involved (see equation (9)) are given in Annex D.2. The derivatives of ai;(S,r)

with respect to ¢ and the coefficients and exponents involved (see equations (11) and (12)) are given in
Annex D.3. Information on the reducing functions is given in Annex E.
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The solution of equation (34) requires any suitable numerical method, where, 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 (e.g., the ideal-gas approximation for low density
gaseous states) and proceed to calculate the pressure p. In an iterative procedure, density values are
changed with decreasing increments to find the optimal density that reproduces the known value of
pressure to within a pre-established level of agreement. A suitable criterion in the present case is that
the pressure p calculated from the iteratively determined reduced density ¢ shall reproduce the input
value of p at least to within 1 partin 106. The user must be careful to determine that the calculated state
is stable since multiple roots can exist.

5.3 ImpJementation

Once theindependentvariablesreduced density 6, inverse reduced temperature 7,and molar composifion
x ofthe mixture are known, the reduced Helmholtz free energy and the other thermodynamic properties
(see Table [1) can be calculated. Equation (2) formulates the reduced Helmholtz free energy“as a=a‘+ar.
The relatidns for the ideal-gas part a© are given in equations (6) and (7). The relationsfor the resiqual
part atf, which is formulated as a function of the reduced density 6, the inverse redtced temperatufe 7,
and the mglar composition x, are specified in equations (5) and (8) to (12) so as to give the following
expression| for a:

12 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=60dc916a4f85203e9e8316dfd4b795b9

ISO 20765-2:2015(E)

(36)

For
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Der
of t
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mixture, arf, with respect to the reduced mixtute variables 6 and T may be obtained fron

Der
red

N %
_ R T T T
a(5,f,x)=2xi? ”gi,l +n81-’2 ’;’ 31n( ;I + Z i k In|sinh ozk_,;l
i=1 k=4,6
- Z no; i In cosh( oik j +Zx In| — |+Inx;
k=57 Pcz
N Kpol,i Kpol,i+KExp,i Coi k
+ X n.. 5doi,k toi,k . 5doi,k toi,k -5 oL
i oi,k T + noz,k T e
i=1 k=1 k=Ko, +1
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t di: t:: N O—<¢i: — G o4
+Z Z XiX; Z nyk5 yk ik ”ij,k5 ik 2 tijk g i,k (=€, k)" =B
i=1 j=i+1 k=1 k=K poy jj+1

all 21 components, the values of the coefficients ng; , and the parameters gy, of the ide

he reduced Helmholtz free energy are given in Annex B. The valuescof-the coefficien{
onents doj k, toik and coj k in the contribution to the residual parts of the pure substance e
e are listed in Annex D. The values of the coefficients njjk, the‘exponents dj;x and tj
hmeters Fij, Nijk €ijk Bijk and yijk in the departure functions fer all relevant binary m
n in Annex D.

ivatives of @ with respect to the reduced mixture variabl€s é‘and t that are needed for the
he various thermodynamic properties may be obtained from Annexes B and D. Annex
vatives of the ideal-gas part of the reduced Helmholtz free energy, a°, with respect to t
sity and inverse reduced temperature of the mixtufe. Derivatives of the contribution of t
[s of the pure substance equations of state to the reduced residual Helmholtz free en

ivatives of the contribution of the departute functions for binary mixtures to ar with reg
iced mixture variables § and t are also.given in Annex D.

Ranges of application

Pure gases

Vij k)

al-gas part

S Nojk and
quations of
'k, and the
xtures are

calculation
B lists the
he reduced
he residual
brgy of the
N Annex D.
pect to the

temperature and préssure ranges of validity for the pure fluid equations of state are listeq
these ranges, the€quations have been verified by experimental data. The lower te
‘espond to rounded values of the triple point temperatures of the substances. Fof
ponents, the'egquations are valid for temperatures up to at least 600 K (620 °F) and pres|
rfect vacutim' state up to 300 MPa (43 500 psia). For the secondary alkanes, the equatio
femperatures up to at least 500 K (440 °F) and pressures up to at least 35 MPa (5075 p

=r secehdary components, the temperatures range up to at least 400 K (260 °F) (water up

| in Table 2.
peratures
the main

sures from

s are valid

ia). For the
to 1273 K,

©IS
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Table 2 — Validity range and references for the 21 components in the mixture model?

Pure substance Reference Tested range of validity Number
Temperature Pressure of terms
T/K Pmax/MPa
Main components
Methane Klimeck (2000)[9] 90 - 623 300 24
Nitrogen Klimeck (2000)[9] 63 -700 300 24
Carbon dioxide Klimeck(2000)9] 9gb 900 300 22
Ethane Klimeck (2000)[9] 90 - 623 300 24
Secondary|alkanes
Propane Span & Wagner (2003)[10] 85 - 623 100 12
n-Butane Span & Wagner (2003)[10] 134 - 693 70 12
Isobutane Span & Wagner (2003)[10] 113-573 85 12
n-Pentane Span & Wagner (2003)[10] 143 - 573 70 12
Isopentane Lemmon & Span (2006)[11] 112 - 500 35 12
n-Hexane Span & Wagner (2003)[10] 177 - 548 100 12
n-Heptane Span & Wagner (2003)[10] 182 523 100 12
n-Octane Span & Wagner (2003)[10] 216~ 548 100 12
n-Nonane Lemmon & Span (2006)[11] 219 - 600 800 12
n-Decane Lemmon & Span (2006)[11] 243 - 675 800 12
Other secgndary components
Hydrogenc Kunz et al. (2007)[1] 14 -700 300 14
Oxygen Span & Wagner (2003)(10] 54 - 500e 100 12
Carbon monoxide Lemmon & Span (2006)[11] 68 -400 100 12
Water Kunz et al. (2007)[1] 273-1273 100 16
Hydrogen sulfide Lemmon &Span (2006)[11] 187 - 760 170 12
Heliumd Kunz et\al. (2007)[1] 2,2-573 100 12
Argon Spai& Wagner (2003)[10] 83-520 100 12
a  The tabjlated references_decument the equations for the residual part of the Helmholtz free energy of the gure
substances. [Equations for thé.isobaric heat capacity in the ideal-gas state taken from reference [5] were used to defrive
the Helmholfz free energy“ef-the ideal gas for all components. Ranges listed are for volumetric properties only (dengity,
compressibility factor, and vapour pressure). Components with a different lower limit for the ideal heat capacity than fhat
listed in the fable are®i~Cs, i-Cs, n-Cg and n-C7 (200 K), and Hy and O3 (100 K). See the publication of Jaeschke and Schlgyl5]
for additiongl information on the limits of caloric properties.
b The equption‘ean be extrapolated from the triple-point temperature of 216 K down to 90 K for the vapour phase.

¢ The equation given In KUNZ €t al.[i TEPTesents equIlbrium-nydrogen; VOIUMELric properties of normal-nydrogen and
para-hydrogen are nearly the same as those for e-hydrogen. The heat capacity equation for the ideal gas reported by Jaeschke
and Schleyl[5] is for n-H2. The difference in heat capacities between e-H2 and n-H2 are significant below about 200 K.

d  Represents helium-4. The lower temperature limit of the equation of state is the lambda point at which helium I
transitions to helium II for the saturated liquid.

e The upper limit of the oxygen equation has been increased to 500 K based on recent validation.

6.2 Binary mixtures

Table 3 summarizes the available data for volumetric and caloric properties of all binary mixtures
considered in this method. Almost half of the data come from the 15 mixtures with binary specific or
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generalized departure functions. The majority of the data (approximately 65 %) describe the ppT relation,
approximately 25 % are vapour-liquid equilibrium state points, and about 9 % are caloric properties.

a) Specific departure functions

Table 4 lists the binary mixtures for which either binary specific or generalized departure functions
were developed with sufficiently accurate and extensive data sets. Binary specific departure functions
are available for the binary mixtures of methane with nitrogen, carbon dioxide, ethane, propane, and
hydrogen, and of nitrogen with carbon dioxide and ethane (see also figure 2).

The experimental data used to test the equations developed for the binary mixtures cover a region from

abo
(14

covi

0 at pressures up to a psiaj or more (€.3.,
500 psia) for methane-carbon dioxide and 750 MPa (110 000 psia) for methane-nitroger
er compositions from nearly 0 to 1 for all mixtures listed above; see [2] for furtherdeétail

Generalized departure function

bneralized departure function was developed for eight binary mixtures-of secondary a

No

are
gen
pro
Fitt
dat
dat
(cal
diffi

For
the

e 4). The generalized departure function is used for the binary mixtures,of methane wit
isobutane, ethane with propane, n-butane, and isobutane, propané with n-butane and
n-butane with isobutane.

q

ddition to the experimental data for these binary mixtures, selected volumetric

tures listed above; see [2] for further detalls
No departure functions

leparture function was developédifor the remaining binary mixtures (see Figure 2). Theq
either characterized by limited data, which do not permit the development of binary
pralized departure functiens, or are of minor importance for the description of the therr
perties of multi-componéntnatural gases due to the small mole fractions of the respective cc
ing the parameters of the reducing functions for density and temperature to selected ex
h is sufficient and yields good results for most of the binary mixtures. When sufficient ex

culated) in such/a manner that the critical parameters of the pure components are con
brent way, which proved to be more suitable for certain binary subsystems (see also Ann

the température, pressure, and composition ranges covered by the experimental data y

100 MPa
). The data
.

kanes (see
h n-butane
isobutane,

nd caloric
50 used for
n accurate
bpane, and
methane-

essures up
to 1 forall

e mixtures
specific or
hodynamic
mponents.
perimental
perimental

h are not available, the parameters of the reducing functions are either set to unity dr modified

nbined in a
bx E.1).

sed to test

equations developed for the binary mixtures without a departure function, i.e., by adjusting the

red

1€ing functions for density and temperature only, see [2].

Table 3 — Summary of the available data for volumetric and caloric properties of binary mixtures

Data type Number of data| Temperature Pressure range Composition range

points range

T/K p/MPa X

Density 51442 66,9 - 800 0,00-1027 0,00-1,00
Isochoric heat capacity 1236 101 - 345 67,1, - 902, 0,01-0,84
a Listed separately due to a different data format. Saturated liquid (and vapour) densities may also be tabulated as
ordinary ppT.
P Density in kg'm-3 instead of pressure.
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Table 3 (continued)

to equation (12). The numbers in parentheses indicate the respective number of terms Kpol and Kexp.

Data type Number of data| Temperature Pressure range Composition range

points range

T/K p/MPa X

Density 51 442 66,9 -800 0,00-1027 0,00-1,00
Speed of sound 2819 157 - 450 0,00-1971 0,01 -0,96
Isobaric heat capacity 1072 100 - 424 0,00-529 0,09 -0,93
Enthalpy differences 1804 107 - 525 0,00 -18,4 0,05-0,90
Excess molar enthalpy 177 221 -373 0,8-15,0 0,01 -0,98
Saturated ljquid densitya 460 95,0 - 394 0,03-22,1 0,00-.1,00
VLE data 20 161 15,5-700 0,00 - 422 0,00,--1,00
Total 79 171 15,5-800 0,00-1971 0,00-1,00
a Listed feparately due to a different data format. Saturated liquid (and vapour) densities mayalso be tabulatefl as
ordinary ppT.
P Densityfin kg'm-3 instead of pressure.
Table 4 —|Binary mixtures for which specific or generalized departure’functions were developed
Binary mixfure Type of departure function Number of terms Type of termsp
Methane-Nitrogen Binary specific P (2),E (7)
Methane-{arbon dioxide Binary specific P (3),E(3)
Methane-Ethane Binary specific 12 P (2), E (10)
Methane-Propane Binary specifi¢ 9 P(5),E4)
Methane-p-Butane Generalized 10 P
Methane-]sobutane Genetalized 10 P
Methane-Hydrogen Binary specific P
Nitrogen-{arbon dioxide Binary specific P (2),E (4)
Nitrogen-Ethane Binary specific P (3),E(3)
Ethane-Piopane Generalized 10 P
Ethane-n-Butane Generalized 10 P
Ethane-Ispbutane Generalized 10 P
Propane-n-Butane Generalized 10 P
Propane-Isobutane Generalized 10 P
n-Butane-llsobutane Generalized 10 P
a  “P”indicatespotymomtatternrs,anmd-“E-rdicatestermrscomposedofapotymomtatamdexpomentiatexpressiomraccorting

16

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=60dc916a4f85203e9e8316dfd4b795b9

ISO 20765-2:2015(E)

Methane
Nitrogen

Carbon dioxide
Ethane

Propane
n-Butane
Isobutane
J-Pentane
fsopentane

h-Hexane .. | : (19

h-Heptane . -
-Octane : 2 fl/
p-Nonane . *  Binary specific depa%@ion
p-Decane . . "
:\rgon - Generalised depar% nction for important flkanes

Dxygen - Adjusted red;’r’lglﬂnctions, no departure furjction

_-ch:)rogen - : I Linear ¢ g rules, no fitting
Farbon monoxide ;
] e Lorer(f)ghnhelot combining rules, no fitting

[Vater Q
O
N

:1ydrogen sulfide

O
Figure 2 — Overview of the 210 binary combi st\tons that result from the 21 natuyal gas

components for the development of the GERG equation of state. The diagram shows the
different formulations dev&k)ped for the binary mixtures.
¥

6.3| Natural gases O

o

N -

Tﬁﬂe 5 — Ranges of applicationa
(-&\ Normal range Full rangg¢

Pressure (absolute) C)V 0<p/MPas<35 0<p/MPag70
Temperature OS') . 90<T/K<450 60<T/K<Yy00
Prefssure (absolute),\%\J 0<p/psia<5075 0 <p/psias< 10150
Tenpperature (2 298 < T/ °F < 350 -352<T/°F 800
a  |Rangesli r‘e for volumetric properties only (density, compressibility factor, and vapour pressure). Oth¢r properties
have a low, perature limit of approximately 200 K. See the publication of Jaeschke and Schleyl3] fqr additional
infgrmati n the limits of the caloric equations.

A)

Pip elgél}quality natural gasis generally described as amixture of various components with mole fractions
that fall within the ranges given in the third column of Table 6. The method described in ISO 20765-1
applies only to pipeline quality natural gases at temperatures and pressures found in transmission and
distribution operations. The method given in this standard not only applies to these conditions but also
to an intermediate composition range of natural gas as given in the fourth column of Table 6. Accurate
and extensive experimental data sets are available within the composition ranges listed in the table and
have been used to validate the quality of the method presented here (see 7.4). Possible trace components
of natural gases, and details of how to deal with these, are discussed in Annex F. This method is not
applicable where the total of all trace components exceeds 0,000 5 mole fraction.

Beyond the intermediate quality range is the full range that covers all compositions for all mixture
components, i.e., from 0 to 1. Due to limited data, results obtained for multi-component mixtures in the
full range of application should be carefully assessed. The method can also be used for temperatures
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above 700 K (800 °F) and pressures above 70 MPa (10150 psia); however, due to the limited data it is
difficult to estimate the uncertainty of the method (see 7).

Table 6 — Mole fraction ranges for components of intermediate and pipeline quality natural gas

Mole fractions for
i Component Pipeline quality range lntermer(;i;\;(ea quality
1 Methane 0,7 <xch4 < 1,00 0,3 <xcHs<1,00
2 Nitrogen O<xnr<0;26 O<xn7<0;55
3 Carbon dioxide 0<xc02<0,20 0<xc02<0,30
4 Ethane 0 <xc2H6 £ 0,10 0 < xcou6 £ 0,25
5 Propane 0 < xc3ug < 0,035 0 <xg3u8'€ 0,14
6+ 7 n-Butane + Isobutanea 0 < xc4n10 < 0,015 0 =410 < 0,06
8+ n-Pentane + [sopentanea 0 < xc5h12 < 0,005 0)<xcs5H12 < 0,005
10 n-Hexane 0 <Xxcen14 < 0,001 0 <XxceH14 < 0,002
11 n-Heptane 0 <xc7H16 < 0,000 5 0 <xc7H16 < 0,001
12+ 13 K 14 Octane+Nonane+Decanea 0<xcg+<0,0005 0 <xcg+<0,0005
15 Hydrogen 0<xy2<0,10 0<xy2<0,40
16 Oxygen 0<x02<0,0002 0<x02<0,02
17 Carbon monoxide 0 <xce<0,03 0<xc0<0,13
18 Water 0 <xH2¢9 < 0,000 15 0 <XxH20<0,0002
19 Hydrogen sulfide O=xyg2s < 0,000 2 0 <xy25<0,27
20 Helium 0 < xge < 0,005 0 < xge < 0,005
21 Argon 0<xar<0,0002 0<xar<0,0005
a  Indicat¢s the sum of the mole fractions of the components may not exceed the specified value.
NOTE 1 Th¢ method described in this part of the’standard is applicable even for the individual pure components with high
accuracy (i.g¢, to within experimental uncertainty). The tested ranges of application for temperature and pressure are g{ven
in Table 2.
NOTE 2 The accurate description of.the“thermodynamic properties of multi-component mixtures by the GERG-2008
equation of $tate is based on the accurate and wide-ranging equations for the binary subsystems, which were develdped
with experifental data that generdlly cover the entire composition range. Therefore, it can be expected that even mfilti-
component rjatural gases of very-tinusual composition will be accurately described.
7 Uncertaintyof'the equation of state

7.1 Bachround

The uncertainties in this document are given at a 95 % confidence level (coverage factor k = 2). When
ranges of uncertainties are given, the upper uncertainty value should be used unless further comparisons
are made with the information given in references [1] and [2] to verify that the lower uncertainty value
is valid for a particular application.

7.2 Uncertainty for pure gases

7.2.1 Natural gas main components

The estimated uncertaintiesin calculated density and speed of sound for the natural gas main components
methane, nitrogen, carbon dioxide, and ethane are summarized in Table 7. For methane, more details
are given in Figures 3 and 4; details for nitrogen, carbon dioxide, and ethane are given in [1],[2]. The
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estimated uncertainties in gas phase density and speed of sound range from 0,03 % to 0,05 % over wide
ranges of temperature (e.g., up to 450 K, 350 °F) and at pressures up to 30 MPa (4 350 psia). In the liquid
phase at pressures up to 30 MPa (4350 psia), the estimated uncertainties in density range from 0,05 %
to 0,1 %. At higher temperatures or pressures, the estimated uncertainties in calculated speed of sound
are generally higher than in calculated density because of less accurate data.

7.2.2 Secondary alkanes

The estimated uncertainties in calculated density, speed of sound, and isobaric heat capacity for the
secondary alkanes propane, n-butane, isobutane, n-pentane, isopentane, n-hexane, n-heptane, n-octane,

| pa | H Ao T oLl O 1T ] laotad A a3 foiat fOZ(y
n-n PIIAIIC, dITU TI"UCTUldIIU dI'C SUIITIITIATI TZCTU 111 1dUIC U. T'UL CAITUIAdilTU UCTIISIUITS, dIT Uittt tarll ..y O ) 0

wag estimated, whereas calculations of speed of sound and isobaric heat capacity have| estimated
uncgrtainties between 1 % and 2 %.

Talle 7 — Uncertainties of the equations of state for the natural gas main componentg methane,
hitrogen, carbon dioxide, and ethane with regard to different thermodynamic properties.

Density Speed of sound
Gag phasea
p <B0 MPa (4350 psia) 0,03 % - 0,05 % 0,03 % - 0,05 %P
p >PB0 MPac (4350 psia) 0,1%-0,5% 0,5 %d
Lignid phase
p <0 MPa (4350 psia) 0,05% -0,1% 0,5% - 1,5 %e
p >PB0 MPac (4350 psia) 0,5 %f 1,5 %8
Saturated liquid 0,05 %t
Satjurated vapour 0,05%

a | for temperatures up to 450 K (350 °F); uncertdinties at higher temperatures are given in Figures 3 and 4|for methane
and|in Reference [2] for nitrogen, carbon dioxidejand ethane.

b | This uncertainty range is not valid over‘the entire temperature and pressure ranges specified in the thble; further
detdils are given in Figure 4 for methane and’in Reference [2] for nitrogen, carbon dioxide, and ethane.

c States at pressures p > 100 MPay(14500 psia) are not included in the table due to their limited technical r¢levance, but
can|be obtained from Figures 3 and 4 for methane and from Reference [2] for nitrogen, carbon dioxide, and ethane.

d | for methane; (1 - 2) % for nitrogen, (0,5 - 1) % for carbon dioxide, and = 2 % for ethane; see Reference [2]

e for methane; 1 % (p £26°MPa, 2900 psia) for nitrogen, (0,5 - 1) % for carbon dioxide, and (1 - 2) % for ethane; see
Ref¢rence [2].

f for methane, nitrogen, and ethane; 1 % for carbon dioxide.

g for methanep='2 % (p > 20 MPa, 2900 psia) for nitrogen, (0,5 - 1) % for carbon dioxide, and = 2 % foyf ethane; see
Refg¢rence [2].

h for niethane, nitrogen, and carbon dioxide; 0,1 % for ethane.
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Table 8 — Uncertainties of the equations of state for propane, n-butane, isobutane, n-pentane,
isopentane, n-hexane, n-heptane, n-octane, n-nonane, n-decane, hydrogen sulfide, oxygen, and
argon for various thermodynamic properties

Pressure range Uncertainty in

p(T.p) w(T,p) cp(T.p) ps(T) p'(T) p’(T)
’(’42538 S’;‘;Sa 0,2 %b 1-2)% | (1-2)%¢ 0,2 %d 0,2 % 0,4 e
£s>ia?3? MPa (4350 0.5 % 2% 2% B B B

a  Larger Yncertainties exist in the extended critical region.

b Inthe eftended critical region, Ap/p is used instead of Ap/p.

¢ 1% atgpseous and gas-like supercritical states, 2 % at liquid and liquid-like supercritical states.
d  Larger rglative uncertainties may result for small vapour pressures and their corresponding saturatéd vapour densifies.

e Combingtion of the uncertainties of the gas densities and vapour pressures; experimental data‘with uncertaintigs of
this level arq available for only a few substances.

f States af pressures p > 100 MPa (14 500 psia) are not included due to their limited technicalrelevance.
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Figure|3 < Uncertainty diagram for densities of methane calculated from the GERG-2008
equation of state
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Figiire 4 — Uncertainty diagram for speeds of sound of methane calculated from the GERG-2008
equation of state

7.2]3 Other secondary components

For|oxygen and argon, the estimated uncertainties in calculated density, speed of sound, ahd isobaric
heaf capacity are as stated in Table 8 for thesecondary alkanes.

Theestimated uncertainties in calculated density for the other secondary components, namely hydrogen,
carbon monoxide, hydrogen sulfide,"and helium, at supercritical temperatures and for pressures up
to 30 MPa (4350 psia) are lessithan 0,2 % and at higher pressures less than 0,5%. In gengral, higher
uncertainties may occur in thHe liquid phase and for other thermodynamic properties.

Forhydrogen attemperaturesabove 270 K (26 °F) and pressuresup to 30 MPa (4350 psia), the yncertainty
in chlculated density is1ess than 0,1 %. At pressures above 30 MPa, the uncertainty in density is slightly
higher, approximateli? (0,2 - 0,3) %. The equations for hydrogen and helium are designed to|be valid at
low| (absolute) temiperatures, which occur in their sub- and supercritical regions. This is of particular
importance fofthe mixture model presented here since the reduced temperature range 1,2 £ /T, < 1,8
corresponds\to the region where the highest accuracy in the description of thermodynamic|properties
of typicalyiatural gases is demanded.

For|water, calculated liquid densities and vapour pressures have an estimated uncertaintly of 0,2 %.
Other properties have higher uncertainties as detailed in [1],[2].

7.3 Uncertainty for binary mixtures

The mostaccurate binary mixture data were used for the development of the GERG-2008 equation of state.
However, in regions where these data are not available, less accurate data were also taken into account for
the development and assessment of the equation. Experimental data for multi-component mixtures were
used for the validation of the quality of the equation only. The total uncertainties of the most accurate
experimental binary and multi-component mixture data with respect to selected thermodynamic
properties are listed in Table 9. The tabulated values represent the lowest uncertainties possible that can
be achieved by the mixture model presented here. The corresponding experimental results are based on
modern measurement techniques, which fulfil present quality standards. In contrast to the experimental
uncertainties given for pure fluid properties measured using state-of-the-arttechniques, the experimental
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uncertainties estimated for the properties of mixtures measured with the same apparatuses are, in
general, higher due to the contribution of the uncertainty in the mixture composition.

Over wide ranges of temperature, pressure, and composition, the uncertainties tabulated below are
mostly valid for those binary systems where binary specific departure functions were developed, see
6.2 and Table 4. Due to limited experimental data (e.g., accurate speed of sound measurements are

available for only a few binary systems), the uncertainties are partly valid for the remaining binary
mixtures, including those binary systems for which a generalized departure function was developed,

see 6.2 and

[1].

General estimates of the uncertainties of the GERG-2008 equation of state in the description of selected

thermodyr
adjusted re

ducing functions with a binary specific departure function, adjusted reducing functiohs

amic properties are given in Table 10. The different binary mixtures are distinguishe\iby
a generaliZed departure function, or only adjusted reducing functions (without a departurefuncti

ith
n).

Uncertaintly values are given for different pressures, temperatures, and (approximate) redyced
temperatufe ranges.

Tabl¢ 9 — Relative experimental uncertainties of the most accurate binary and multi-
component mixture data

Data type Property Relative uncertainty

Density (gas phase) Ap/p <(0,05-0,1) %
Density (liquid phase) Ap/p <(0,1-0,3)%
Isochoric heat capacity Acy/cy <(1-2)%
Speed of sopnd (gas phase) Aw/w <(0,05-0,1) %
Isobaric hept capacity Acp/cp <(1-2)%
Enthalpy differences (gas phase) A(Ah) /R <(0,2-0,5) %
Saturated l|quid density App’ <(0,1-0,2)%
VLE data Aps/ps <(1-3)%
NOTE Ah|ndicates a difference between two state points, h(T2,p2) - h(T1,p1)-

Table L0 — Uncertainty of the GERG-2008 equation of state in the description of selected
volumetric and caleric properties of different binary mixturesa

Mixture regionb

Adjusted reducing functions with a

Only adjusted reducjng

binary specific
departure function

functions (no depag-

generalized ture function)

departure function

(-280 °F < T< -208 °F)

Gas phase () - 30 MPa (4350 psia

s (4350psia) 1r) <01 % Dpp<(01-02)% |Ap/p<(0,5-1)%

Gas phase () - 30 MPa (4 350 psia

s (#350psia) 1,0 <01 9 Ap/p <01 % ApJp < (0,3 - 0,5) %
Gas phase 0=20 MPa (Z 900 psia

e SpT/Tr <14 ( PSIA) T Aw/w < 0,1 % Aw/w < 0,5 % Aw/w<1%

Gas phase 0 - 20 MPa (2 900 psia

e (2900psia) | r, /<01 % Aw/w < 0,3 % Aw/w<0,5 %
Saturated liquid state

100K < T< 140K ApJp’<(01-0,2)% | Ap/p’<(0,2-0,5)% | Ap/p’<(0,5-1) %

T/T;<0,7

Liquid phase 0 - 40 MPa (5 800 psia)

Ap/p<(0,1-0,3) %

Ap/p <(0,2-0,5) % Ap/p<(0,5-1)%
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Table 10 (continued)

Mixture regionb Adjusted reducing functions with a

binary specific
departure function

generalized
departure function

Only adjusted reducing
functions (no depar-
ture function)

a The relative uncertainty in isobaric and isochoric heat capacity is estimated to be less than (1 - 2) % in the
homogeneous gas, liquid, and supercritical regions independent of the type of binary equation.

b For a typical lean natural gas or liquid natural gas, temperatures of 140 K (-208 °F), 250 K (-10 °F), 300 K (80
°F), and 350 K (170 °F) correspond to reduced temperatures T/T:( X ) = 1/T of about: 0,7; 1,3; 1,5; and 1,8.

Fro
the
a ge
of s

ho

7.4
Thd

reljltive uncertainty in isobaric and isochoric heat capacity is estimated to be less'than (1 -

m Table 10 it is evident that binary systems with a binary specific departure function gen
lowest uncertainty for the different properties as compared to the other binary systems
neralized departure function or only modified reducing parameters. Gas phase defisities
bund have uncertainties of < 0,1 % for binary mixtures with a binary specific departure fu

ogeneous gas, liquid, and supercritical regions independent of the type of déveloped binar

Uncertainty for natural gases

GERG-2008 wide-range equation of state for natural gases and gther (multi-component g

erally have
with either
hnd speeds
nction. The
P) % in the
y equation.

nd binary)

mi
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tures, consisting of the components listed in Table 6, is valid in’ the gas phase, in the li
e supercritical region, and for vapour-liquid equilibriuin)states. For natural gases

mixtures, normal and full ranges were defined. The extrapolation to temperatures and pres
reagonable results even far beyond the full range of application. The estimated uncertainties for the
different ranges of application, as described below, are*based on the representation of t
experimental data for various thermodynamic propérties of natural gases and other multi-romponent

mi
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tures by the GERG-2008 equation of state as summarized in Table 11.

since the estimated uncertainty of the\GERG-2008 equation of state is based on the ex
h used for the development and evaluation of the equation, the uncertainty is mostly
composition ranges not covered-by-experimental data. The data situation allows for w
ertainty estimates only for selected properties and parts of the fluid ppT surface.

t of the available experimental data for multi-component mixtures describe the ppT
iral gases and similar mixtures in the gas phase. The majority of these data cover the te
pe 270 K < T < 350 K atypressures up to 30 MPalll.[2] and were measured for pipeline qua
There are a number of additional experimental data available that define the compos
itermediate quality natural gas, e.g., measurements on rich natural gases with comparg
fent of carbomdioxide, ethane, propane, and n-butane; see Table 6 for the composition ran
bipeline quality and intermediate quality natural gases. As mentioned in 6.3, pipeline qua
s are a-Subset of the intermediate quality natural gases.

[able 11 — Summary of the available data for volumetric and caloric properties of

uid phase,
nd similar
res yields

available

eneral, there are no restrictions in the composition range of binary and multi-componenf mixtures.

perimental
unknown
b]1-founded

relation of
mperature
ity natural
tion range
tively high
bes defined
ity natural

natural

gases and other mnlfi-r‘nmpnnpnf mixtures

Covered ranges Maxi
aximum
Number of
Data typea d . Temperature Pressure number of
ata points components
T/K p/MPa p
Density 21769 91,0 - 573 0,03-999 18
Speed of sound 1337 213 -414 0,00-70,0 13
Isobaric heat capacity 325 105 - 350 0,5-30,0 8
Enthalpy differences 1166 105 -422 0,2-16,5 10
a  Further data not included in Table 11 were used to validate the quality of the GERG-2008 equation of state, e.g., recent
dew-point measurements for a number of different natural gases and other multi-component mixtures, see [1], [2].
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Table 11 (continued)

Covered ranges Maxi
aximum
Number of
Data typea d : Temperature Pressure number of
atapoints components
T/K p/MPa p
Saturated liquid density 124 105 - 251 0,04 -3,2
VLE data 2284 77,8 - 450 0,1-276
Total 27005 77,8 -573 0,00-99,9 18
a Furtherdata notincluded in Table 11 were used to validate the guality of the GERG-2008 eguation of state, e g., recent
dew-point measurements for a number of different natural gases and other multi-component mixtures, see [1], [2].

74.1 Un

The norm4g

certainty in the normal and intermediate ranges of applicability of natural gas

1 range of applicability of natural gas covers the temperature range 90 K-<T < 450 K

for

pressures ip to 35 MPa, see 6.3, Table 5. Thisrange corresponds to the use of the equation inboth standard
and advanged technical applications using natural gases and similar mixtures, e.g), pipeline transport,

natural ga
the compo
summarizg

Table

d in Table 12.

volumetric and caloric properties

5 storage, and improved processes with liquefied natural gas. Estimated uncertainties
sition subsets “pipeline quality natural gas” and “intermediate“quality natural gas”

|2 — Uncertainty of the GERG-2008 equation of state.in the description of selected

for
are

Pipeline quality natural gas

Temperature region

Pressuse region

Uncertainty

Density, ga$ phase 250 < T/K <450 p/MPa < 35 Ap/p<0,1%
Density, liquid phase 100 < T/K < 140 p/MPa < 40 Ap/p<(0,1-0,5)%
Saturated ljquid density 100 < T/K< 140 Ap’/p’<(0,1-0,3) %
Speed of sound, gas phase 250 < T/K <270 p/MPa <12 Aw/w<0,1%

270 < T/K <450 p/MPa < 20 Aw/w<0,1%

250 < T/K.< 270
250 < FAKE 450

12 < p/MPa <20
20 < p/MPa <30

Aw/w < (0,2 -0,3) %
Aw/w < (0,2 - 0,3) %

Enthalpy d

fferences (gas)

250 <.7/K <350

p/MPa < 20

A(AR)/AR < (0,2 - 0,5) %

Enthalpy d

fferences, liquid phase

A(AR)/AR < (0,5 - 1,0) %

Isobaric an

 isochoric heat capa

cities, gas and liquid phases

Acp/cp or Acy/cy =(1 - 2) %

Intermediate range? Molar mass Pressure region Uncertainty
Density, ga$ phase M < 26 kg-kmol-1 p/MPa < 30 Ap/p<0,1%
M > 26 kg-kmol-1 p/MPa < 30 Ap/p < (0,1 -0,3) %b

a Forrich

natural gases, 1.e., for natural gas mixtures that contain comparatively [arge amounts of carbon dioxide, ethane,
propane, and further secondary alkanes, the tested temperature range is 280 K< T< 350 K (44 °F < T< 70 °F).

b For mixtures with molar masses M > 30 kg-kmol-1 and compositions within the limits stated in Table 6, the upper
uncertainty value in density is estimated to be 0,5 %.

7.4.1.1 Pipeline quality natural gas

Density data in the gas phase for pipeline quality natural gases are described by the equation with
an uncertainty of Ap/p < 0,1 % over the temperature range 250 K < T < 450 K (-10 °F < T < 350 °F)
and for pressures up to 35 MPa (5075 psia). The uncertainty in speed of sound is likewise less than
0,1%. However, due to limited experimental data, this uncertainty is restricted to pressures below 20
MPa (2900 psia), and at temperatures below 270 K (26 °F) it is restricted to pressures below 12 MPa
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(1740 psia). The most accurate liquid or saturated liquid density data are described to within 0,1 % to
0,3 %, which is in agreement with the estimated experimental uncertainty of the measurements.

7.4.1.2 Intermediate quality natural gas

This quality range of natural gases expands the composition range of the pipeline quality natural gases.
The intermediate composition range is almostidentical to the composition range covered by the available
experimental natural gas and similar multi-component mixture data, including several data sets for
natural gases containing synthetic mixtures, ternary mixtures of natural gas main components, and
rich natural gases. Rich natural gases contain large amounts of carbon dioxide (up to 0,20 mole fraction),
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mixtures that fall within the intermediate composition range defined in Table 6; the
ertainty in gas phase density is < 0,1 % for molar masses M < 26 kg-kmol-1; see equati
calculation of the molar mass from the given mixture composition. For mixtureswith mc
26 kg'kmol-1, the uncertainty in gas phase density is 0,1 % to 0,3 %. For-other therry
perties, well-founded estimates of uncertainty cannot be given due to thelimited data sit

E1 Forrich natural gases, the lower temperature limit is increased because dew point temp
iderably higher for these types of mixtures, which contain comparativély,Targe amounts of car
ne, propane, and the further secondary alkanes.

E2  Within the mole fraction limits defined for pipeline qualitydatural gas, the molar mass of
always be lower than 26 kg-kmol-1.

2  Uncertainty in the full range of applicability, and-calculation of properties beyond

o 70 MPa (10150 psia). The uncertainty of the*equation in gas phase density at temper
ssures within this range is roughly (0,2 - 0,5J%, except for states near the critical region.

mixtures, the full range of application covers temperatures of T > 700 K (800 °F) and p

p >
wit
pro
out

Wh

70 MPa (10150 psia). For example, the equation accurately describes gas phase density d
hin £(0,1 - 0,2) % at temperaturesup-to 900 K and pressures up to 90 MPa. For other therr
perties, well-founded estimates\.of uncertainty cannot be given due to the limited dat
bide the normal range of application.

ne (0,002).
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on (18) for
lar masses
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uation.

bratures are

bon dioxide,

hny mixture

this range

full range of application covers temperatures of 60 K< T< 700 K (-352 °F < T<800 °F) and pressures

atures and
For certain
ressures of
hta of air to
hodynamic
A situation

bn larger uncertainties are-acceptable, tests have shown that the equation can be reas

ably used

out
for

bide the full range of application. For example, density data (frequently of questionable and loyv accuracy)
Certain binary mixtures are described to within £(0,5 - 1) % at pressures up to 100 MPa anid more.

7.5| Uncertainties in other properties

For
inT]
unc

pipelinequality natural gas, similar types of properties will have similar uncertainties to those listed
able 12 For example, energies and entropies will have uncertainties similar to those in enthalpy, and
ertdinties in Joule-Thomson values will be similar to those in heat capacities.

7.6 Impact of uncertainties of input variables

The user should recognize that uncertainties in the input variables, usually pressure, temperature
and composition in mole fractions, will have additional effects upon the uncertainty of any calculated
result. The uncertainties given so far for calculated results assume that the input data are exact. In any
particular application where the additional uncertainty may be of importance, the user should carry out
sensitivity tests to determine its magnitude.

8 Reporting of results
Results for the thermodynamic properties shall be given with the number of significant figures that are

appropriate for the uncertainties listed in Tables 7 through 10. The report shall identify the temperature,
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pressure (or density), and detailed composition to which the results refer. The method of calculation used
shall be identified by reference to ISO 20765-2 Natural gas - Calculation of Thermodynamic Properties.

For example, for pure methane at 25 °C, 0,101 325 MPa, Zis calculated as 0,998 2511. Taking the expanded
uncertainty from Table 7 to be that of the gas phase density, 0,03%, this is 0,000 299 48. This is rounded
to two significant figures, 0,000 30, and Z is reported in accordance with this uncertainty, i.e., 0,998 25.
Thus, one would report Z(methane, 298,15 K, 0,101 325 MPa) = 0,998 25 +0,000 30 (95 % confidence).

As a second example, for pure liquid methane at its normal boiling point (111,66 K, 0,101 325 MPa), Z
is calculated as 0,004 145 252. Taking the expanded uncertainty from Table 7 to be that of the liquid
phase density, 0,05 %, this is 0,000 002 0726. This is rounded to two significant figures, 0,000 0021, and
Z is reportgd in accordance with this uncertainty, i.e., 0,004 1453. Thus, one would report Z (methane,
111,66 K, (,101 325 MPa) = 0,004 1453 0,000 0021 (95 % confidence).

For the vplidation of calculations and for subsequent calculations based on thermddynamic
propertieq obtained using this standard, it may be appropriate to carry extra digit$-(see exanpple
calculations in Annex G).
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Symbols and units

Symbol |Meaning First Use of Symbol Units

a Molar Helmholtz free energy equation (1) . (kJVkmol
Second virial coefficient equation (32) Q'\Ivl /kmol

c Density exponent equation (9) q . ---

Cp Molar isobaric heat capacity equation (26) ('r\<o, i kJ/(kmol-K)

cy Molar isochoric heat capacity equation (;\fqg\v kJ/(kmol-K)

c Third virial coefficient equatioﬁéé’) m6)/ kmol2

Cy Specific isochoric heat capacity Iq@}_\i kJ{(kg-K)

Cp Specific isobaric heat capacity . &&&_1 kJA(kg-K)

d Density exponent <§<equation 9 ---

D Mass-based density \\Q N equation (19) Kg/m3

F Mixture parameter X‘Q‘\\ equation (11) ---

g Molar Gibbs free energy X\O@ equation (27) kJy kmol

h Molar enthalpy Q N equation (25) K kmol

H Specific enthalpy A’\‘O Table 1 iJ/kg

i Serial number ) \O equation (6) ---

j Serial number \»\(\)b equation (10) ---

k Coverage factor . C)\‘ Scope ---

k Serial number A@ ’ equation (7) ---

K Number of term¥'p . equation (9) ---

m Molar mass_ (") - equation (18) kg/kmol

n Coefficiep;t\\cg equation (7) ---

N NumA@T/components in the mixture equation (6) ---

p Br\&;e equation (20) MPa

R &[Ygl:ar gas constant, R = 8,314 472,[4] equation (7) kJ/(kmol-K)

R* A&?‘ Molar gas constant, R*= 8,314 51, used in [5] equation (7) kJ/(kmol-K)

s Molar entropy equation (23) K]/(kmol-K)

S Specific entropy Table 1 kJ/(kgK)

t Temperature exponent equation (9) ---

T Temperature in K (ITS-90) equation (1) K
Molar internal energy equation (22) kJ/kmol

U Specific internal energy Table 1 k]/kg

v Molar volume equation (20) M3/kmol

w Speed of sound equation (28) m/s

x Mole fraction equation (6) ---

X Molar composition (vector of mole fractions) equation (1) ---
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po=0,101325 MPa

Symbol |Meaning First Use of Symbol Units

z Any property equation (37)

Z Compression factor equation (21)

Greek Symbols

a Reduced molar Helmhotz free energy, a = a/(RT) equation (2) ---

B Parameter equation (12) ---

Br Parameter equation (14) -

By Parameter equation (13) -

y Parameter equation (12) ,\<O

YT Parameter equation (14) ("9 )

1474 Parameter equation (13) P fl/'—t-

6 Reduced density, 6 = p/pr equation (2) ,\6‘) ---
Isothermal throttling coefficient equation (30) q?)‘ m3/kmol
Parameter equation (12),,0 " ---

d Partial derivative equation (k@’)s\o

Aa Departure function for the reduced molar Helm- equat@@\)
holtz free energy O

n Parameter gqﬁé\t‘i,on (12) ---

9 Parameter K\?&uation (7) ---

K Isentropic exponent 2 Z equation (31) ---

u Joule-Thomson coefficient A\A N equation (29) K/MPa

p Molar density A’\‘o equation (1) kmol/m3

T Inverse reduced temperature, 7= Tr/T \O equation (2) ---

Inferior infices \»\(\)b

c At the critical point . C)\‘ equation (7) ---

Exp Exponential term A@ ’ equation (9) ---

i Serial number p . equation (6) ---

j Serial number O - equation (10)

k Serial number (;‘\‘O equation (7) ---

0 Property ofy%@u{e substance equation (5) ---

Pol Polynom/ig%r‘m equation (9) ---

r Redu@ﬁf'operty equation (3) ---

S A‘.&?ﬁ;ation (phase equilibrium) Table 8 ---

o) mtial derivative with respectto & equation (15) ---

T Partial derivative with respectto t equation (15)

0 Reference state, Tp = 298,15 K, equation (B.4) ---

Superior indices

0 Ideal-gas state equation (1) ---
r Residual part equation (1) ---
‘ Saturated liquid state Table 8
“ Saturated vapour state Table 8 ---
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Annex B
(normative)

The reduced Helmholtz free energy of the ideal gas

B.1

For

For
tem

cap

Wh

whd

all ¥
ent

inte
den

In order to obtain*an explicit equation for a®(p,T), an equation for the ideal-gas isobaric heat ¢

isn

r‘nlt‘“laflnn ofthe reduced Helmholtz free nnnrgy nffhn ideal gac

I O IO I U I I U T I T e e O O C e U I T C I I I I I T U T e T € C - C It TITCTOrear

a pure component, the Helmholtz free energy of the ideal gas is given by

a®(p,T)=h°(T)-RT -Ts°(p,T)

(B.1)

the ideal gas, the enthalpy ho is a function of temperature only, whereas.the entropy s©
perature and density. Both properties can be expressed in terms-ef the ideal-gas is

acity ¢, as follows:

T
ho(T)ijocg dT +h

o]
+SO
(PSJ

en the above expressions for ho(T) and so(p,Tare inserted into equation (B.1), one obtai
P 0

(—OJ + So
Po

Fariables with the subscript“0” refer to an arbitrary reference state. The reference st
halpy and zero entropy i5 here adopted at To = 298,15 Kand pg = 0,101 325 MPa for the ide

gration constants hj and sy are then determined so as to conform to this definition. Th
sity pg is given by gy = po/(RTo).

T
o _ ) 0
a (p,T)_[J‘TOcpdTmO}—RT—T

Tg

pIre

beded. Thejideal-gas isobaric heat capacity may be written as follows [1], [2],

=

epends on

:ﬂbaric heat

(B.2)

(B.3)

S

(B.4)

ate of zero
al gas. The

b reference

apacity c),

2 2
(9::’257 (9,?7;51

1+n3 +

)
:Uwso

‘Zn;—‘T +Zn%—‘T
k=4,6 sinh[&l,? ;J k=5,7 cosh(é),? ch

(B.5)

The values of the coefficients n;, and parameters 9 of equation (B.5) are given in Table B.1.

NOTE 1

The equation for the ideal-gas isobaric heat capacity is taken from [5] and given as a function of the

temperature T. The values resulting from the parameter product 9 T (for k = 4 to 7) are in agreement with the

original parameters Do, Fo, Ho, and Jo, respectively, and the coefficients n,((’ (for k=4 to 7) have identical values as

the coefficients C°, Eo, G0, and I°, respectively. The coefficient n§ = Bo-1.
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For a mixture at a given mixture density p, temperature T, and molar composition x, the reduced
Helmholtz free energy of the ideal gas is given as follows:

N
ao(p,T,)_()=2xl-[ agi(p,T)aniJ (B.6)
i=1

In this equation, ag;(p,T) is the dimensionless form of the Helmholtz free energy in the ideal-gas state
of component i as given by

0 ( P \ R*IV ) 9] TL[ (9] (TL[\ 0] | [ 9] T\,i\l
aoi(p, "):lnt—JwL?[noi'l +Ng; o T‘-l—nois lnL : J+ L Ng;  In smht oi k T J‘

ci T k=4,6
Tci
cosh( gi'k?j]

the term Y [x;Inx; accounts for the entropy of mixing of the ideal-gas mixture.

~

3.7)

- Z Noi i In

k=5,7

where

“«_ n

NOTE 2  To indicate a pure substance as a component in a mixture, the inferietnindices “0” (referring to pure
substance) 4nd “i” (referring to the considered component) are introduced.

It is important to observe that in equation (B.6) a° is a function of the molar density p, the temperature
T, and the molar composition X, where p is the molar density ofithe real mixture (i.e., not the mplar
density of the ideal gas). If the input variables are the absolute\pressure p, the temperature T and|the
molar composition x, p may be calculated from the input variables as described in 5.

B.2 Derjvatives of the reduced Helmholtz free energy of the ideal gas

o_|[ ga° & Pr 0ot gj Py
065: -5 :in = (38)

rx  i=1 pc,i a(p/pc,i) T p

2 2
azao N 82050-
455 = 552] =in(PrJ i =5 (B9)
ex it \Pen)a(p/pe) ). P

2 0 N T.. 200

agfz[aa; J = o o =0 (B110)
T 5 sl Pci 1y a(/3//)c,i)6(Tc,i /T)

(o] N T ) a O.
af :(_O‘_J ZZXI' L(&J (Bl11)
0 sy = Telo(Tei/T) p

80581- _R* 0 o) T o (())i,k o 90 hl g° Tc,i
| TR |Mei2 tleiz—t Z Noi k T N Z Noj k%oi k tan oik T
a(Tc,i /T) P C,i = tanh( [ ’;,i J

k=26 o k=57
(B.12) )
0%a° N T.; 2l 520
)
ag=—5 =in(—TJ — (B.13)
0t Jsx il v )\ o(Te; /T)
P
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2 2
% 2 0 o]
520581- R 0 T o (9°i‘k) 0 (9°i'k)
:__"'3__Zn'k _Z"'k
2 R oi3| ol, 2 oi, 2
a(Tc i /T) ¢t k=4, : o Tci k=57 o C,i
’ P sinh| 3 ) - cosh| 8;; o —*
T T
(B.14)
Tahle B1 — Values of the coefficients and parameters in equation (B.7) for the 21 componentsa
Lo
N
(0] o] (0] q
< Ny k oi,k k Noj k (]Q ‘90',k
- + U/
A%
Methane ,\Q)‘)
\
| 19,597 508 817 - 5 0,004 60 QQ 0,936 220 902
J -83,959 667 892 - 6 8,74,4@ v 5,577 433 895
B 3,000 88 - 7 -é,@m 5,722 d44 361
A 0,763 15 4,306 474 465 , O
Ot
Nitrogen \\Y
N
| 11,083 407 489 - 5\\\) -0,146 60 5,393 (67 706
p -22,202 102 428 - \(\Qe 0,900 66 13,788 $88 208
B 2,500 31 - N7 -
. 0,137 32 5,251 822 62\\®
xO
N (-\‘jr Carbon dioxide
1 11,925 152 758 CN- 5 1,060 44 2,844 425 476
p -16,118 762 264 \‘ . - 6 2,033 66 1,589 964 364
N
B 2,500 02 O - 7 0,013 93 1,121 996 090
i 2,044 52 ,_\SJ 3,022 758 166
\
AN
A~ Ethane
1 24,675.457 527 - 5 1,237 22 0,731 406 621
p 425 313 760 - 6 13,197 4 3,378 (|07 481
> ]
B 5 3,00263 - 7 -6,019 89 3,508 121 939
*r;\\‘ 4,339 39 1,831 882 406
D
Propane
1 31,602 908 195 - 5 3,197 00 0,543 210 978
2 -84,463 284 382 - 6 19,192 1 2,583 146 083
3 3,029 39 - 7 -8,372 67 2,777 773 271
4 6,605 69 1,297 521 801
n-Butane
1 20,884 143 364 - 5 6,894 06 0,431 957 660
2 -91,638 478 026 - 6 24,4618 4,502 440 459

© ISO 2015 - All rights reserved

31


https://standardsiso.com/api/?name=60dc916a4f85203e9e8316dfd4b795b9

ISO 20765-2:2015(E)

Table B.1 (continued)

k Noi or J k Moi k ok
3,339 44 - 7 14,782 4 2,124 516 319
4 9,448 93 1,101 487 798
Isobutane
1 20,413 726 078 - 5 5,251 56 0,485 556 021
2 94,467 620 036 - 5 75,1423 7,671 261865
3 3,067 14 - 7 16,1388 2,191 58348
4 8,975 75 1,074 673 199 ;
ad
n-Pentane A/\\Ov
1 28,587 336 516 - 5 21,8360 1~ 1789520971
2 ~96,265 336 649 - 6 334032 - 3777411113
3 3,0 - 7 - N\ }
4 8,950 43 0,380 391 739 s
N
Isopentane \\\‘Q
1 29,158 561 921 - 5 | 7201101 1,977 271 641
2 111,216 048 893 } 6 O 331688 4,169 371 131
3 3 } R } }
4 11,7618 0,635 392 636 I
R
\»\(;Hexane
1 32,499 459 095 - O 5 26,814 2 1,691 951 873
2 ~103,869 150 117 N 6 38,616 4 3,596 924 107
3 3,0 ~O°- 7 - -
4 11,697 7 ~ 0,359 036 667
o~
D n-Heptane
1 37,237 679274 - 5 30,470 7 1,548 136 560
2 -105,724494 520 - 6 43,556 1 3,259 326 458
3 LoD - 7 - }
4 13,7266 0,314 348 398
n-Octane
1 42,143 183 464 - 5 33,8029 1,431 644 769
2 -106,349 263 157 } 6 48,1731 2,973 845 992
3 3,0 - 7 - -
4 15,686 5 0,279143540
n-Nonane
1 46,723 625 203 } 5 38,123 50 1,370 586 158
2 ~112,017 705 837 - 6 53,341 50 2,848 860 483
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Noi ok k Noi or J
3,0 — 7 _ -
18,024 10 0,263 819 696
n-Decane
50,353 023 354 _ 5 43,493 10 1,353 835 195
; 120,012 066 480 - 5 58,365 70 2,833479 035
3,0 - 7 - N\~
21,006 90 0,267 034 159 ~V
Rad
Hydrogen A/\\Ov
13,796 443 393 _ 5 0454 44 )~ 9,847 §34 830
b ~175,864 487 294 - 6 1,560 89) 49,765 £90 750
1,479 06 _ 7 1,375 60 50,367 P79 301
0,958 06 6,891 654 113 s
N
Oxygen \\‘Q
10,001 843 586 - 5 1,013 34 7,223 325 463
b ~14,996 095 135 - %6 _
2,501 46 } Y 7 ]
1,075 58 14,461 722 565~
O
\o\(\)b Carbon monoxide
1 10,813 340 744 O - 5 0,004 93 5,302 162 306
D -19,834 733 959 N - 6 -
] 250055 (0 - 7 ]
! 102865 (- 11,669 802 800
o~
O‘O‘ Water
8,216535 516 _ 5 0,987 63 1,763 495 929
£12,002 441 239 - 6 3,069 04 3,874 403 739
) v?‘ 3,003 92 - 7 -
c 0,010 59 0,415 386 589
Hydrogen sulfide
1 9,336 197 742 - 5 1,002 43 2,270 653 980
2 ~16,266 508 995 - 6 - }
3 3,0 - 7 - -
4 3,119 42 4,914 580 541
Helium
13,628 409 737 - 3 15 -

-143,470 759 602
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Table B.1 (continued)

0 o o 0

k noi,k oi,k noi,k oi k
Argon

1 8,316 631 500 - 1,5 -

2 -4,946 502 600 -

a

The values of the coefficients and parameters are also valid for equation (7).

34
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Values of critical parameters and molar masses of the pure

components

Table C.1 — Critical parameters and molar masses of the 21 components

Corhponent Formula Pc,i/(mol-dm-3) Te,i/K M;/(g'mol-1)a
Methane CHy 10,139 342 719 190,564 16,04p 46
Nitrogen Ny 11,1839 126,192 28,01B 4
Carpon dioxide COy 10,624 978 698 304,1282 44,00p 5
Ethpne C2Hg 6,870 854 540 305,322 30,06p 04
Propane C3Hg 5,000 043 088 369,825 44,09p 62
n-Butane C4H1o 3,920 016 792 425,125 58,12p 2
Isoi)utane C4H1o 3,860 142 940 407,817 58,12p 2
n-Pentane CsHiz 3,215577 588 469,7 72,148 78
Isopentane CsHq2 3,271 460,35 72,148 78
n-Hexane CeH14 2,705 877 875 507,82 86,17h 36
n-HIeptane C7H16 2,315 324434 540,13 100,2p1 94
n-Octane CgHisg 2,056.404 127 569,32 114,28 52
n-Nonane CoH>p 1,81 594,55 128,2p5 1
n-Dlecane C1oH22 1,64 617,7 142,281 68
Hydrogen H»y 14,94 33,19 2,015|88
Oxygen 03 13,63 154,595 31,998 8
Carpon monoxide CO 10,85 132,86 28,01p 1
Water H,0 17,873 716 090 647,096 18,01p 28
Hydrogen sulfide H»S 10,19 373,1 34,08 88
Heljum He 17,399 5,1953 4,002|602
Argdon Ar 13,407 429 659 150,687 39,948

a

According to [UPAC Technical Report (2006),[6] calculated using the exact atomic masses in the [IUPAC rep|

ort.
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Annex D
(normative)

The residual part of the reduced Helmholtz free energy

D.1 Calgulationoftheresidualpartof

the reduced Helmholt7z free nnnrgy

The residu

a'(8,t
where

ay(S,t
and

Aa" (8

In equatiol

residual p4
multiplied

variables §

summatior
reduced m

s=—F
Pr

and

T.(3
T:i
T

where

I I O T C e U I T C I I I I I T U Tt T ©CC - ©1IITT

bl part a T of the reduced Helmholtz free energy a of the mixture is given by
X)=04(8,7,X)+Aa’ (5,7,X) (
N
)7)=in0‘gi(5'f) (
i=1
N-1 N
©,X)=> > xxFaf(8,0) (

i=1 j=i+1

1 (D.1), the first term on the right-hand side, aé(é,r,)_(), describes the contribution of]

rts of the reduced Helmholtz free energy of'the pure substance equations of state, which
by the mole fraction of the correspondingsubstance and linearly combined using the redu

and 7 of the mixture. The second tg¥m is the departure function, Aa"(8,7,X), which is
| over all binary specific and genetralized departure functions. The variables § and 7 are

xture density and inverse reduced mixture temperature, respectively, as given by

X) (
)

— (

pr and T, dreZreducing functions for the mixture density and mixture temperature depending on

D.1)

.2)

D.3)

the

are
ced

the
the

D.4)

D.5)

the

molar composition of the mixture only (see 4.2.7 and Annex E.1).

D.1.1 De

rivatives of the residual part of the reduced Helmholtz free energy

The derivatives of the residual part a"(5,7,X) of the reduced Helmholtz free energy a of the mixture
with respect to the reduced mixture variables 6 and 7 are as follows:

oa’ Yofeal) &F & oaj;
rx i=1 r I=1 j=i+1 T
o%ar’ N (8%l NN o2a};
ro_ _ oi U
i ] B T oZ S| o7
rx i=1 ¢ I=1 j=i+l T
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o%a "
0607

r
&se

=(

N
=D
i-1

)
=),
5],

N
%

i=1

N

_3 x| Ll

i=1

o%a "

or?

r
(13

a

i=1 j=i+1

(D.8)

(D.9)

(D.10)

Calculation of the pure substance contribution to the residual part of
Juced Helmholtz free energy

contribution of the residual parts of the reduced Helmholtz free energy-of the pure

quation (D.2), where the residual part of the reduced Helmholtz free energy of component
the residual part of the respective pure substance equation of state) is given by

Kpol i +KExp,i

2

k:KPOI,i+1

Kpg),i J .
o (8,7)= Z Ny & Wk ok 4
k=1

doik toi *5C0i'k
Ny 0 7,5kl

each of the pure substances, the equations for «; use'the same basic structure, however, {

erms differs. For the main components, the equations consist of 24 terms for methane, nit
ine, and of 22 terms for carbon dioxide. Eor the secondary alkanes and the other
ponents (oxygen, carbon monoxide, hydrogen sulfide, helium, and argon), 12 terms are

equations for hydrogen and water consist of 14 and 16 terms, respectively. The va
ficients ny; x and exponents do; k, toiks and co; k for the 21 components are given in Annex

.1 Derivatives of o;(5,r) with respect to the reduced mixture variables 8 an

derivatives of the residualipart of the reduced Helmholtz free energy of component §
(eqtiation (D.11)) with respeoct to the reduced mixture variables § and t are as follows:

the

substance

ations of state a§ to the residual part of the reduced Helmholtz free enérgy of the mixtyre is given

" a;, (51T)J

(D.11)

he number

rogen, and
secondary
1sed, while
ues of the
D.2.2.

d T

r

Qi

(5:),

)

(D.12)

. k=K po; ;
© IS0 2015 - All rights resérve

K poli
aar' ol,1 d.. £
5[ 6501 — Z nOi kdoi k6 01,kT oi,k
T k=1
K po1i tK gxp i J .
C . . . C .
+ noik(doik_coi k6 oz,k)5 oz,kT oi,k exp(—5 oz,k)
k=K po1,i+1
PA2,r )  Kpoli B .
2 Of — “ol,K - "ol,Kk
0 L 2 J - L noi,kdoi,k(doi,k_l)a ovk ot
0% ) k=
K pop i +K Exp,i , J ,
Coi k Coi k Coi,k ik Loi
+ noi,k |:(doi,k_coi,k6 o )(doi,k_l_coi,k5 o )_Coi,k5 o :|6 ovkg ol
szPol,i'*’1
(D.13)
2.r K pol i
o°a,; ! d.: t..
57{ o |= Z Noi ko ktoi kO T oK
00 Ot ’ S
k=1
KPol,i+KExp,i d "
C.: . . Co.:
+ Noi ktoik (doi k —Coi kO ok )5 ol kg Tolk exp(—6 Ol'k)

i+1
d

k exp(—6 Coi,k )

(D.14)
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D.2.2 Co

Table D.1] — Values of the coefficients and exponents in equation (D.11) for methane, nitrogg

ot e

KPol,i +KExp,i

K poli
6ar. ol,1 d.. 0
‘L’{ oi _ Z noi,ktoi,k6 oz,kT oi,k
)

dyie toi i
+ Z noi,ktoi,k5 oik - boi k EXp(—5COI'k)

k=K po1,i+1

ot k=1

2 aza r Pol,i d ¢
of | _ ik - “oi,k
T - Z noi,ktoi,k (toi,k _1)6 ot
)

(D

15)

K po i *K gxp i

k:KPOI,f+1

pfficients and exponents of «; (5,7)

and ethane a,b

T

doj k _toi )
+ Z nOi,ktoi,k (toi,k _1)5 Ol‘kf oi,k exp(_SCOI,k)

16)

bn,

Noj k Noj k Noj k

Methane Nitrogen Ethane
1 0,573 357 042 391 62 0,598 897 118 012 01 0,635967 804 50714
2 -0,167 606 875 237 30x101 -0,169 415 574 807 31x101 -0,173 779 817 854 59x101
3 0,234 052 918 349 16 0,245 797 361917 18 0,289 140 609 262 72
4 -0,419 473 763 434 41 -0,237 224 567 551 75 -0,337 142 768 456 94
5 0,143 692 014 041 28x10-1 0,179 549 187 15141x10-1 0,224 059 646 995 61x10-1
6 0,150 044 063 892 80x10-1 0,145 928 757202 15x10-1 0,157 154 248 869 13x10-1
7 0,949 904 894 929 18x10-1 0,100 080659 362 06 0,114 506 342 537 45
8 0,583 827 709 290 55 0,731571 153 855 32 0,106 120 493 797 45x101
9 -0,747 868 675 603 90 -0,883 722 723 363 66 -0,128 552 244 394 23x101
10 0,390 333 028 579 74 0,318 876 602 467 08 0,394 146 307 776 52
11 0,2(9 855 438 065 68 0,207 664 917 287 99 0,313 909 246 820 41
12 -0,185901 511 330 61x10+t -0,193 793 154 541 58x10-1 -0,215922 771 172 47x10-1
13 -0,157 825 583 39049 -0,169 366 415 549 83 -0,217 236 665 649 05
14 0,147 167 352 20%91 0,135 468 460 417 01 -0,289 995 744 394 89
15 -0,320 197 438)943 46x10-1 -0,330 667 120 953 07x10-1 0,423 211 730 257 32
16 -0,6480 497293 645 36x10-1 -0,606 908 170 185 57x10-1 0,464 341 002 592 60x10-1
17 0,242(914 128 537 36x10-1 0,127 975 482 928 71x10-1 -0,131 383 983 297 41
18 0,514 404 516 394 44x10-2 0,587 436 641 072 99x10-2 0,114 928 503 643 68x10-1
19 -0,190 849 497 335 32x10-1 -0,184 519 519 719 69x10-1 -0,333 876 884 299 09x10-1
20 0,552 296 772 412 91x10-2 0,472 266 220 424 72x10-2 0,151 831 715 836 44x10-1
21 -0,441 973 929 760 85x10-2 -0,520 240 796 805 99x10-2 -0,476 108 056 476 57x10-2
22 0,400 614 167 084 29x10-1 0,435 635 059 566 35x10-1 0,469 171 662 778 85x10-1
23 -0,337 520 859 075 75x10-1 -0,362 516 907 509 39x10-1 -0,394 017 558 046 49x10-1
24 -0,251 276 582 133 57x10-2 -0,289 740 268 665 43x10-2 -0,325 699 562 476 11x10-2

Coik doi k Loi k k Coik doi k Loi k
- 1 0,125 13 2 2 4,5
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Table D.1 (continued)

ISO 20765-2:2015(E)

k Noj,k Noj,k Noj,k
2 - 1 1,125 14 2 3 4,75
3 - 2 0,375 15 2 3 5
4 - 2 1,125 16 2 4 4
5 - 4 0,625 17 2 4 4,5
6 - 4 1,5 18 3 2 7,5
7 1 1 0625 19 3 3 14
8 1 1 2,625 20 3 4 11,5
9 1 1 2,75 21 6 5 26
19 1 2 2,125 22 6 6 28
11 1 3 2 23 6 6 30
1P 1 6 1,75 24 6 7 16

a The values of the coefficients and exponents are also valid for equation (9),

b Kipol,i = 6, Kgxp,i = 18.

Taple D.2 — Values of the coefficients and exponents in equation (D.11) for propane, h-butane,
isgbutane, n-pentane, isopentane, n-hexane, n-heptanejn-octane, n-nonane, n-decang, oxygen,

carbon monoxide, hydrogen sulfide, and argona-c.

Noj k

ot k

Noj k

Propane

n-Butane

Isobutane

0,104 039 731 073 58x101

0,106°262 774 114 55x101

0,104 293 315 891 p0x101

-0,283 184 040 814 03x101

<0,286 209 518 283 50x101

-0,281 842 725 48892x101

0,843 938 096 062 94

0,887 382 334 037 77

0,861 762 323 978 50

-0,765 595918 500 23x10-1

-0,125 705 811 553 45

-0,106 136 194 5p4 87

0,946 973 730 572 80x10:1

0,102 863 087 081 06

0,986 157 493 021 34x10-1

0,247 964 754 970-06x10-3

0,253 580 406 026 54x10-3

0,239 482 086 823 22x10-3

0,277 437 604228 70

0,323 252 002 339 82

0,303 300 048 549 50

-0,438 460.006'483 77x10-1

-0,379 507 610 574 32x10-1

-0,415 981 561 350 p9x10-1

-0,269 910 647 843 50

-0,325348 020 144 52

-0,299 919 374 790 58

1p -0,693-134 130 898 60x10-1 -0,790 509 690 510 11x10-1 -0,803 693 427 64109x10-1
1 -0,296 321 459 816 53x10-1 -0,206 367 205 477 75x10-1 -0,297 613 732 511[51x10-1
1p 0,140 401 267 513 80x10-1 0,570 538 093 347 50x10-2 0,130 596 303 031 40x10-1
n-Pentane Isopentane n-Hexane

1 0,109 686 430 980 01x101 1,096 3 0,105 532 380 136 61x101
2 -0,299 888 882 980 61x101 -3,040 2 -0,261 206 158 906 29x101
3 0,995 168 867 992 12 1,0317 0,766 138 829 672 60

4 -0,161 707 085 585 39 -0,154 10 -0,297 703 206 224 59

5 0,113 344 600 727 75 0,115 35 0,118 799 077 333 58

6 0,267 605 951 507 48x10-3 0,000 298 09 0,279 228 610 626 17x10-3
7 0,409 798 819 869 31 0,39571 0,463 475 898 441 05

8 -0,408 764 230 830 75x10-1 -0,045 881 0,114 331969 802 97x10-1
9 -0,381 694 824 694 47 -0,358 04 -0,482 569 687 381 31
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Table D.2 (continued)

k Noi k Noik Noi k
10 ~0,109 319 568 439 93 ~0,101 07 ~0,937 505 589 246 59x10-1
11 | -0,320732233279 90x10-1 ~0,035 484 0,672 732 471 559 94x10-2
12 0,168 770 162 169 75x10-1 0,018 156 0,511 415 835 854 28x10-2
n-Heptane n-Octane n-Nonane
1 0,105 437 476 452 62x101 0,107 225 448 756 33x101 0,111 51x101
2 —0 265006815 061 44x101 —0246329511 720 03x101 -027020x101
3 0,817 300 478 275 43 0,653 866 740 549 28 083416 0
4 0,304 513 912 534 28 ~0,363 249 740 856 28 -0,388 28 ()
5 0,122 538 687 108 00 0,127 132 696 267 64 0,137,601
6 0,272 664 727 439 28x10-3 0,307 135 727 779 30x10-3 0,281485x10-3
7 0,498 658 256 816 70 0,526 568 569 875 40 0,620 37
8 10,714 328 150 841 76x10-3 0,193 628 628 576 53x10-1 _ (0,158 47x10-1
9 ~0,542 368 955 254 50 0,589 394 268 491 55 N -0,61726
10 ~0,138018 216 107 56 -0,140 69963991934 |, O -0,15043
11 | 10,61595287380011x10-2 | -0,789 663 305 000 36x10-2])" 0,129 82x10-1
12 D,486 025 103 930 22x10-3 0,330 365 979 681 09x1032 0,443 25x10-2
n-Decane Oxygen o.\v Carbon monoxide
1 0,104 61x101 0,888 782 863 697 01 0,905 54
2 ~0,248 07x101 -0,248 794 333121 48x101 24515
3 0,743 72 0,597 501907 758 86 0,531 49
4 0,525 79 0,965 018170 618 81x10-2 0,024 173
5 0,153 15 0710704 287 127 70x10-1 0,072 156
6 0,328 65x10-3 | -0,723 374 430 001 95x10-3 0,000 188 18
7 0,841 78 A~ 0185586863 914 74 0,194 05
8 0,554 24x10-1 (| -0,381293 680357 60x10-1 0,043 268
9 073555 ~\J ~0,153 522 453 830 06 0,127 78
10 -0,185 075" ~0,267 268 149 109 19x10-1 -0,027 896
11 ~0,207 753101 ~0,256 752 986 771 27x10-1 0,034 154
12 0,123 85x10-1 0,957 143 021 236 68x10-2 0,016 329
]—&ﬁbvgen sulfide Argon
1 AN 087641 0,850 957 148 039 69
2 = =0,2U5 6/X1U1 =0,240 U542 2429 454 oUX1Ut
3 0,216 34 0,541 278 414 764 66
4 0,501 99x10-1 0,169 197 706 925 38x10-1
5 0,669 94x10-1 0,688 259 650 190 35x10-1
6 0,190 76x10-3 0,214 280 328 153 38x10-3
7 0,202 27 0,174 298 953 219 92
8 ~0,453 48x10-2 0,336 544 956 041 94x10-1
9 0,222 30 ~0,135 267 998 576 91
10 0,347 14x10-1 ~0,163 873 507 915 52x10-1
11 ~0,148 85x10-1 ~0,249 876 668 514 75x10-1

N
(=]
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Table D.2 (continued)

ISO 20765-2:2015(E)

k Noik Noi k Noik

12 0,741 54x10-2 0,887 692 048 157 09x10-2

k Coik doi k toik k Coik doi k toik

1 - 1 0,25 7 1 2 0,625

2 - 1 1,125 8 1 5 1,75

3 - 1 1,5 9 2 1 3,625

4 - 2 11375 10 2 4 3,625

: - 3 0,25 11 3 3 0.7 145

( - 7 0,875 12 3 a> 12
a The values of the coefficients and exponents are also valid for equation (9). <oﬂ/
b Kipol,i = 6, Kexp,i = 6. ©
¢ Fdr the simultaneously optimized equations of state of Span and Wagner (2003)’,@ the old molar gas con-
stant R* was substituted with the recent one R without conversion. This has nearly no effect on the quality of
thelequations of state (page 104 of [2]). K%)

)
Table D.3 — Values of the coefficients and exponents in %:gion (D.11) for carbon dioxide,
hydrogen, water, and h a
K Coik doi k | toik C\,\\ T Noj k
(%]
Carbor{ﬁ&t?xideb

1 - 1 00 0,526 465 648 046 53

2 - 1 A 125 -0,149 957 250 425 92x]01

3 - 2 f\&l\v 1,625 0,273 297 867 337 82

4 - 3 AN 0,375 0,129 495 000 227 86

5 1 I(\ .V 0,375 0,154 040 883 418 41

6 1 oS 1,375 ~0,581 869 509 468 14

7 1 Ry 1,125 ~0,180 224 948 382 9¢

g 1 o s 1,375 0,953 899 040 728 12x10-1

9 1 O 6 0,125 -0,804 868 193 176 79x10-2

1 1 6 1,625 ~0,355 477 512 730 90x10-1

1] Re 3 1 3,75 -0,280 790 148 824 03

1 | o 2 4 3,5 -0,824 358 900 816 77x10-1

1By 3 1 75 0,108 324 279 790 06x1¢-1

14 3 1 8 -0,670 739 931 610 97><1I0—2

15 3 3 6 -0,468 279 076 005 24x10-2

16 3 3 16 -0,283 599 118 321 77x10-1

17 3 4 11 0,195 001 747 440 98x10-1

18 5 5 24 -0,216 091 375 071 66

19 5 5 26 0,437 727 949 269 72

20 5 5 28 -0,221 307901 13593

21 6 5 24 0,151 901 899 573 31x10-1

22 6 5 26 -0,153 809 489 533 00x10-1
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Table D.3 (continued)

k Coik doik toik Noik
Hydrogenc
1 - 1 05 0,535 799 284 512 52x101
2 - 1 0,625 ~0,620 502 525 305 95x101
3 - 2 0,375 0,138 302 413 270 86
4 - 2 0,625 ~0,713 979 548 961 29x10-1
5 = 4 11285 0154 740539 597 33x10-1
6 1 1 2,625 -0,149 768 064 057 71 5.0
7 1 5 0 ~0,263 687 239 884 51x101)
8 1 5 0,25 0,566 813 031 560 66x10-1
9 1 5 1,375 ~0,600 639 580 30486x10-1
10 2 1 4 ~0,450 439420 271 32
11 2 1 4,25 0,424,788 402 445 00
12 3 2 5 -0,219 976 408 271 39x10-1
13 3 5 8 -0,104 995 213 745 30x10-1
14 5 1 8 0,289 559 028 668 16x10-2
N
Waterd ’;\\)
1 - 1 05 <O 0,827 284 087 495 86
2 - 1 1,25 5V -0,186 022 204 165 84x101
3 - 1 1875 ~0,111 990 096 137 44x101
4 - 2 0125 0,156 357 539 760 56
5 - 2 R 0,873 758 448 590 25
6 - 3 {7 1 ~0,366 744 037 157 31
7 4N 075 0,539 878 934 324 36x10-1
8 1 1 O~ 15 0,109 576 902 144 99x101
9 1 A5 0,625 0,532 130 378 285 63x10-1
10 1 s 2,625 0,130 505 339 308 25x10-1
11 2 R 5 ~0,410 795 204 344 76
12 2 A7 2 4 0,146 374 433 441 20
13 2 5 4 4,5 ~0,557 268 386 237 19x10-1
14 =N 4 3 ~0,112 017 741 438 00x10-1
15 J:) t —07660627 580680 99%10—2
16 5 1 0,469 185 220 045 38x10-2
Heliume
1 - 1 0 ~0,455 790 240 067 37
2 - 1 0,125 0,125 163 907 549 25x101
3 - 1 075 ~0,154 382 316 506 21x101
4 - 4 1 0,204 674 897 072 21x10-1
5 1 1 075 ~0,344 762 123 807 81
6 1 3 2,625 ~0,208 584 595 127 87x10-1
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Table D.3 (continued)

k Coi k doi,k toik Noijk
7 1 5 0,125 0,162 274 147 117 78x10-1
8 1 5 1,25 -0,574 718 182 008 92x10-1
9 1 5 2 0,194 624 164 307 15x10-1
10 2 2 1 -0,332956 801 230 20x10-1
11 3 1 4,5 -0,108 635 773 723 67x10-1
12 3 2 5 0221733 652 459 54x10-1
a  [The values of the coefficients and exponents are also valid for equation (9).
b Kpol,i = 4, Kexp,i = 18.
¢ Kpol,i =5, Kexp,i=9.
d KPol,i =7, KExp,i =9,
¢ Kpoli =4, Kgxp,i = 8.
D.3 Calculation of the departure function contribution to the residual part of the
redquced Helmholtz free energy
The purpose of the departure function is to further impreve the accuracy of the mixture model in
the|description of thermodynamic properties in cases where fitting the parameters of the reducing
fungtions for density and temperature (see Annex E) to accurate experimental data is not sufficient. The
depprture function Aar of the multicomponent mixturé’is the double summation over all bingry specific
and| generalized departure functions developed for the binary subsystems and is given by
N-1 N
Aa"(5,7,%)=) D Aaj(5,7,X) (D.17)
i=1 j=i+1
with
r = r
Aai]'(S,T,X)ZXinFijaij(a,T) (D'18)
In this equation, the function a,-]r-(é,r) is the part of the departure function Aa,-]r-(é,r,)?) thiat depends
only on the reducedmiXture variables § and 7, as given by
K poty Kpol,ij+KExp,ij
r dij ke _tijk dij i _tijk 2
aij(&r): Z njj i 6 LA LA Z njj i 0 0K exp —nij'k(c?—e,-j'k) _ﬂij,k<5—7’ij,k)
k=1 k=K po1 jj+1
(D19)
where

a,;-(5,r) was developed either for a specific binary mixture (a binary specific departure function with

binary specific coefficients, exponents, and parameters) or for a group of binary mixtures (generalized

dep

arture function with a uniform structure for the group of binary mixtures).

The values of the coefficients njjk, the exponents djjk and t;; , and the parameters 1k, €k Bijk and yijk in
equation (D.19) for all binary specificand generalized departure functions considered in the mixture model
are given in Table D.4. The values of the non-zero Fj; parameters in equation (D.18) are listed in Table D.5.
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D.3.1 Binary specific departure functions

Binary specific departure functions were developed for the binary mixtures of methane with nitrogen,
carbon dioxide, ethane, propane, and hydrogen, and of nitrogen with carbon dioxide and ethane. For a
binary specific departure function, the adjustable factor Fjjin equation (D.18) equals unity.

D.3.2 Ge

neralized departure functions

A generalized departure function was developed for the binary mixtures of methane with either
n-butane and isobutane, of ethane with propane, n-butane, and isobutane, of propane with n-butane

and isobut

ne, and of n-butane with isobutane. For each mixture in the group of gpnpmli79d bhin

mixtures,
system me

D.3.3 No

For all of the remaining binary mixtures, no departure function was developed, and ¥ equals zero,
Aoci;(&r,i) equals zero. For most of these mixtures, however, the parameters of thereducing funct
for densityland temperature are fitted to selected experimental data (see AnnexE).

D.3.4 Derivatives of « 5-(6 ,7) with respect to the reduced mixture'variables § and t

The derival

0 and T are|as follows:

he parameter Fj; is fitted to the corresponding binary specific data (except for the biy]
thane-n-butane, where Fj; equals unity).

departure functions

kives of the function « 1-5-(6 ,7) (equation D.19) with respéct to the reduced mixture varia

ary
ary

i.e.,
ons

bles

K py Jj KPoI,ij+KExp,ij
Pyt 606 Z nedo S Uk tUk_|_ Z n.. 5dij,k,[tij,k
55 ij, k" ij,k ij K
k=1 k=K po1 jj+1 (D[20)
2
exp| ik (8=, ) = Bijx (6~ ki) [d,-,-,k ~2n;,.8(5 _gij.k)_éﬂij,kJ
) 821_1‘ KPOII} . KPOI,ij+KExp1] .
k k k k
5 E— Z nl}kdl]k(dljk 1)5 U U + z Uk5 l] i,
¢ k=1 k=K poy jj+1
2 2 2
exp| 5 (6Ejic) ~Byac(6=viac) || (dyse ~2n5u (6 ~2i0c) =By ) ~yse ~2f a0
(D.21)
21r K patij K po1 i +K Exp i
a (ll" i) d:: B oL,y Xp,j d.: B
— 1Y |- ode ot 5k Lk o sk ik
o 5B I 2 Mipadyitypd T YTyt
k= K=K pot j+1 (D[22)
[ 2 N -
eXPL—Uzj,k (5 —Sij,k) —ﬂij,k (5 ~Vijk )JLd Kk~ 217,] k 6(5 Ejj, k) 5[31.].,”
K
6af Pol ij
i 1} k tl] k
L p Z Mij jet i O
k=1
° (D.23)
KPoI,ij‘"KExp ij 2
k5,
2 Myktyed ik ik eXp(—TIij,k (6-2iu) ~Byx(3-7ix ))
k:KPO[,ij+1
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2_r K pol ij
- % = Z] my e (£ ~1)8 4 06
T )s k=l
K po1,ij+K gxp ij
dij k _tijk 2
+ nyti e (L —1)8 THe D exp(‘”ij.k (8-ix) Py (6 -7iin ))
k=KPOI,,-j+1
(D.24)
D.3;5 Coefficients, exponents, and parameters for the departure functions
2
Tlable D.4 — Values of the coefficients, exponents, and parameters in equatioﬁ]&.l% for the
binary specific and generalized departure functionsa f],
K dijk Lijk njj k | Mij k | ,A',?pd | Bijk | Vi k
Q>
Methane-Nitrogenb ,.‘()
1 1 0 ~0,980 389 855 173 35x10-2 o\~ - - -
2 4 1,85 0,424 87270143005x10-3 | ©- - - -
3 1 7,85 -0,348 002 145 761 42x10-1 L))" 1 0,5 1 0,5
4 2 5,4 ~0,133 338130 138 963 1 0,5 1 0,5
5 2 0 ~0,119 936 949 746 275001 0,25 0,5 2,5 0,5
4 2 0,75 0,692 433 797 75166%10-1 0 0,5 3 0,5
7 2 2,8 ~0,310 225 081 482 49 0 0,5 3 05
g 2 4,45 0,244 954917 532 26 0 0,5 3 05
9 3 4,25 0,223698 167 169 81 0 0,5 3 0,5
C)\‘ Methane-Carbon dioxidec
1 1 26 [\~ -0,108593873549 42 - - - -
2 2 195- (] 0,802285 767 273 89x10-1 - } - }
3 3 0,7 0,933 039 851 157 17x10-2 - - - -
4 1 5395 0,409 892 740 058 48x10-1 1 0,5 1 0,5
5 2 A2 795 -0,243 380 197 724 94 0,5 0,5 2 0,5
4 3 s 0,238 553 472 811 24 0 0,5 3 0,5
QF
. v?\ Methane-Ethaned

{3 0,65 ~0,809 260 502 987 46x10-3 - - - -

7 TS5 0,753 819 250 800 59x10=3 = = = -
3 1 3,1 -0,416 187 688 912 19x10-1 1 0,5 1 0,5
4 2 59 -0,234 521 736 815 69 1 0,5 1 0,5
5 2 7,05 0,140 038 405 845 86 1 0,5 1 0,5
6 2 3,35 0,632 817 448 077 38x10-1 0,875 0,5 1,25 0,5
7 2 1,2 ~0,346 604 258 488 09x10-1 0,75 0,5 15 0,5
8 2 5,8 -0,239 187 473 342 51 0,5 0,5 2 0,5
9 2 2,7 0,198 552 550 668 91x10-2 0 0,5 3 0,5
10 3 0,45 0,617 777 461 715 55x101 0 0,5 3 0,5
11 3 0,55 ~0,695 753 582 711 05x101 0 0,5 3 0,5
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Table D.4 (continued)
k dijk tijk Njj k Nijk Eijk Bijk Yijk
12 3 1,95 0,106 301 853 063 88x101 0 0,5 3 0,5
Methane-Propanee
1 3 1,85 0,137 464 299 585 76x10-1 - - - -
2 3 3,95 -0,744 250 121 295 52x10-2 - - - -
3 4 0 -0,455 166 002 136 85x10-2 - - - -
4 4 1,85 -0,545 466 033 502 37x10-2 - - - A
5 4 3,85 0,236 820 168 244 71x10-2 - - - (,Q'\t
6 1 5,25 0,180077 637 214 38 0,25 0,5 0,75‘]". 0,5
7 1 3,85 -0,447 739 429 324 86 0,25 0,5 (Z-?D, " 0,5
8 1 0,2 0,193 273 748 882 00x10-1 0 0,5 a\ \)2 0,5
9 2 6,5 ~0,306 321 978 046 24 0 R E 0,5
S
Nitrogen-Carbon dioxidef ~ N
1 2 1,85 0,286 616 250 283 99 ;\Q ) - - -
2 3 1,4 -0,109 198 338 612 47 O—\) - - -
3 1 3,2 ~0,113 740320 822 70x101 , [\\0,25 0,5 0,75 E
4 1 2,5 0,765 805 442 373 58 0:\ 0,25 0,5 1 0,5
5 1 8 0,426 380 009 268 19x10%2> 0 0,5 2 E
6 2 3,75 0,176 735 382 01?\&}? 0 0,5 3 0,5
~
Nitr\ogéi\a{Ethaneg
1 2 0 ~0,473765 181 266 08 - - - -
2 2 0,05 0,4-8\9‘%11 934 610 01 - - - -
3 3 0 ;\@0 110 620 905 35x10-2 - - - -
4 1 3,65 (')\')—0,199 668200413 20 1 0,5 1 0,5
5 2 49 _ .- -0,694 111 031 017 23 1 0,5 1 0,5
6 2 4,45«4‘\k0 0,692 261927 390 21 0,875 0,5 1,25 0,5
RO
‘V\S~ Methane-Hydrogenh
1 1 ‘i\)‘ 2 -0,251 571 349 719 34 - - - -
2 340 -1 -0,622 038 411 119 83x10-2 - - - -
3 2} 1,75 0,888 503 151 843 96x10-1 - - - -
4 4 1,4 -0,355922 125 732 39x10-1 - - - -
Methane-n-Butane, Methane-Isobutane, Ethane-Propane, Ethane-n-Butane,
Ethane-Isobutane, Propane-n-Butane, Propane-Isobutane, and n-Butane-Isobutanel
1 1 1 0,255 747 768 441 18x101 - - - -
2 1 1,55 -0,798 463 571 363 53x101 - - - -
3 1 1,7 0,478 591 314 658 06x101 - - - -
4 2 0,25 -0,732 653 923 695 87 - - - -
5 2 1,35 0,138 054 713 453 12x101 - - - -
6 3 0 0,283 496 034 763 65 - - - -
7 3 1,25 -0,490 873 859 404 25 - - - -
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Table D.4 (continued)
k dijk tijk Nij k Nij k Eij k Bij k Yijk
4 0 -0,102 918 889 214 47 - - - -
9 4 0,7 0,118 363 146 819 68 - - - -
10 4 5,4 0,555 273 857 219 43x10-4 - - - -

a  The values of the coefficients, exponents, and parameters are also valid for equation (12).

b KPol,ij =2, KExp,ij =7.

¢ Kpol,jj =3, KExp,ij = 3

d Kpol,ij = 2, KExp,ij = 10.
e Kpol,ij = 5, KExp,ij = 4
£ Kpol,ij = 2, Kexp,ij = 4.
8  Kpol,ij = 3, Kexp,ij = 3.
h Ypol,ij =4, KExp,ij =0.

I I{Pol,ij =10, KExp,ij =0.

Table D.5 — Values of the non-zero Fjj parameters in equation (D:18) for the binary specific and
generalized departure functionsa,b

Mixture i-j

Fij

Methane-Nitrogen

Methane-Carbon dioxide

Methane-Ethane

Methane-Propane

Methane-n-Butane

Methane-Isobutane

,771 035 405 688

Methane-Hydrogen

R llo|lRr |, [EAR |~

Nityogen-Carbon dioxide

Nitrogen-Ethane

Ethline-Propane

0,130 424 765 150

Ethhne-n-Butané

0,281 570073 085

Ethlne-Isobdtane

0,260 632 376 098

Propane*n-Butane

0,312 572 600 489x10-1

Propane-Isobutane

-0,551 609 771 024x10-1

n-Butane-Isobutane

-0,551 240 293 009x10-1

a

b

The values of the Fjj parameters are also valid for equation (11).

The Fjj parameters equal zero for all other binary combinations.
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Annex E
(normative)

The reducing functions for density and temperature

The compd
and 7 (i.e.,

The reduci

1 3
pr(X)

and
Tr ()?) =

with

Bvij=1

These fund
well-found
between th
and y set tq

The values

sition-dependent reducing functions are used to calculate the reduced mixture variables §
Himensionless mixture density and temperature, respectively) according to
— (E.1)
X)
k) 5
— (E.2)
hg functions for density and temperature can be writterias
N N 3
X;+x; 1| 1 1
] ﬂ

e 2 2 XX BV 2 8l 13T 13 (F-3)

i=1 j=1 By xi+x; 8 Pc,{ Pc,é'

N N X;+X; 0.5

zzxixj Br 7T,ij2—(Tc,i'Tc,j) (E4)
i-1 -1 T,ij Xi tXj

Bv,ji» Yvij = Yvji» Brij = 1/Byji, and yrij = yTji
tions are based o quadratic mixing rules and are thus reasonably connected to physidally
ed mixing rules:)The binary parameters of equations (E.3) and (E.4) consider the deviation
e behaviour‘ofthe real mixture and the one resulting from the ideal combining rules (with g

1) for the\critical parameters of the pure components.
pf the'binary parameters fy,i;, yy,ij, Brij, and yrjjin equations (E.3) and (E.4) for all binary mixtyires

are listed i1|1 Fable E.1. The critical parameters p.; and T ; of the pure components are given in Annex C

E.1.1 Binary parameters for mixtures with no or very poor experimental data

The binary parameters f,,;j and y,,;j in equation (E.3) and f7; and y7;j in equation (E.4) are fitted to
experimental data for binary mixtures. In those cases where sufficient experimental data are not
available, the parameters of equations (E.3) and (E.4) are either set to unity or modified (calculated)
in such a manner that the critical parameters of the pure components are combined in a different way
that proved to be more suitable for certain binary subsystems. For example, for binary hydrocarbon
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