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Abstract

This Monograph provides a detailed account of the concept,
development, performance and use of the Standard (or Simpli-
fied) GERG-88 Virial Equation for the accurate calculation of
compressibility factors for natural gases. The equaticn has
been developed from the Master (or Molar) GERG-88 Virial
Equation - described fully in GERG Technical Monograph TM2 -
and utilises a restricted set of input variables in place of
the detailed (13 component) composition analysis required for
the Master equation. The simplified input data requirement
comprises any three from superior (gross) calorific value,
relative density, carbon dioxide content (the usual set) and
nitrogen content, together with pressure and témperature.
Even with this minimal information, the egquation predicts the
compressibility factor Z(p,T) within the respective pressure
and temperature ranges of 0 to 12 MPa (0 to 120 bar) and 265
to 335 K (-8 to 62 ©C) with an expectation accuracy which, at
about 0.1%, matches that of the Master equation. For mixtures
containing manufactured (coke-oven) gas, the amount of hydro-
gen must also be known.

The principle involved in the new development is to consider
any natural gas as a 3-component mixture containing carbon
dioxide, nitrogen and an "equivalent hydrccarbon" CH which
represents all of the alkane hydrocarbons collectively as a
single pseudo-component. Given the mole fraction of either
inert component, it turns cut that both the mole fraction and
the wvirial coefficients of the equivalent hydrocarbon may be
inferred through knowledge of the superior calcrific wvalue
and relative density of the whole natural gas, i.e. these two
properties are sufficient to characterise the gas uniquely.

Coefficients used in the Standard GERG-88 Virial Eguaticn
have either been taken directly from thcse used in the Master
egquation or, for the eguivalent hydrccarbon, derived from
available data for actual natural gases. The resulting equa-
tion describes the set of some 4,500 data points, for natural
gases in the GERG databank of compressibility factors, with a
roct-mean-square error of 0.049%.

Numerical values for all coefficients needed tc implement the
equation are given, together with flow diagrams showing the
iterative structure of an efficient calculational procedure;
computer program listings are provided.

The Standard GERG-88 Virial Equation was developed at the van
der Waals Laboratorium cof the University of Amsterdam, under
contract to, and with specific guidance from, the Groupe
Européen de Recherches Gazleres.
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Zusammenfassung

In dieser Monographie werden im Detail das ZXonzept, die
Entwicklung, die Gute und der Gebrauch der Standard (oder
Vereinfachten) GERG-88 Virial-Gleichung zur genauen Berech-
nung der Realgasfaktoren von Erdgasen beschrieben. Die Glei-
chung ist wvon der Master (oder Molaren) GERG-88 Virial-
Gleichung, die ausfuhrlich im GERG Technical Monograph TM2
beschrieben worden ist, abgeleitet worden. Sie benutzt nur
einen reduzierten Satz von Eingabegréfen anstelle einer
detaillierten Gasanalyse (13 Komponenten), die von der Mas-
ter-Gleichung benétigt wird. Als vereinfachter Eingabedaten-
satz kommen dabei drei der folgenden Gréfen 1in Frage: der
Brennwert, die relative Dichte, der Kohlendioxid=-Anteil (dies
sind die ublichen Eingabegréfen) und der Stickstoff-Anteil
zusammen mit dem Druck und der Temperatur. Selbst mit dieser
minimalen Information ist eg méglich, mit der Gleichung den
Realgasfaktor 2Z(p,T) innerhalb der Druck- und Temperatur-
bereiche von 0 bis 12 MPa (0 bis 120 bar) und 265 bis 335 K
(-8 bis 62 ©C) mit einer Voraussagegenauigkeit von etwa 0,1%
zu bestimmen. Damit ist diese Gleichung der Master-Gleichung
ebenbirtig. Fur Gemische, die Zumischungen von kunstlich
hergestellten Gasen (Kokereigas) enthalten, muB zusatzlich
der Wasserstoffanteil bekannt sein.

Das wesentliche Prinzip dieser Neuentwicklung ist, Jjedes
Erdgas als ein Drei-Komponenten-Gemisch zu betrachten, wel-
ches Kohlendicoxid, Stickstoff und ein Maguivalentes Kohlen-
wasserstoffgas”" CH enthalt. Hierbei werden alle vorhandenen,
gesdttigten Kohlenwasserstoff gemeinsam durch diese einzelne
Pseudokomponente, das CH-Gas, reprasentiert. Ist der Mol-
anteil eines der inerten Gase bekannt, so lahAt sich socwohl
der Mclanteil als auch die Virialkceffizienten des aqui-
valenten Kohlenwasserstoffgases allein aus der Kenntnis des
Brennwertes und der relativen Dichte fur das ganze Erdgas
ableiten; d.h., diesze beiden Eigenschaften reichen aus, um
das Gas wvellstandig zu charakterisieren.

Die Virialkeceffizienten, die in der Standard GERG Virial-
Gleichung benutzt werden, sind entweder direkt von der Master
GERG Virial-Gleichung ubernommen oder fir das aquivalente
Kohlenwasserstoffgas aus den vorhandenen Daten fur tatsach-
liche Erdgase abgeleitet worden. Die so aufgebaute Gleichung
beschreibt die Realgasfaktoren fur Erdgase aus der GERG-
Datenbank wvon etwa 4500 Punkten mit einem mittleren quadra-
tischen Fehler (rms-error} von 0,049%.

Alle Zahlenwerte fur die Koeffizienten der Gleichung, die zur
Implementierung notwendig sind, sind zusammen mit den FliefB-
diagrammen, die die iterative Struktur fir eine effiziente
Berechnungsprozedur aufzeigen, aufgefihrt; die Listings der
Computerprogramme werden mitgeliefert.

Die Standard GERG-88 Virial-Gleichung wurde vom Van der Waals
Laboratorium der Universitat von Amsterdam im Auftrag und
unter der Leitung der "Groupe Européen de Recherches Gaz-
ieres" entwickelt.
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1 - INTRODUCTION

1.1 Compressibility Factor Calculaticn in the Natural Gas

Industry

In reference (1)* a new equation, known now as the Master
GERG-88 Virial Equation, was introduced as a means for the
accurate calculation of the compressibility facters Z(p,T) of
natural gases and similar mixtures for wide ranges of temper-
ature T, pressure p and composition. The importance of such
calculations in custody transfer, transmission and distribu-
tion applications, in particular for use in eguations govern-
ing orifice plate and sonic nozzle metering, and in conver-
sion of gas volumes to values at reference conditions, was

emphasized.

The development of the Master GERG-88 Egquation depended
crucially upon a contracted collaboration between the Groupe
Européen de Recherches Gaziéres (GERG), whose members carried
out an extensive series of measurements on pure gases, bin-
ary, ternary, multicomponent and natural gas mixtures, and
the wvan der Waals Laboratorium of the University of Amster-

dam, where the correlational work was performed.

Given a sufficiently detailed compositional analysis, the
accuracy achieved by the Master GERG-88 Equation is approx-
imately 0.1% in the temperature range 265 tc 335 K and press-

ures up to 12 MPa.

Despite the considerable technical advance represented by
this achievement, it remains true that there are many situ-
ations in which such a detailed composition of a natural gas
is not availakle. Consequently, it would perhaps be even more
valuabkle to have an alternative equation of similar accuracy,
but requiring fewer input parameters. The obvious candidates
for such a restricted set of input parameters are superior

calorific value (higher or gross heating value) and relative

* Figures in parentheses refer to literature citations - see

Section 9.



density (specific gravity), which are commonly available
in the gas industry from direct measurements made for other
purposes. This in itself is not a new idea, but no previous
"restricted or "simplified input" method has achieved suf-
ficient accuracy to represent a mature and general challenge
to the more traditional methods which use the detailed com-

positicnal analysis.

1.2 Current Restricted Input Metheods

As indicated above, calculational methods employing a re-
stricted set of input parameters have been develcoped previ-
ously. Whether such developments can be classified as suc-
cessful or not depends upon the accuracy required for a part-
icular application:; however, in the context of current indus-
try Trequirements for an accuracy of about 0.1%, no extant
method can be considered as more than a somewhat limited

SUcCCess.

Some European gas utilities presently use modified versiocns
of the AGA NX-19 method (2). In the case of lean natural
gases with calorific values lower than that of methane, the
conpressibility factor is calculated using the AGA NX-19-mod
technique (3), while the modification AGA NX-19-mod/3H (4) is
employed for rich natural gases with calorific values higher
than that of methane. Both modifications are used in custody
transfer applications when only a simplified gas analysis
consisting of superior calorific value, relative density and

carbon dioxide content is available.

The agreement between compressibility factors predicted by
the AGA NX-19-mod method and measured compressibility factors
of 1lean natural gases (group L gases) is adequate for low
pressures and high temperatures. The difference between
predicted and measured compressibility factors increases as
pressure rises, however, and may be as large as 0.7% for low

temperatures (see Figure 1.1).

The AGA NX-19-mod/3H method was developed as a simple cor-
rection of the AGA NX-1%9-mod method, using a best fit for



group H natural gas data. The correlation is only valid in
the pressure range up tc 9 MPa and in the temperature range
between 263 and 303 K. In this range the difference between
compressibility factors calculated by the AGA NX~19-mod/3H
method and measured values for Ekofisk-type gas are less than
0.2%. However, for higher pressures and higher temperatures

the difference may be as much as 1% (see Figure 1.2) (1).

More recently, a version of the GRI-SuperZ equation has been
published, as part of the AGA-8-1985 report (5), which ac-
cepts a simplified set of input parameters instead of the
more usual detailed compositional analysis. The GRI-Super?Z
equation was developed by Starling (5), under contract to the
Gas Research Institute (GRI} 1in Chicago. The simplified
version of the SuperZ equation is based on the same set of
input parameters as for the modified AGA NX-12 method. The
compressibility factors calculated by the simplified GRI-
SuperZ equation, using superior calorific value, relative
density and carbon dioxide content as input data, are com-
pared with experimental data for several typical natural
gases in Figure 1.3 for the 270 K isctherm. It is clear that
acceptable accuracy is only obtained by this method in the
lower pressure range. In general the accuracy of the simpli-
fied GRI-SuperZ eguation does not approach that of either the
detailed analysis SuperZ eguation or the Master GERG-88
equation. The equation is not valid for mixtures of natural

gas and coke-oven gas, which contain hydrecgen.

In view of the rather limited accuracy and applicability of
the various equations mentioned, the (then) GERG Thermo-
dynamics Committee decided to support the development of an
equation of state for field use (i.e. one for which the
relevant input data are readily available in operational
situations) with a target uncertainty of 0.1% for predicted
compressibility factors. The approach taken was firstly to
develop an accurate equation state based upcn Kknowledge of
the detailed gas composition, and secondly to simplify this
equation by reducing the input data requirements. The devel-
opment of such a simplified equation 1is fully described and

documented in this Monograph.
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The resulting Standard GERG-88 Virial Equation is a simpli-
fied (restricted input) version of the original (detailed
analysis input) Master GERG-88 Virial Equation; the latter is
documented in a previous Monograph (1). Some aspects of the
development and performance of the Standard GERG-88 Virial
Equation have already been presented at the 10th Symposium on
Thermophysical Properties in Gaithersburg and at a Gas Tech-
nclogy Symposium in Dallas (6), both held in 1988, and pub-
lished respectively in the Internaticnal Journal of Thermo-
physics (7) and SPE Production Engineering (8). A poster
presentation was also made at the 1989 International Gas
Research Conference (IGRC) in Tokyo (9).

1.3 Specification for the Standard GERG Virial Equation

The Standard GERG-88 Virial Equation can predict the com-
pressibility factor when three of the focllowing four proper-

ties of the gas are known -

* the superior {(gross) calorific value Hg
* the relative density (specific gravity) d
* the mole fraction of nitregen xp, and

* the mole fraction of carbon dioxide x3.

Throughout this Monograph, however, the selection as input
parameters of calerific wvalue, relative density and mole
fraction of carbon dioxide i1s enmphasized and recommended.
This 1is because these are the three most amenable to direct
measurement and, consequently, most commonly available. The
other possible input parameter groups are discussed briefly
in sub-section 5.5; the principles involved are entirely

analcogous.

It is also possible to use the calculation method for natural
gases containing hydrogen admixture, but in this case the
mole fraction of hydrogen needs additicnally to be known. It
is then also assumed that the presence of hydrogen implies
the presence of a corresponding amount (i.e. a fixed ratio)
of carbon monoxide, as is usually the case for coke-oven

gases.



The following input parameter ranges were specified by the
Eurcpean Gas Research Group (GERG) for the Standard GERG
Virial Equation (see Table 1.1). They are modelled on the
specifications for the Master GERG-88 Virial Equation (1).

Table 1.1 Specification for the Standard GERG-88 Virial

Equation
Maximum Uncertainty in Z * 0.1%
Temperature Range 265 < T/K £ 335
Pressure Range 0 < p/MPa < 12
Reduced (simplified) Gas Analysis -
Superior Calorific Value at N.T.P.* 19 < Hg/MJ m™3 < 48
Relative Density at N.T.P.* 0.55 < d < 0.90
Mole Fraction of Nitrogen 0 £ x5 £ 0.5
Mole Fraction of Carbon Dioxide 0 £ x3 £ 0.3
Mole Fraction of Hydrogen 0 £ x4 £ 0.1

The ranges of conditions are limited to those of interest in
metering on Eurcpean transmission installations. The tempera-
ture range is 265 to 335 K and the pressure range up to
12 MPa. The property and composition specifications given in
Table 1.1 are chosen to cover a wide variety of natural

gases.

Although it is intended and anticipated that the simplified
version of the GERG-88 Virial Equation will be valid for all
generic natural gases (with or without coke-oven gas admix-
ture), this may not be so for entirely manufactured gas
mixtures. The reason for this proviso is that in natural
gases the mole fraction of methane strongly predominates that
of any other hydrocarbon; furthermore the mole fractions of
the higher hydrocarbons diminish in a uniform and reasonably

consistent pattern which does not vary substantially, even

* guperior calorific value at the following reference
conditions -
metering : T 273.15 X, p = 101.325 kPa (N.T.P.)
combusticn : T 298.15 K
+ Density is relative to dry air of standard composition at
the following reference conditions -
temperature T = 273.15 K, pressure p = 101.325 KkPa.



for markedly different natural gases. These features, which
are essential in establishing a simple characterisation of an
"equivalent hydrocarbon'" for the paraffinic (alkane) part of
the mixture, may not be valid for manufactured gas mixtures

(see sub-secticn 2.2).

The concentration of each hydreccarben is limited by the
maximum allowable value applicable for the Master GERG-88
virial Equation (1). These limits are summarized again in
Table 1.2. The equation is only valid for nominally dry

natural gases

Table 1.2 Specification of the Gas Composition by Mole

Fractions

1 CHy =2 0.5 6 C3Hg =< 0.05 11 Cg < 0.001
2 No < 0.5 7 CO < 0.03 12 C7 < 0.001
3 COy < 0.3 8 C4Hqp < 0.015 13 Cgs < 0.001
4 CoHg = 0.2 9 He < 0.005

5 Ho < 0.1 10 CgHyo £ 0.005

Under these conditions the accuracy cof the results predicted
by the Standard GERG-88 Virial Equation using a restricted,
or simplified, set of input data, is expected to be within
0.1%. This level of accuracy refers to normal situations
where the equation 1s to predict true gas-phase compressi-
bility factors, computations not being made near a phase-
separation surface and particularly not in the vicinity of

the gas-liquid critical point.



2 - PRINCIPLES AND METHODOLOGY

2.1 Basiec Concepts: The Three-Component Truncated Virial

Equation

The real-gas behaviour of any gas is described by

2 = p/OnRT (2.1)

where (in coherent SI units)

compressibility (or compression) facter - dimernsionless
= pressure/Pa

m = molar density/mol m™3

= universal gas constant, 8.314510 J mol~! K™%, and

= temperature/K.

H oD N

In this Monograph we more commonly give p in MPa, Qp in
kxmol m~3 and R in MJ kmol~l K™1 in order that other quant-
ities, such as virial coefficients, may be expressed in more
familiar wunits. The wvalidity of the equation does not, of

course, depend upcon the choice of units.

The equation of state chosen here for predicting the com-
pressibility factors for natural gases is a truncated version
of the familiar virial series, i1.e. a series in ascending
powers of the density. Reasons for this cheice have been

given in detail previously (1).

The virial equation of state, truncated after the third term,
has the form
2

Z(p,T) =1 + Bpix(T)-0m * Crnix(T) .On (2.2)
In this eguation Bpjyx(T) and Cpix(T) are the second and third
virial coefficients, which are functions of temperature and
composition only. The second and third virial coefficients
respectively describe the effects of binary and ternary
interactions between molecules; such interactions result in

deviaticons from the ideal gas law (Z=1).

Expressions for the second and third virial coefficlients are
provided by statistical mechanics for a multicompcnent mix-

ture of arbitrary composition as fcllows -
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N N

Brix(T) = = 2 xixjBij(T) (2.3)
i=1 j=1
N N N

Cnix(T) = Z 2 Z XiX9XkCijk(T) (2.4)

i=1 =1 k=1

where xj, xXj and xyg represent the molar {(or mole) fractions

of the i-th, j-th and k-th ccmponents respectively.

For a binary mixture of species i and j equations (2.3) and

(2.4) reduce to the expressions -

2 2
Bnix{T) = Xi.Bjj + 2xiXj.Bjj + x3.Bjj (2.5)

3 2 2 3
Cmix(T) = xj.Ciii + 3xixy.Cii9y *+ 3¥ixj3.Ci453 + x35.C4953 (2.6)

In these egquations Bj4 represents the unlike interaction
second virial ceoefficient, which is purely a function of the
forces of interaction between a pair of dissimilar molecules;
subscript 1 denotes species i  and subscript Jj species J.
Similarly Cjj§ represents the third virial coefficient for
the 3-body interaction between two molecules of species 1 and

one molecule of species j, and so on.

The wvirial coefficients of a mixture are thus cbtained by
conbination of (a) the virial coefficients for the pure
components, describing the interactions between like mole-
cules (Bjii, Byj, Ciii, C994 etc.), (b} those for the mixed
interaction between the unlike molecules in binary systems
(Bijy, ©Ciij. Cijj ete.), and (c¢) Cjjk for the interaction
between three unlike meclecules in multicomponent mixtures.
Virial coefficients of the type Bjj and Cjjx are functions of

temperature, but not of pressure or composition.

By means of individual correlations of experimental gas
density data on each isotherm for each natural gas for pres-
sures up to 12 MPa, i1t was shown in ref.l that a second order
equation is just sufficient to describe accurately the den-

sity data, 1i.e. the virial equation could Justifiably be
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truncated after the third term, the fourth and higher virial

coefficients being omitted.

GERG Moncgraph TM2 (1) describes in detail the development of
a truncated virial equation based upon the assumption that
any natural gas can be adequately characterised by its compo-
sition, when this is taken to consist of 13 different compo-
nents. A large amount of data concerning the volumetric
behaviour of pure gases and their binary mixtures had to be
taken into account in order to evaluate the necessary virial
coefficients. Fortunately the centribution of many virial
coefficients to the compressibility factor is very small, due
either to low numerical values or to low component concen-
trations. Consequently, the contributions of those binary and
ternary interactibns having methane as one component, and
those binary interactions between the components Ny, C0p, Hp
and CpHg are the most important to take inte account.

The simplified version of the GERG-88 Virial Eqguation retains
the truncated form, but does not require a gas mixture to be
characterised by means of its detailed composition. It is
based instead on the concept that the entire mixture may be
represented and replaced by a 3-component mixture containing
(in the absence of hydrogen) carbon dioxide, nitrogen and an
"equivalent hydrocarbon'" CH which represents all of the
alkane hydrocarbons collectively as a single pseudo-compo-
nent. The problem then is to adequately characterize the
equivalent hydrocarbon in terms of known physical properties
of the whole mixture. Results cbtained from the Master GERG
Virial Equation may be used in helping to evaluate the inter-
actions between the three components present in the simpli-

fied treatment.

2.2 The Equivalent Hydrocarbon and jts Characterisation

For this new, simplified, approach to the truncated virial

equation, we identify the three components as follows -
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component 1 - equivalent hydrocarbon gas - CH
component 2 - nitrogen = No

component 3 - carbon dioxide - COjy.

As implied above, the equivalent hydrocarbon (abbreviated CH)
must collectively represent all hydrocarbons present in the
natural gas in such a way that its volumetric properties
mimic those of the several components it replaces. The volu-
metric properties of the other components (Np and COp) are
described in the usual way, i1.e. in terms of their wvirial
coefficients B and €. The latter are well-known from pvVT-
measurements (1). For the equivalent hydrocarbon CH, however,
the wvirial coefficients have to be related to a quantity
which is characteristic for a specific gas. Here, the molar
heating value Hey will be used as this characteristic pro-

perty.
It is demonstrated in sub-section 3.4.3 that the second and

third virial coefficients of the equivalent hydrocarbon gas

may be taken as related to its molar heating value Hey by

Buo(T) + By1(T).Hey + 3H2(T)-H%H (2.7)

Bey (T, Hen)

2
ego(T) + €eyg1(T).Hey + €x2(T) -Hecy (2.8)

Il

Ceu(T,Hey)

Heg can be derived from the known superior (gross) calorific
value Hg, relative density d and carbon dioxide content x3 of
the whole natural gas. Self-evidently, the experimentally
accessible properties Hg and d are properties of the whole
natural gas, not of the equivalent hydrocarbon. Consequently
it has been necessary to develop relationships which enable
the conversion of Hg and @ to Heg and Mgy, where Mcy is the
molar mass of the equivalent hydrocarbon gas. The development
and use of these relationships will be described in Section

D

It should be emphasized that, although any natural gas may be
described as a three-component systenm, the third pseudo-com-
ponent 1is, 1in principle, different for each individual natu-

ral gas. For example, two distinct natural gases could have



13

the same mole fractions of N, €O, and CH but, if Hg and d
are different, the composition of the equivalent hydrocarbon

is different and therefore Heyg has a different value.

The three-component model is useful only i1f the input data
used to specify the third component (superior calorific
value, relative density and mole fraction of carbon dioxide}
characterise the volumetric behaviour of that component with
sufficient accuracy. Because of the dominance of methane in
natural gas mixtures and the observed regularity with which
the proportions of higher hydrocarbons decrease towards the
"tail" of a typical natural gas, it 1is likely, whatever the
absolute concentrations of the component hydrocarbons, that
adequate characterization may be achieved. This matter will
be considered more fully, and proper Justification of these
assertions given, in sub-section 3.4.3. However, for manu-
factured gas mixtures cor natural gas/coke-oven gas mixtures,
such regularities are not guaranteed, with the consequence
that a correspondingly simple characterisation cannot be
established.

2.3 Natural Gases with Hydrogen or Carbon Menoxide Admixture

For natural gas/coke-oven gas mixtures and natural gases
without admixtures, it is possible to have the same reduced
set of input data but a quite different composition of the
"equivalent hydrocarbon gas". Table 2.1 gives an example of
two such gases, which are quite similar to the gases N43 and
N68 of the GERG databank N-file (10}).

Both gases have the same reduced gas analysis, viz.

- mole fraction of COp : 0.0171
- calorific value : 39.12 MJT m~3
- relative density : 0.6296

Even the mole fractions of nitrogen are nearly identical for
these gases, 0.0550 and 0.0537 respectively. However, the
mecle fractions of the hydrocarbons differ appreciably, as one

mixture also contains 0.0440 mole fraction of hydrogen.
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Table 2.1 Example of a Natural Gas and a Natural Gas/Coke-
Ooven Gas Mixture having Similar Reduced Analyses

Component Composition by Mole Percent
Natural Gas N.G./Ccke-0Oven Gas
Nitrogen N5 5.50 5.37
Carbon Diocxide CCo 1.71 1.71
Hydrogen Ho 0 4.40
Carbon Monoxide CcC 0 0.38
Helium He 0 0.02
Methane CHy 88.00 80.08
Ethane CpHg 3.31 5.55
Propane CsHg 0.92 1.69
Butanes CqH10 0.33 0.55
Pentanes CgHqo 0.14 0.12
Hexanes CgHqg 0.05 0.03
Heptanes C7Hy ¢ 0.03 0.01
Octanes CgH1g 0.01 0.01
Ethylene CpHg 0 0.08
Property*
Gross Calorific Value/MJ m~3  39.12 39.12
Relative Density 0.6294 0.6294
Density at N.T.P./kg m~ 3 0.8137 0.8137
Molecular Weight 18.190 18.190

* properties calculated using ref.25(b) for the real gas.
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Consequently the compressibility factors for these two gases
are different and it is, in principle, not possible to de-
scribe the volumetric behaviour of the hydrocarbon-plus-
hydrogen gas mixture with the basic "three-component" model.

A solution to this problem, however, is to use an additional
fourth input parameter. As this Extended Standard GERG Virial
Equation is intended primarily for use with natural gas/coke-
oven gas mixtures, the hydrogen content may sensibly be
chosen as the fourth input parameter. In the extended equa-
tion the natural gas/coke-oven gas mixture is then treated

internally as a five-component system with -

component 4 - hydrogen - Hjp

component 5 - carbon monoxide - CO.

The mole fraction of the fifth component, carbon monoxide, is
assumed to bear a fixed ratio to the hydrogen content, in
order to mimic the reality of coke-oven gas mixtures. The
small amount of ethylene also generally present in such
mixtures is not considered as a separate component; its
volumetric behaviour 1is somewhat similar to that of carbon
dioxide, to which component minor amounts are assigned in the
Master GERG-88 Virial Equation. However, the input to the
Standard GERG-88 Equation must also take into account its
contribution to the calcrific value, irrespective of whether
the 1latter is directly measured or calculated from compo-
sition (see sub-sections 3.4.1, 3.4.2 and 3.5.3 for further

details.

2.4 Temperature Dependence of Virial Coefficients

A second-order polynomial (i.e. gquadratic) function has been
used throughout this work to describe the variation with

temperature of all second and third virial ccefficients, viz.

B(T) = bl0) + p(l)r + p(2)72 (2.9)

C(T) c(0) + )y + c(2)p2 (2.10)
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The acceptability of this entirely empirical formulation was
previously tested extensively in the temperature range 265 to
335 K {1). Comparison of the results of using second and
third order peolynomials to fit the virial coefficients from
the research literature for methane gives no indication of
any need to go beyond a second-corder polynomial in tempera-

ture.
2 quadratic dependence upon temperature has also been used

for the quantities Byg and €jqg (where g=0,1,2) in equations
(2.7) and (2.8). '
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3 - EVALUATION QF VIRIAL COEFFICTENTS

3.1 GERG Contract with the van der Waals Labeoratery

The development of the Master GERG-88 Virial Equation, in
particular the correlation method used in generating second
and third virial coefficients from selected data sets for
pure gases and binary mixtures, is discussed in detail in the
previous GERG Monograph TM2 (1). The correlational work was
carried out at the van der Waals Laboratory in Amsterdam
under a contract awarded by, and with specific guidance from,

the European Gas Research Group (GERG).

The additional work necessary to achieve the simplification
of the GERG wvirial equation, soc as to be able to predict
compressibility factors for natural gas mixtures using a
reduced set of input data, was also carried cut at the van
der Waals Laboratory. The main reasons for taking the step of
awarding a contract to this renowned institution were dis-

cussed previously (1).

3.2 Pure Component Second and Third Virial Ceefficients

The pure component virial coefficients for N,, COp, Hy and CO
are taken from the previous GERG Monograph (1). There the
evaluation was made wusing a maximum-likelihcod-surface fit
for each pure gas, correlating the virial coefficients ob-
tained from the fit of 2 against Q0 for each wvalue of T

(equation (3.1) below) to second-degree peolynomials in tem-

perature (eguations (3.2) and (3.3}), viz.
Z(p,T) = 1 + Bii(T).Om + Ciii(T).08 (3.1)
Bii(T) = i)+ billr + bi%le? (3.2)
ciii(m) = clfl + cithr + {21 (3.3)

where the subscripts ii and iii identify the i-th pure gas-

eous species.
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For the evaluation of the coefficients for the pure compo-
nents, the sources of data listed in Table 3.1 were used. The

selection of the data was justified previously (1).

Table 3.1 Pure Gas Data Sets used for the Correlation

Nitrogen Roe (1972) ref.11
Michels (1934) ref.12
Carbon Dioxide Michels (1936) ref.13
Hydregen Jaeschke (1987) ref.l4
Michels (19589) ref.l15
Carbon Monoxide Michels (1952) ref.16

The numerical values derived for the various b’s and c¢’s are
given in Section 4, Tables 4.1 and 4.3 respectively, repro-

duced from the corresponding tables in ref.l.

Both the source data and other good quality experimental data
have been compared back with values of Z calculated from the
virial equation of state, taking for B(T) and C(T) the values
given by these tables. The results of this comparison are
summarized in Table 3.2. This clearly shows that, in the
pressure and temperature ranges to be considered, the selec-—
ted source data for each pure component can be described by
equation (3.1) with a root-mean-square deviation (rms) within
0.021%, though for some other data (for carbon dioxide) the

rms deviation is somewhat greater.

3.3 Unlike Interaction Second and Third Virial Coefficients

of Systems containing Nitrogen, Carbon Dioxide, Hvdrogen

and Carbon Monoxide

The unlike interaction virial coefficients for a binary
system can be expressed as a combination of the pure compo-
nent virial coefficients and the virial coefficients of the

mixture, as expressed by equations (2.5) and (2.6), viz.

2 2
Bpnix(T) = %7.Bjj + 2xXix§.Bjj + X3.B44 (2.5)

3 2 2 3
Cmix(T) = ®1.Ciij + 3xix3.Cii4 + 3XixX35.Ci49 + X3.C4575- (2.6)
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Table 3.2 Comparison of Calculated and Experimental Values

for the Compressibility Factors of Pure Gases

Data Source Pressure Temperature Number rms-%
Range/MPa Range/K of Points Deviation
ref. in Z2(p,T)
Nitrogen:
Roe (11) O- 5.6 277=-291 10 0.003
Michels (12} 0- 6.4 273-323 24 0.004
Duschek (17) 0- 6.0 273-323 130 "0.011
Jaeschke(14)
Burnett 0- 6.0 273-313 72 0.012
Optical 0- 6.0 270-330 173 0.011
Crain  (18) 0~ 5.6 273 15 0.014

Carbon Dioxide:

Michels (13) 0- 4.6 273-323 54 0.021
Holste {19) 0- 4.0 270-323 138 0.026
Jaeschke(14)
Burnett 0- 4.0 273-320 124 0.040
Optical 0- 4.0 273-320 194 0.069
Hydreogen:
Jaeschke (14)
Burnett 0-10.5 273-353 43 0.004
Optical 0=-12.0 273-353 72 0.005
Michels (15) 0- 4.3 248-348 26 0.006

Carbon Meonoxide:
Michels (16) 0- 4.8 273-323 20 0.005
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The unlike interaction virial coefficients Bj4(T), Cij4(T)
and Cj44(T) of the nitrogen + carbon dioxide and the nitrocgen
+ hydrogen systems were evaluated previously (1). Assuming
again that a quadratic function would be sufficient to corre-
late the interaction virial coefficients with temperature,
nine independent variables appeared to be required for each
binary mixture. However, as neither the quantity nor the
quality of the experimental data was sufficient to obtain
reliable wvalues of all these variables, such a strict evalu-
ation of parameters proved impossible. To resolve this prob-
lem, the correlation for the second virial coefficient Bij(T)

was kept intact, viz.

. - - {0} (1) (2) L2
Bij(T) = bj ’+ biJiT + by JiT (3.4)
but the total number of independent parameters was reduced te
six by means of a secondary correlation between the third

virial coefficients Cjji4(T) and Cj4§5(T), viz.
Cii§(T) = C3i33(T) = [C3i1i(T) = C455(TI1/3. (3.5)

For the determination of the parameters for the two binary
systems under consideration the sources of data 1listed in
Table 3.3 were used. The principles applied in reaching this

final selection of data sets was outlined previously (1).

The resulting numerical wvalues of the set of parameters
describing the temperature dependence of the unlike inter-
action virial coefficients are given in Section 4, Tables 4.1
and 4.3. In both cases the data (N=208 for N,+CC, and N=339
for Np+Hs;) could be correlated with a root-mean-square devi-

ation of just 0.025%.

For the nitrogen + hydrogen system it proved sufficient for
present purposes to use a constant value for the second
unlike interaction virial coefficient in the Standard GERG
virial Equation, and to take the third unlike interacticn
virial cecefficients as zero at all temperatures. Furthermore,
it proved unnecessary to take explicit account, through their

four unlike interaction second and eight third virial coef-
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Table 3.3 Binary Data Sets used for the Correlation

System Data Source and ref. Number of Mixtures

N,+COs  Audibert (1987) (20) 2
Esper {(1987) (21,22) 1
Jaeschke (1987) (14) 2
Reintsema (1982) (23) 1
No+H>o Jaeschke (1987) (14) 4
Michels (1948} (24) 1

ficients, of the systems Ny+CO, COy+H;, CCp+CO and Hy+CO, and
of all 24 possible unlike triple-interaction third wvirial
coefficients Cj4x(T). This is in contrast to the case for the
Master GERG-88 Virial Eguation, where at least some of the

values were required (1).

3.4 Virial ceoefficients for the Equivalent Hydrocarbon Gas

3.4.1 The GERG N-File of Natural Gas Conpressibility Factors

The N-File is that part of the large databank of high-quality
compressibility factor measurements (10), set up and main-
tained by GERG, containing data for natural gas and natural
gas/coke-oven gas mixtures. The original 84 data sets, com-
prising 4486 data peoints (31 March 1988) have recently been
supplemented by 12 data sets comprising 364 additional data
points. These 96 data sets are used in verifying the perfor-
mance of the Standard GERG-88 Virial Equation (see Section
6), 1in a similar way to which the original 84 data sets were

used to assess the Master equation (1).

Table 3.4 gives the sources of these data sets, the number of
data points available in each case and the "GERG Code". Table
3.5 gives a listing of the reduced (simplified) analysis for
these natural gases, specifying the superior (gross) calori-
fie wvalue, the relative density and the mole fractions of

carbon dioxide and hydrogen. The calorific values and rela-
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Listing of Codes for Natural Gases

No. of
Points

Ruhrgas AG
Ruhrgas AG
Ruhrgas AG
Ruhrgas AG
Ruhrgas AG
Ruhrgas AG
Ruhrgas AG

Lit.
Lit.

Lit.
Lit.
Lit.
Lit.
Lit.
Lit.
Lit.
Lit.
Lit.
Lit.

GERG

Gas

Achtermann
Achtermann

Achtermann
Achtermann
Achtermann
Achtermann
Achtermann
Achtermann
Achtermann
Achtermann
Achtermann
Achtermann

Brit.Gas, Roe
Brit.Gas, Roe
GazdeFrance
GazdeFrance
GazdeFrance
GazdeFrance
GazdeFrance

Ned.
Ned.
Ned.

Ned.
Ned.
Ned.
Ned.
Ned
Ned.
Ned.
Ned.
Ned.
Ned

Ned.
Ned.
Ned
Ned.
Ned,
Ned,
Ned,
Ned,
Ned
Ned

[29](1982)
[23]1(1982)

[29](1982)
£297(1982)
£297(1982)
(297(1982)
(297(1982)
[29}(1982)
[30](1981)
[30](1981)
[30](1981)
[30](1981)

[11](1972)
[11](¢1972)

Gasunie
Gasunie
Gasunie

Gasunie
Gasunie
Gasunie
Gasunie

.Gasunie

Gasunie
Gasunie
Gasunie
Gasunie

.Gasunie

Gasunie
Gasunie

.Gasunie

Gasunie
Gasunie
Gasunie
Gasunie
Gasunie

.Gasunie
.Gasunie

GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG

GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG

GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG
GERG

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

GF008
GF009
GF010
GFO11
GF012
GUoO8
GUCO9
GUO010

GUO11
GUO12
GUOL13
GUO14
GUO15
GUOlé
GUO017
zU018
GUO019
GU020

GUoz21
GU022
GUo23
GUO24
GU025
GUO26
GU027
GUO28
GUO38
GUO51

EKOFISK-H
UDSSR-H
TENP-H
EPE-H

MIXTURE+HZ2-H
MIXTURE+H2-H
MIXTURE-HZ2-L
MIXTURE+H2-L

UDSSR-H
EKOFISK-H

TENP-H
EPE-H
UDSSR-H
EKOFISK-H
TENP-H
EPE-H
UDSSR-H
EKOFISK-H
TENP-H
EPE-H

SOUTH.N.SEA-H

BACTON-H

GRONINGEN-L

LACQ-H

EKOFISK-H
EKOFISK-H
EKOFISK-H

STATENZIJL-H

URETERP-L
AMBACHT -1

PLACID-H
MIDDENM. -8
MID.MIZ-L

MID.ZECH.-L
MID.ROTL. -M

BOCHOLTZ-H
EKOFISK-H
GARYP-L

GRAVENV. -H
TIETJERK-L

SLOCHTEREN-L
SLOCHTEREN-L

BALGZAND-H
AMOCO-H

AVNERVEEN-H
ROSWINKEL-L
SLEEN-ROSW. -

SLEEN-HM

STATENZIJL-H
GRONINGEN-L

113

117
118
119
120
121
122

123
124
125
126
127
128
129
130
274
275

EEEZAEE a8 ZaZz2a=222 22 222222222 = ZEEzZEa2a2a2a=

222222222 =

w0 03~ O U P L D

=

L e el
O D 00~ G I Lo B

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
a8
39
40

41
42
43
4b
45
46
47
48
49
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Listing of Codes for Natural Gases

Data-Reference

No. of
Points

Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas

Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas

Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas
Ruhrgas

Lit.Duschek

AG

Ned.Gasunie
Ned.Gasunie
Ned.Gasunie
Ned.Gasunie

Ned.Gasunie

Ruhrgas
Ruhrgas

AG
AG

GERG Gas BUR20
GERG Gas OPT34
GERG Gas BUR31
GERG Gas O0OPT31
GERG Gas BUR32
GERG Gas O0OPT32
GERG Gas BUR49
GERG Gas BURSC
GERG Gas BURS51
GERG Gas BURS2

GERG Gas BURS3
GERG Gas BURS4
GERG Gas BUR47
GERG Gas OPT60
GERG Gas OPT48

£311(1989)
GERG Gas GUOO1
GERG Gas GUOQ2
GERG Gas GU0O03
GERG Gas GUOO6

GERG Gas GUOO7
GERG Gas BUR48
GERG Gas 0PT61

British Gas GERG Gas BGOC4
Ned.Gasunie GERG Gas GUO71

Lit.Hannisdal
Lit.Ellington

British
British
British

British
British
British

Ned.Gasunie
Ned.Gasunie
Ned.Gasunie

Gas
Gas
Gas

Gas
Gas
Gas

[32](1987)
[33](1988)
GERG Gas BGO02
GERG Gas BGOO7?
GERG Gas BG0O08

GERG Gas BGCO9
GERG Gas BGO10
GERG Gas BGO11
GERG Gas GUO7/2
GERG Gas GUO/3
GERG Gas GUO74

UDSSR+NAM-H
UDSSR+NAM-H
NAM-L
NAM-L

UDSSR-H
UDSSR-H
DRCHNE-L
DROHNE-L
EKOFISK-H
EKQFISK-H
MIXTURE+HZ2-H
MIXTURE+H2-H
MIXTURE+H2-L
MIXTURE+H2-H

MIXTURE+H2-H
MIXTURE+HZ-L
MIXTURE+HZ-L
MIXTURE+H2Z-L
EKOFISK-H
EKCOFISK-H
SLOCHTEREN-L
STATENZIJL-H
EKOFISK-H
MID.ROTL.-H

MID.ZECH.-L
TENP-H

TENP-H
BACTON+H2-H
EKOFISK-H
STATOIL-H

GULF COAST-H
LEMAN BANK-H
HAMILTON-L
ARCO(THAMES)-H

S.MORECAMBE-L
FRIGG-H
BRENT-H
EKOFISK-Hd
EKOFISK-H
ROSWINKEL-L

243
243
283
344
322
323
321
324
325

326
327
315
345
346
347

222 2Z 22 A A A A A A A A A4 A A A A A A s P EEZZEEE AR

BERAR=A A2

123
37
48

40
42
35

32
26

26
44
48
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Table 3.3 Listing of Reduced Composition for Natural Gases
GERG Hs *x% d Cco2 H2
CODE MJ/m3 Mol 2% Mol ¥
N 1 44.645 0.6691 1.929 0.002
N 2 40.248 0.5825 0.233
N3 40.286 0.6462 1.455
N 4 44.070 0.6606 1.864
N 3 39.112 0.6305 1.701 4.195
N 6 39.838 0.6402 1.713 2.309
N 7 34.406 0.5983 1.336 9.392
N 8 35.926 0.6235 1.264 4.289
N 9 40.254 0.5826 0.234
N 10 44,679 0.6682 1.850
N 11 40.276 0.6461 1.458
N 12 44,078 0.6606 1.863
N 13 40.254 (0.5826 0.234
N 14 44.679 0.6682 1.850
N 15 40,276 0.6461 1.458
N 16 44.078 0.66006 1.863
N 17 40.241 0.5823 0.230
N 18 44.683 0.668¢ 1.865
N 19 40.296 0.6459 1.435
N 20 44,081 0.6609 1.871
N 21 41.281 0.6037 0.040
N 22 40.615 0.5968 0.040
N 23 35.019 0.6454 0.994
N 24 40.083 0.60986 1.528
N 25 44,821 0.6725 1.987
N 26 44,810 0.6730 2.027
N 27 44,888 0.6733 1.973
N 28 41.866 D.6334 1.982
N 29 32,717 0.7016 7.177

30 40,095 0.6288 1.573
N 31 39.592 0.6032 1.986
N 32 39.831 0.6182 0.581
N 33 30,448 0.8356 25.437
N 34 36.197 0.7087 11,248
N 35 29.062 0.8676 28.943
N 36 50.069 0.6370 1.603
N 37 44,816 0.6749 2.125
N 38 34,172 0.6504 0.555
N 39 41.436 0.6359 1.779
N 40 35.029 0.6577 1.472
N 41 35.336 0.6442 0.978
N 42 35.267 0.6446 0.980
N 43 39.466 0.6363 1.796
N 44 40.131 0.6021 0.975
N 45 39.913 0.6111 0.704
N 46 30.621 0.6391 0.118
N 47 28.728 0.6787 0.108
N 48 18.749 0.7814 0.059
N 49 42.378 0.6401 2.036

x% reference conditions: combustion at Tl = 25°C,
metering at T2 = 0°C, p2 = 101.325 kPa
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Table 3.5 (cont) Listing of Reduced Composition for Natural Gases

GERG Hs ** d co2 H2
CODE MJ/m3 Mol % Mol %
N 50 35.255 (0.6440 0.958
N 51 44,078 0.6606 1.863
N 52 44,078 0.6606 1.863
N 53 44,081 0.6609 1.871
N 54 44,081 0.6609 1.871
N 55 44,088 0.6614 1.905
N 56 44.088 0.6614 1.805
N 57 38.766 0.5818 0.261
N 58 38.766 0.5818 0.261
N 59 36.560 0.6443 1.109
N 60 36.560 0.6443 1.109
N 61 39.782 0.5646 0.067
N 62 39.782 0.5646 0.067
N 63 35,824 0.6254 4.863
N 64 35.824 0.6254 4.863
N 65 44,223 0.6595 1.771 0.002
N 66 44,223 0.6595 1.771 0.002
N 67 319.838 0.6402 1.713 2.309
N 68 39.112 0.6305 1.701 4,195
N 69 34.406 0.5983 1.336 9.392
N 70 39.840 0.6400 1.708 2.277
q71 39.112 0.6305 1.702 4,220
N 72 34.370 0.5980 1.339 9.492
73 34.370 0.5980 1.339 9.492
74 34.370 0.5980 1.339 9.492
N 75 43.596 0.6506 1.502
N 76 44,653 0.6688 1.920 0.002
N 77 35.114 0.6449 0.989
N 78 42,282 0.6374 1.856
N 79 45,174 0.6759 1.882 0.001
N 80 29.082 0.8676 28.926
N 81 36.210 0.7088 11.242
N 82 40.226 0.6477 1.398
N 83 40.226 0.6477 1.398
N 84 32.271 0.4318 0.033 35.631
o 85 43.843 0.6504 1.455
N 86 44,463 0.6493 0.780
N 87 40.826 0.5835 0.599
N 88 40,943 0.5859 0.060
M 89 35.790 0.6107 0.210
N 90 40,493 (0.5937 0.320
N 91 39,254 0.6376 0.600
N 92 40,642 0.5783 0.300
N 93 36.888 0.5866 0.830
N G4 43.841 0.6504 1.440
N 85 44,050 0.6530 1.438
N 96 30.607 0.6587 0.132
*% reference conditions: combustion at T1 = 25°C,
metering at T2 = 0°C, p2 = 101.325 kPa
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tive densities have been calculated from the detailed gas
mixture compositions (see Table 3.6) by the method described
in sub-section 3.4.2; note, however, that the CO; content
listed in Table 3.6, for those gases containing hydrogen,
includes the small amount of ethylene present, whereas the
values of Hg given in Table 3.5 have separately taken into
account the calorific value of ethylene, and the CO; content

listed there corresponds to the actual composition.

3.4.2 calculation of calorific Value and Relative bDensity for

N-File Natural Gases

The superior calorific value and relative density of any
natural gas may best be calculated by the following method,
as given in ISO draft proposal DP-6976 (25(b)).

The superior calorific value Hg for combustion at temperature
T, of a gas metered at a temperature T; and pressure pjp is

given by -

N
o
H = [ 2 3gHJ(T1) 1.2/ [RToZnix(T2/P2) ] (3.6)
j:
where H?(Tl) is the ideal molar superior calorific value of
component j at the combustion reference condition,
X is the mole fraction of component j, and
Zmix (T2,p2) is the compressibility factor of the

mixture at the metering reference conditions.

The real-gas relative density (specific gravity) d of a gas

metered at temperature T, and pressure pj; is defined by -

lijj 1.0m(T2,p2)/0air{T2,P2) (3.7)

o
I
M=

]

where My is the mass per mole of component j,
0air(T2,p2) is the mass density of dry air of standard
composition
(0air{273.15 K, 101.325 kPa) = 1.292923 kg m~3), and
Om(T2,p2) is the molar density of the mixture, given by

equation (2.1), viz.
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Om(T2,P2) = P2/[RT2Z2yix(T2,P2)1- (2.1)

Consequently, equation (3.7) reduces to

N

d= [ Z xiM{/Majr 1.%air(T2,P2)/Znix(T2,P2) (3.8)
1=1

where Mgyipr = 28.9626 kg mol~! is the mass per mole of dry air
of standard composition, and
Zair(T2,p2) 1s the compressibility factor of dry air of
standard composition
(Zaipr(273.15 K, 101.325 kPa) = 0.99941 (ref.25(b))).

The compressibility factor Zgix{Tz,p2} of the natural gas at
the metering reference conditions is calculated from equation
(3.9), using the so-called summation factors ij(Tz,pz), viz.

Zmix(T2,P2) =1 - [ x3/b5(T3,p2) 12 (3.9)

M=
'—i

P

where, in most cases, b4y = 1 - Zj. For hydrogen and helium
"pseudo” values of the summation factor /b are assigned,
because Z > 1 and JE therefore cannot be evaluated directly.
Equation (3.9) is specially formulated for the above purpose,

and must not be used at pressures above normal atmospheric.

Values of the molar superior calorific value H§(298.15 K),
the summation factors ./b5(273.15 K, 101.325 kPa) and the
molar mass My for individual pure substances have been taken
from the IS0 draft proposal DP-6976 (25(bk)) or the first GERG

Technical Monograph (26), and are listed for convenience in
Table 3.7 for the main constituents of natural gases.

Equations (3.6) and (3.8) were used to determine the wvailues
of Hg and d for each of the gases in the N-file from their
known compositions, as given 1in Table 3.6 and in GERG TM4
(10). As emphasized earlier, the "true" component concen-
trations must be used here, i.e. not those which result from
the re-assignment of various minor components such as ethyl-
ene. For the purposes of development c¢f the Standard GERG-88
Virial Equation, these values of Hg and d were thereafter
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Numerical Values of the Molar Mass M,

Summation

Factor /b and Molar Superior Calorific Value H°

for Pure Gases

Methane
Ethane
Propane
n-Butane
iso=-Butane
mean Butane
n-Pentane
iso-Pentane
neco-Pentane
mean Pentane
n—-Hexane
n-Heptane
n-0ctane
n-Nonane
n-Decane
Nitrogen

Carbon Dioxide

Carbon Monoxide

Hydrogen
Helium
Ethylene

Benzene

CHgq
C2Hg
CaHg
C4H1o
C4Hio

CgH12
CsHyo
CsHiz

Cel1g
C7H1e
CgHig
Colizp
Ci1oH22

CO2
coO

He
CoHy
CeHeg

Reference conditions for /b: 0 ©C and 101.325 kPa
Reference condition for HO9:

Mean butane
Mean pentane

M

kg kmol~21

16.043
30.070
44.097
58.123
58.123
58.123
72.150
72.150
72.150
72.150
B6.177
100.204
114.231
128.258
142.285
28.0135
44.010
28.010
2.0159
4.0026
28.054
78.114

25 ©¢

= 0.65 n-Cy + 0.35 iso-Cy
0.4% n-Cg + 0.50 iso-Cg + 0.01 neo-Cs

)

0.0490
0.1000
0.1453
0.2069
0.2049
0.2062
0.2864
0.2510
0.2387
0.2682
Q.3286
0.4123
0.5079
0.6221
0.7523
0.0224
0.0819
0.0265

=-0.0040

0.0006
0.0866
0.3017

HD
kJ mol~—1

860.63
1560.69
2219.,17
é877.40
2868.20
2874.20
3535.77
3528.83
3514.61
3532.0¢9
4194.95
4853.43
5511.80
6171.15
6822.77

G

0
282.98
285.83

0
1411.18
3201.43
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treated as accurately known "pseudo-experimental” values.

3.4.3 Evaluation of Virial coefficients for the Egquivalent

Hvdrocarbon Gas

The principle of congruence, as originally formulated by
Brensted and Koefoed (27), states that the excess thermo-
dynamic functions of a 1liquid mixture of n-alkanes depend
only on the average chain-length, defined as Exjuj (Where xj
is the mole fraction of component i, uj is the number of
carbon atoms per molecule, and the summation extends over all
components). Barker and Linton extended the concept to in=-
clude gaseous mixtures, and showed its applicability to the

estimation of second virial coefficients (28}.

Thus, for an equimolar mixture of methane and propane, the
principle of congruence predicts a value of B equal to that
of ethane at the same temperature. The same expectation also
holds, for example, for a mixture of 67 mole percent CHy and
33 mole percent n-Cg4Hjg, or for 75 percent CHy plus 25 per-
cent n-CgHj,. In Table 3.8, values of B calculated from the
data given in ref.l are listed for CpHg and these supposedly
congruent simple mixtures for several temperatures. The table
shows that application of the principle to these mixtures
would give good first approximations to the rigorously calcu-
lated wvalues of B, but also suggests that these would not be
sufficiently accurate for direct application to the calcula-~
tion of compressibility factors of natural gases at an accu-

racy of around 0.1%.

The principle of congruence also predicts the molar heating
values H® of alkanes and their mixtures reasoconably well,
though by no means perfectly. The values decrease regularly
from HO=1560.7 kJ mol~l for CsHg, to H9=1551.9 kJ mol~?! for
(75+25) CHy+CgHj3 (see Table 3.8). In general, the principle
is obeyed significantly more closely for the molar heating
value than for the second virial coefficient. In the case of
heating wvalue, an equivalent result also follows directly
from the application, to the homologous series of n-alkanes,

of the well-known chemical concept of group additivity.
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Second Virial Ccefficient and Molar Calerific

Vvalue for CoHg and for Congruent Mixtures of CHy,

CaHg, C4H10 and CsHyo

Components and

Mole

.00
.50
.66
.75

o o O B

.00
.50
.66
.75

o o o -

Fractiens

C2Hg

CH4q + 0.50 Ci3Hg
CHa + 0.33 n-C4Hiq
CHgq + 0.25 n-CgHys

CzHg

CHg + 0.50 Ci3Hg
CH4 + 0.33 n-CgHyg
CH4 + 0.25 n—CgHyp

Second Virial Coefficient

t/%c = 0

-221.
-209,
-216.
-240.

cm3 mo1~1
20 40 60

~192.3 =-167.3 -146.
-180.7 -156.3 -134.
~181.8 -155.1 =-136.
-199.5 -163.8 =-132.

L T o o B & L o s

Molar Calorific Value
kJ mol~1l

t/0C = 25

1560.7
1554.9
1552.9
1551.9

[an TR o B 2 s B o0
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The above observations raise the guestion of whether there
may be a useful relationship between the molar heating value
and the virial coefficients. Schouten et al (7) c¢ontended
that no such relationship can be sufficiently general or
sufficiently accurate to describe mixtures of methane with
large amounts of higher hydrocarbons. For natural gases,
however, the average chain-length is always within the range
1.00 to 1.25, and the molar heating value Heyg 1s, correspond-
ingly, within the range 890 to 1030 kJ mol~l. Consequently,
Schouten et al (7) were able to argue that in this restricted
range the principle might apply with much bettervprecision.
Moreover, the mole fraction ratios of the higher hydrocarbons
are not entirely arbitrary:; rather, there tends to be a
somewhat regular decrease in mole fraction with increasing
carbon number, whatever the total amount of non-methane
hydrocarbons. The amount of C4Hjg is usually about one-third
that of CiHg, the amount of CgHj; roughly cne-third that of
C4H1p etc. These two features favour the applicability of a
general relation between the heating value and the virial
coefficients, at 1least for that part of the natural gas
consisting entirely of hydrocarbons i.e. excluding the inert

gases.

In order to establish and demonstrate the validity of such a
relationship between the virial coefficients and the molar
heating value for the hydrocarbon content of natural gases,

the following procedure was adopted -

(1) The second virial coefficient Bpy of an arbitrary (equi-
valent) hydrocarbon mixture of known composition was
calculated from equation (2.3), using data for the
various virial coefficients Bjj and Bj4 as given in GERG

Monograph TM2 (1}, for several selected temperatures.

(2) The nmeolar heating value Hgyg of this hydrocarbon mixture
was then calculated using the known calorific values of

the pure hydrocarbons, from Table 3.7, in the eguation

Hey = = x§HS(T7). (3.10)
1



(3)

(4)

(5)
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This procedure was repeated for a large number of egqui-
valent hydrocarbon mixtures. In fact the "“arbitrary"
compositions selected were those of the first 84 natural
gases in the GERG databank N-file (10), with the inert

components excluded.

The second virial c¢oefficients of these hydrocarbon
mixtures were then plotted as a function of Hey for each
of the chosen temperatures. The results are shown in
Figure 3.1. For convenience and clarity of presentation,
a substantial proportion of the data points' have been
omitted from the figure. Those included, however, form a
fully representative subset of the whole; points omitted
are generally for mixtures of closely similar composi-

tion to those for which points are shown.

The same procedure was carried out for the third virial
coefficients of the same set of gases at the same tenp-

eratures; results are shown in Figure 3.2.

It turns out that in both cases the virial coefficient is, to

a ve

heati

ry good approximation, a quadratic function of the molar

ng value Heyg of the equivalent hydrocarbon at each

tenperature, viz.

and

Beg (T) = Bro(T) + Byi(T) .Heoy + Pho (T) -Hey (2.7)

Cop(T) = eyo(T) + eg1(T) .Heg + ema (T) .Hem. (2.8)

Furthermore, the temperature dependence of the coefficients

can be adequately described by the expressions

and

where
value

1 and

Buq(T) = bég)+ béélT + bééZTz : (3.11)
eng(T) = cég)+ cé;ET + céélT2 (3.12)

T is the temperature in kelvin and g = 0,1 and 2. The

s obtained for the 18 coefficients bé;) and cé;) (r = 0,
2) are reported in Section 4. It needs to be emphasized
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that no volumetric (compressibility factor) data for the
natural gases have been used to establish the relations (2.7)
and (2.8), or to obtain the coefficients of egquations (3.11)
and (3.12). Rather, we have calculated these coefficients for
hydrocarbon mixtures having the same characteristic distri-
butions of components as those found in typical natural

gases.

3.5 Unlike Interaction Virial coefficients for the Equivalent

Hydrocarbon Gas

3.5.1 Equivalent Hydrocarbon plus Carbon Dioxide or Nitrogen:

Second Virial Coefficients

The determination of the unlike interaction virial coeffi-
cients between the equivalent hydrocarbon and both <carbon
dioxide and nitrogen will be described in this sub-section.
As usual, these coefficients depend upon temperature, but in
this case also on the c¢omposition of +the hydrocarbon as
characterised by its molar heating value. In principle, the
coefficients can be calculated from the Master GERG Virial
Equation (1) (in a similar way to that described above for
the "pure" eqguivalent hydrocarbon) and fitted to power series
in temperature T and molar heating value Hgy. This procedure
is rather complicated for mixtures, however, and leads to

expressions too elaborate for convenient use.

For CH+CO, another approach is to write the second unlike
interaction virial coefficient, without loss of generality,
as

B13(T) = Y13(T)-£311(T)-B33(T)]% (3.13)

where By = Bey and yi3 is an arbitrary function of tempera-
ture and composition. It was shown previously (1) that this
is an appropriate combining rule, with which to reduce the
number of independent parameters in the temperature expansion
of second interaction virial coefficients, only if yj3 is a
constant. Even in this case Bj3 is still dependent on temp-

erature in a plausible fashion through B33 and Bey, and on
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composition through Bey. In fact a comparison with coef-
ficients calculated from the Master GERG—-88 Virial Eguation
shows agreement within experimental error if y;3 is assigned

the constant value
Y13 = -0.865. (3.14)

The validity of the simple expression (3.14) is also sup-
ported by the following argument. The equivalent hydrocarbon
consists mainly of CH4 and CoHg: if eguation (3.13) is ap-
plied to the cases of CH = CHy and CH = CzHg and solved for
y(T) in each case, the values found are both nearly independ-
ent of temperature and approximately equal to the constant

value given in (3.14).

A different combination rule is required for the CH+Np inter-
action. This is because the second virial coefficient for
nitrogen 1is small and changes sign 1in the temperature range
under consideration. The second virial coefficient for CH+N;
may be more satisfactorily expressed by a combination rule
which uses an arithmetic average of the constituent virial
coefficients rather than the guadratic mean used in eguation
(3.13}. Thus we have

B12(T) = y12(T).[B13(T) + B22(T)]/2 (3.15)

with V12 (T) 0.72 + 1.875 107°>.(320-T)%. (3.16)
One might have anticipated that a simple expression like
equation (3.14) might again have sufficed for yj;. However,
it turns out that only a temperature-dependent value of the
interaction parameter yi; yields sufficient agreement with
accurate virial coefficients calculated directly from the
Master GERG-88 Virial Egquation for a representative set of

equivalent hydrocarbon compositions.
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3.5.2 Ecuivalent Hvdrocarbon plus Carbon Dioxide or Nitrodgen:

Third Virial Ceoefficients

The third unlike interaction virial coefficients may be

written in general as follows -

Cii1(T) = vii1 (T .1ciii(T).C112(T)1L/3 (3.17)
and Cipz(T) = Yill(T)-[Ciii(T)'Cill(T)]l/3 (3.18)
with i = 2 (for Ny) or 3 (COp}.

For CHz+CO, and CHa+Ny, each of the third unlike interaction
virial coefficients may be calculated from the Master GERG-88
Virial Equation (1) at a selection of temperatures. When the
values obtained are substituted into equatiocons of the form of
(3.17) and (3.18), it turns out that the dependence of y upon
T is minimal. Furthermore, in each case, sufficient accuracy
is retained in the resultant values of compressibility factor
even under the simplifying assumption of yi1i1(T) = yvi11(T).
These results can be extended to the case where the equi-
valent hydrocarbon replaces methane, giving the working

expressions

I
1l

0.92 (3.19)

Y113 Y133

and Y112

Y122 = 0.92 + 0.0013 (T-270). (3.20)

Finally, for the ternary interaction third virial ccefficient
we take

C123(T) = y123 [C111(T).C222(T).C333(T)11/3 (3.21)

with Y123 1.10. (3.22)
This is similar, but not identical, to the expression given
in ref.l for the CHy4+N,+CO; interaction virial coefficient;

previously the value yj23=1 was used.
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3.5.3 Equivalent Hydrocarbon plus Hydrogen and_ Carben

Monoxide

The unlike interaction virial coefficients between the equi-
valent hydrocarbon and both hydrogen and carbon monoxide have
been determined by following similar procedures to those
described in the foregoing sub-sections. That 1s to say, the
virial coefficients are fitted ¢to the results obtained for
natural gases containing hydrogen or coke-oven gas using the
Master GERG Virial Egquation. There is, however, a minor
complication due to the presence of an appreciablé amount of
ethylene (CsHy) in the natural gas/coke-oven gas mixtures.

In the 13-component Master GERG-88 Virial Equation (1), the
mole fraction of CyHy 1s added te that of COp, since the
virial coefficients of these species show closely similar
behaviour. Since ethylene also contributes to the superior
calorific value, however, this re-assignment must not be
applied in the simplified-input version - the Standard GERG
virial Equation - when calculating the calorific value of the
gas mixture. As the calorific value of ethylene is reasonably
close to that of ethane, its mole fraction is now added to
that of ethane. Another reason for this change in re-assign-
ment is the fact that the proper input parameter for the
Standard GERG Virial Eguation, in operational use, 1s the
mole fraction of carbon dioxide, net a value which sums the
mole fractions of carbon dioxide and ethylene. Using the
latter wvalue in the correlation work for the virial coef-
ficients would introduce a systematic error into the actual

operational (field) use of the simplified eguation.

This new re-assignment of ethylene changes compressibility
factors predicted by the Master GERG-88 Virial Equation for
the hydrogen-containing gases by more than 0.1% at the high-
est pressures. The expressions for Bj4(T) and C314(T) in the
Standard version are constructed in such a way from the
virial coefficients of the Master equation that this effect
is compensated. The interaction second virial coefficient
B14(T) is given as a function of temperature according to

equation (3.4), the coefficients being as presented in Sec-
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tion 4. The third virial coefficient C714(T) is expressed
using the combination rule given as equation (3.18), for

i = 4, with the constant parameter yjj4 given by
¥yi14 = 1.20. (3.23)

A value for Cj44 turns out not to be necessary at the level

of accuracy sought.

For the virial coefficients Byg(T) and Cy115(T), for the equi-
valent hydrocarbon interaction with carbon monoxide, values
for the methane plus carbon monoxide system, as given 1in
ref.1 for the Master GERG-88 Virial Eguation, have been
selected. This approximation is quite adequate, as the over-
all contributions of these coefficients to the prediction of
natural gas/coke-oven gas mixture compressibility factors 1is

only minor. A value for Cqigs is unnecessary.
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4 - NUMERICAL VALUES

4.1 Becond Virial Coefficients and Cocefficients of the

Expansion in Temperature

Numerical values of cecefficients of the expansion in tempera-
ture of the second virial coefficient for both like and
unlike interactions are listed in Table 4.1. Second virial
coefficients calculated from these coefficients using equa-

tion (2.9), viz.
B(T) = b(0) + p(l)T + p(2)T2 (2.9)

are given in the SI unit m3 kmol~! when the temperature T is
in kelvin and, for the eguivalent hydrocarbon gas, Heg is in
kJ mol™l.

For a few selected temperatures (0, 20, 40 and 60 ©C) nunmeri-
cal values of second virial coefficients are given in Table
4.2 in the more familiar unite of cm3 mol-l. The virial
coefficients given for <the equivalent hydrocarbon gas and
equivalent hydrocarbon gas mixtures are for the case where
Hoy = 890.63 kJ mol~™l i.e. the eguivalent hydrocarbon has the

same molar caleorific value as methane.

Second virial coefficients of an arbitrary three-component
mixture, one component of which is of course the equivalent
hydrocarbon pseudocomponent, are then calculated from equa-

tion (2.3), viz.

3 3
Bpiw(T) = £ pX xinBij(T) (2.3)
i=1 j=1

where each Bj is.calculated from equation (2.9) using the
coefficients given in Table 4.1, and Xj, X4 are the mole
fractions of components i and j respectively. However, the
mole fractions are not immediately available as 1input data
for the Standard GERG Virial Equation; they first have to be
derived from Hg and d as described in Section 5. If the

mixture in guestion contains hydrogen and carbon monoxide in
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Numerical Values of the Coefficients bi{0), b(l)

and b{2) for the Expansion in Temperature of the

Second Virial Coefficients of Gases and of the

Unlike Interaction virial Coefficients

Units of B are m3 kmol~l when T is in kelvin.

equation i,3j

CH, 8o
CH, Bya
CH, Bu2
Np

CO5

Hp

co

CH+No
CH+CO,
CH+H>
CH+CO

N2+CO2
No+Ho

(3.11)
(3.11)
(3.11)
(3.2)
(3.2)
(3.2)
(3.2)

(3.15)
(3.13)
(3.4)
(3.4)

(3.4)
(3.4)

H OB R T S T N L

[A I L6

S T S VCRN NS S Ry S R

52 I N % B o6

L

p(0)

-4.25468 101 2.

§.77118 10”4 -5.
-8.24747 1077 4.
-1.44600 1071 7.
-8.68340 1071 4.
-1.10596 10~3 8.
-1.30820 1071 6.

p(l)

86500
56281
31436
40910
03760
13385
02540

y = 0.72 + 1.875 1075

y = -0.865

-5.21280 10~2 2.
-6.87290 1072 -2,

-3.39693 10-1 1.
1.20000 1072 0.

71570
38381

61176
00000

b{2)

1073 -4.62073
10~ 8.81510
107% -6.08319
1074 -9.11950
1073 -5.16570
1072 -9.87220
107% -6.44300

(320-T) 2

104 -2.50000
10=% 5.,18195

10-3 -2.04429
0.00000

10-9
10~9
1012
10~7
10-6
10-°
1077

10~7
10-7

10-6
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Table 4.2 Numerical values of the Second Virial Coefficient
in cm3 mol~l for Pure Gases and Mixed Interactions

at Four Temperatures

Pure Gases Temperature/K
Mixtures

273.15 293.15 313.15 333.15
cH* -53.43 -44.84 -37.53 -31.49
No -10.26 -5.77 -2.01 1.02
COo 150.8% -128.64 -110.53 -96.55
Ho 13.75 14.26 14.68 15.04
co -14.31 -9.55 -5.32 -1.59
CH+No -24.24 ~18.56 -14.25 -11.02
CH+CO» =77.67 -65.70 -55.71 ~47.70
CH+H> 3.40 6.00 8.40 10.60
CH+CO -30.72 -24.90 -18.66 -12.01
No+COp -51.97 ~-42.89 —-35.44 —-29.63
No+Ho 12.00 12.00 12.00 12.00
* The equivalent hydrocarbon gas 1s here assigned a molar

heating value of Hey = 890.63 kJ mol~1.
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addition to nitrogen (i=2), carbon dioxide (i=3) and the
equivalent hydrocarbon (i=1), then the summation is of course

extended over these two extra components.

4.2 Third Virial Coefficients and Coefficients of the

Expansion in Temperature

Numerical values of the coefficients of the expansion in
temperature of the third virial coefficient for 1like, two-
component and three-component triple interactions are listed
in Table 4.3. Third virial coefficients calculated from these

coefficients using equation (2.10), viz.
c(T) = c(0) + (1) + c(2)72 (2.10)

are given in the SI unit m® kmol™2 when the temperature T is
in kelvin and, for the equivalent hydrocarbon gas, Heg is in
kI mol~l.

For a few selected temperatures (0, 20, 40 and 60 ©C) rounded
numerical values of third virial coefficients are given in
Table 4.4 in the more familiar units of cm® mol~2. The values
for the equivalent hydrocarbon gas are again calculated for a
molar calorific value corresponding to that of pure methane
(Heg = 890.63 kJ mol™l).

Third virial coefficients o©f an arbitrary three (or five)
component mixture are then calculated from equation (2.6),

viz.

3 3 3
Crix(T) = T I T xixjxkCijk(T) (2.6)
i=1 j=1 k=1

where each Cjjx is calculated from equation (2.10) using the
coefficients given in Table 4.3, and xi, x4, and Xk are the

mole fractions of components i, Jj and k respectively, pre-

determined from the input data as shown in Section 5.



Table 4.3

CH,EHO
CH, ep1
CH, €y>»

CH+CH+Np
CH+CH+CO>
CH+CH+Hy
CH+CH+CO

CH+Np+No
CH+N5+CO>
CH+CO5+CO5

No+N»+COy
No+CO5+C0Os
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Numerical Values of the Coefficients ¢{0¢), ¢(1)

and c(2) for the Expansion in Temperature of the

Third Vvirial Coefficients of Gases and of the

Unlike Interaction Vvirial Coefficients

Units of C
equation
(3.12) -3
(3.12) 6
(3.12) =3.
(3.3) 7.
(3.3) 2.
(3.3) 1
(3.20) v
(3.19) y
(3.23) y
(2.10) 7.
(3.20) y
(3.22) y
{(3.19) y
(2.10) 5
(2.10)

are m® kmol~2 when T is in kelvin.

c(o) c(l) c(zj

.02488 10~1 1.95861 10~3 -3.16302 10~°
.46422 10~4 -4.22876 1076 6.88157 10°°

32805 10~7 2.23160 10~9 -3.67713 10712
84980 10~3 -3.98950 10~° 6.11870 1076
05130 103 3.48880 10~° -8.37030

[
)
|

5]

.04711 10~3 -3.64887 10™6 4.67095 107°

= 0.92 + 0.0013 (T-270)

= 0.92

= 1.20

36748 10~3 -2.76578 105 3.43051 107%

i

0.92 + 0.0013 (T-270)
1.10
0.92

1l

.52066 10-3 -1.68609 10™° 1.57169 1078

3.58783 10-3 8.06674 10~6 -3.25798 1078
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Table 4.4 Numerical Values of the Third virial Coefficient
in cm® mol=2? for Pure Gases and Mixed Interactions

at Four Temperatures

Pure Gases Temperature/K
Mixtures

273.15 293,15 313.15 333.15
CH* 2670 2480 2320 2210
Ny 1520 1410 1360 ~ 1350
CO, 5340 5090 4770 4380
Hs 399 379 363 350
CH+CH+Np 2045 1850 1897 1878
CH+CH+COp 3095 2897 2716 2552
CH+CH+Ho 1700 1590 1502 1434
CH+CH+CO 2370 2210 2070 1960
CH+No+No 1695 1616 1587 1594
CH+N5+C0» 3067 2871 2717 2590
CH+C05+CO5 3899 3683 3453 3207
No+N5+COs 2090 1930 1780 1650
N5+CO5+CO5 3360 3150 2920 2660

* The equivalent hydrocarbon gas is here assigned a molar
heating value of Hpy = 8%0.63 kJ mol~l.
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5 - CALCULATIONAL PROCEDURES

S.1 Relation between Molar Heating Value and Melar Mass

In sub-section 3.4 a relationship between the molar heating
value Hepg and the virial coefficients Bcy and Ccy of the
equivalent hydrocarbon has been developed. A similar relation
can be obtained between the virial coefficients and the molar

mass Mey ©f the equivalent hydrocarbon, where

N
Meg = 2 X]Mj (5.1)

j=1
The reason for this is that the molar heating wvalues of
alkane hydrocarbons increase in an essentially linear fashion

with molar mass, leading te the expression
Mey = —2.709328 + 0.021062199.Hcy. (5.2)

Equation (5.2) is a correlation valid for the range of values
found in natural gas mixtures, especially derived for the
equivalent hydrocarbon part of natural gases (7). It is
needed as part of the procedure, outlined briefly in the next
sub-section and in more detail thereafter, by which xcp and
Hcy - and consequently the virial coefficients and compressi-
bility factor Z of the whole gas - may be derived from Hg, &

and x13.

5.2 General Description of Iterative Procedures

The mwajor task in the determination of Zpiyx(p,T) is clearly
the evaluation of the molar heating value Hoy of the equi-
valent hydrocarbon, its mele fraction Xgy (or x3) and the
unmeasured mole fraction (usually) of nitrogen x5. Once these
are known the calculation of Bey, and then Zpjyx, may be

carried out straightforwardly.

If the problem instead was to determine unknown values of Hg,
X3 and @ from Kknown values of Hey, Xcg and Xp (i.e. the
inverse of the actual case), then this could be solved essen-
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tially directly, as follows -
(1) Use xeg (x1) and xp to find X3 (sum=1);
(2) Use Heyg to find Mey (eguation (5.1));

(3) Use Mgy, with M; and M3 as known physical constants,
together with xj, X; and x3, to determine the mean

molecular welght or molar mass Mpix?

(4) Divide Mpjiy by the known value for Mgir, to find d
(actually the ideal value d°, but that is a minor

detail readily accommcdated);

(5) Multiply d by the known mass density of air at
reference conditions, so¢ as to obtain the mass
density of the whole natural gas mixture at refer-

ence conditions;

(6) Divide the mass density at reference conditions by
Mmix: SO as to cbtain the molar density at reference

conditions:;

(7) Multiply Hey by the molar density, so as to cbtain
Hg .

Although the above argument suggests that the inverse problenm
with which we are actually faced can indeed be solved, this
cannot be achieved directly. This is because we do not know
what value of either Hey or the molar density to take at the
first step of the reverse procedure; nor would we know the
value of Mpiyx required at the second step. Instead, an iter-
ative apprecach is required; a convenient version of such an

iterative approach is cutlined in this sub-section.

The calculation scheme for determining Zpix(p,T), given the
values of p, T (or t)}, Hg, d and x3 is a nested iteraticn
technique. It is illustrated in the simplified flow diagram
given as Figures 5.1 and 5.2.
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The method first takes an assumed value Bg for the second
virial coefficient of the whole gas mixture and, holding this
value fixed, reduces the difference between the known (exper-
imental) value of the relative density d and a calculated
value d (for the u-th iteration) by adjusting the value
Heyg,qy ©f the molar heating value of the equivalent hydro-
carbon. When this procedure has converged, within an accept-
able 1limit, to the correct value of d, the prevailing value
of Hey,uy 1s used to calculate "first approximation" values of
the equivalent hydrocarbon second virial coefficient Bey,a
and, from this, the second virial coefficient B; of the whole

gas and hence its superior calorific value Hs,l-*

A second convergence criterion is then applied to the differ-
ence between the known calorific value Hg and the calculated
value Hg, 1. If this is not satisfied, the value of Bg 1is
replaced by By and the iteration on the relative density (or
density, as illustrated in Figure 5.1 and used in the next
sub-section) repeated, yielding an improved value of Hcg,u:
whence new values Bey, 2, B2 and Hg, » emerge. This procedure
is repeated until a value Hg,y is found which satisfies the

second convergence critericon on the v-th iteration.

When both convergence criteria are satisfied, the prevailing
values of all parametefs are taken to be the correct values,
and the problem is essentially solved: that is, the values of
Hey and x1=xcyg which simultaneously give the correct values
for & (orp) and Hg may be used to calculate Bey(T) and X;

respectively, and hence Z(p,T) as indicated in Figure 5.2.

The detailed equationsg which apply in this iterative process
are given in the next sub-section, together with all other

necessary details.

* An equivalent convergence test for the u-loop uses the

difference between the mass density ¢ and the value ¢y from
the u=th iteration. These quantities differ from the cor-
responding values of d and dy only by the multiplying
factor Q44ir-
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5.3 Details ¢f Procedures to Determine Compressibility Factor

using the Standard Input Variables

Starting values for the iterative procedure outlined in the
foregoing sub-section are not critical, provided that reason-

ably typical values are adopted; suitable values are

~0.065 m3 kmol™1 (5.3)
1000 MJ kmol~1l. (5.4)

Bp(273.15 K)
HCH,O(298'15 K)

1

From these values the calculation proceeds in a fairly
straightforward fashion. Firstly, using the starting value
Bg, a first iterative estimate (u=1, v=0) of the molar den-

sity Qp,v of the whole natural gas is calculated from

Cm,v = 1/(Vp® + By) (5.5)

where Vp® = 22.414097 m3 kmol~l is the molar volume of an
ideal gas at 273.15 K and 101.325 kPa. This eguation is
simply a re-expressed form of the virial equation truncated

after the second virial coefficient.

Next, the starting value Hcy, o of the molar heating value of
the equivalent hydrocarbon is used to make a first estimate

(u=1) of its own mole fraction by use of the expression

XeH,u = Hs/ (HcH,u-1-8m,v) - (5.6)

As the mole fraction x3 of carbon dioxide is known, a first
approximation x3 y (u=l) for the mole fracticn of nitrogen

may then be calculated from

Xg,u = 1 - (XcH,u * X3)- (5.7)
Next, we again use the value of Hgy,o in equation (5.8) (a
generalised form of (5.2)) so as te calculate a first approx-

imation (u=1) to the molar mass of the eguivalent hydro-

carbon, viz.

Mg,y = -2-709328 + 0.021062199.Hcy,u-1- (5.8)
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The (mass) density ¢y of the whole gas may now be calculated

from

Pu = 0m,v-{XcH,u-Mca,u t X2,u-M2 + x3.M3) (5.9)

where M, = 28.0135 kg kmol~™l is the molar mass of nitrogen,
and M3 = 44.010 kg mol~l is the molar mass of carbon dioxide
(25) .

Finally, the first approximation (u=1l) to the (mass) density
may be compared with the known density 0 calculated from

where Qgiy = 1.292823 kg m~>? is the mass density of air at
273.15 K and 101.325 kPa (25), and d the Xknown relative
density .

At this stage the first convergence criterion is applied. A
suitable criterion is that the calculated (masg) density ¢y
should agree with the known (mass) density 0 within 1079,
that is

| 0y =¢ )| < 1076 (5.11)

Alternatively, an exactly eguivalent test can be applied to
the difference between the calculated relative density d;; and

the value 4.

If this condition is not satisfied (as is very unlikely to be

the case for u=1), then a new value is taken for HeH,u given

by
Hey,u = Hed,u-1 * DcH,u (5.12)
where
Ded,u = ~Hen,u-1-®u -9 )/Pair (5.13)

The iteration counter u is then re-set to u+l and equations
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(5.6) to (5.13) re-applied until the convergence criterion
(5.11) is satisfied. Equation (5.13) is a convenient means of
assuring reasonably rapid convergence (typically requiring 5
to 7 iterations), but alternative formulaticns are possible.*

The second stage now begins. Using the value of Hey,u-1
established as an interim solution for Hey from the first (u)
iteration 1loop, a first approximation (v=1) for the second
virial coefficient of the eguivalent hydrocarbon is obtained

from

Ben,v(To) = Bro(To) + BH1(To)Hen,u-1 + Bz (To)Bem,u-1  (5.14)

if

where Tq 273.15 K, and the corresponding values of fuqg
(g=0,1,2) are known from eguation (3.11) using the numerical

values of constants given in Secticon 4, Table 4.1.

We may now calculate a revised (v=1) approximation for the
second virial coefficient of the whole gas, using the exp-

ression

2 2 2
By (To) = XCH,uBcH,v(To) + X2 ,uB22(To) + x3B33(To)
+ 2%cyg,uX2,uB12,v(To) + 2XcH,uX3B13,v(To)

+ 2%y, uX3B23(To) - (5.15)

In this equation, which is simply a specific case of equation
(2.3), Xcy,u and xp y are obtained from the previous iter-
ation on u, By, B33 and Bp3 are calculated from equation
(3.2) using the constants given in Table 4.1, Bjp is calcul-
ated from the combination rule given as equations (3.15) and
(3.16), and By3 from the corresponding equations (3.13) and
(3.14).

* One such alternative formulation uses the expresssion

DcH,u = {Pu - ¢)/(Pu - P D) (5.13a)

where ¢ p is calculated from egquations (5.3} to (5.9) using
(Heg,u-1 + 1) as input for the molar heating value.



56

The first (v=1) approximation to the normal molar density
Om,1 May now be calculated using equation (5.5), and eguation
(5.6) may then be used in the opposite sense to its previous
application so as to obtain a predicted value Hg,y for the

superior calorific value from {0y, 1, Vviz.

Hg v = XcH,u-HcH,u-1-Pm,v- (5.16)

The second convergence test is now applied. A suitable cri-
terion is that the calculated superior calorific value Hg v
should agree with the known superior calorific wvalue Hg

within 10~4%, i.e.
| (Hg,v - Hg)| < 107%. (5.17)

If this condition is not satisfied (as, again, 1s very un-
likely to be the case for v=1), then the value of Bp is
replaced by the current value By=](Ty) from equation (5.15),
and the whole iteration procedure restarted from eguation

(5.6) using the current values of Hey, uy-1 and O, v-

Self-evidently, it is now simply a matter of repeating the
process until both criteria (5.11) and (5.17) are satisfied
simultaneously. With the starting values given by (5.3) and
(5.4), no set of input parameters Hg, d and x3 for which the
Standard GERG-88 Virial Equation is valid has been found
which fails to 1lead to satisfactory convergence within 20
iterations. The outer (second) loop usually converges very

rapidly, normally requiring only 2 or 3 iterations.

Note that throughout the iterative procedure, all calcula-
tions have been carried out for the "normal” condition i.e.
To = 273.15 K, po = 101.325 kPa; no reference has yet been
made to the temperature and pressure at which it is actually
required to know the compressibility factor. The final stage

of the calculation addresses that matter {see Figure 5.2).

We now have set values for X =Xcy. X2, X3 and Hgy. Given Hey
and T, we may calculate Bey(T) and Cey(T) using equations
(2.7) and (2.8) respectively, using values of the coeffic-



57

ients BHg and €Hg calculated from eguations (3.11) and (3.12)
(r)
Hg
and 4.3 respectively. Values for Bp2(T), B33(T), Bz3(T),

with the various constants béz)and C as given in Tables 4.1
Co29({T), C333(T), Cp23(T) and Cy33(T) are all straightforward
to calculate using the numerical values given in Tables 4.1
and 4.3, leaving only Bi2(T), Bi13{T), C112(T), C3113(T),
C122(T), C133(T) and C123(T) reguiring evaluation. However,
since we now know By1=Bey(T) and C377=Ccy(T), even these fall
out simply from equatiocns (3.13) to (3.22), so that Bpjx(T)
and Cpix(T) may be calculated from equations (2.3} and (2.4)

respectively for the present special case where N=3.

The very final stage 1is then to solve equations (2.1) and
(2.2) simultaneously for the given value of pressure p. There
are various equivalent ways by which this may be achieved. A
simple iterative procedure (as described previously in ref.l)
uses Zg=1 as a starting value in (2.1), solves this eguation
for 0 p,w and puts this value into (2.2) so as tc generate an
improved estimate Zy=7, which acts as a starting value for
the next loop. Alternatively, as shown in Figure 5.2, the
pressure py may how be calculated by re-entering ¢ p, y and Zy
into equation (2.1). Either process converges to the correct
value of Z both reliably and rapidly for all wvalid sets of
conditions. An appropriate convergence criterion 1s that Zy
should change by less than 1 in at least 10> on successive
iterations, or that the input pressure differs from the

calculated value by a corresponding amount.

5.4 Procedure when Hydrogen and Carbon Monoxide are Present

The calculation procedure described in the previous sub-
sections 5.2 and 5.3 has only to be modified slightly for
natural gases containing admixture cof hydrogen and carbon

monoxide from coke-oven gases.

The mole fraction of hydrogen x4 is required as the fourth
input parameter. The mole fraction of carbon monoxide X5 18
then calculated using equation (5.18), which adopts and

defines a fixed ratic between these two mole fractions, viz.



58
X5 = 0.0964.%a. (5.18)

The constant factor has been estimated from observations of
the compositions of the several gases in the GERG databank

(10) which contain these components.

The calculation method can then proceed in exactly the sane
way as described previously, except that eguations (5.6},
(5.7}, (5.9), (5.15) and (5.16) need to be modified for the
contributions of hydrogen and carbon monoxide, as follows

(respectively) -

(a) XcH,u = [Hs/HcH,u-1-Pm,v]
- [(x4Hy + xsHs)/HcH,u-11 (5.19)

where Hy = 285.83 MJ kmol™l is the molar heating value of
hydrogen, and Hs = 282.98 MJ kmol™l 1is the meclar heating
value of carbon monocxide at 298.15 K (25).

The above equation is more recognisably correct if it is
multiplied through Hcp,y and the terms in x4 and x5 are taken
to the left-hand side.

(b) Xp,u = 1 - (¥cH,u + X3 + X4 + X5) (5.20)
(c) Ou = Om,v- (XcH,uMcH,u + *X2,uM2
+ X3M3 + %My + X5Mg) (5.21)

where Mg = 2.0159 g mol~l is the molar mass of hydrogen, and
Ms = 28.010 g mol™l is the molar mass of carbon monoxide
(25).
2
(d) By(Tg) = XCH,uBcH,v * 2XcH,u¥2,uB12,v * 2XcH,ux3Bi3,v
2
+ 2XcH,uX4B14,v T 2XcH,uXs5B1s,v * X2,uB22
2 2
4+ 2X2,uX3Bz3 -+ 2X2FUX4B24 + X3B33 + XzB4g

+ X%B55 (5.22)
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(e) Hg,v = (XcH,uHcH,u-1 + XgHs + XxsH5).0m,v- (5.23)

5.5 Procedures using Alternative Input Variables

The calculation procedure, for cases where input variables
other +than those comprising the normally recommended set are
available, will be discussed for natural gases only. For
natural gases with hydrogen admixture, the principles dis-
cussed in sub-section 5.4 must be applied in a rather self-

evident manner.

5.5.1 Calorific value, Relative Density and Mole Fragtion of

Nitrogen

The precedure is similar to that described in sub-section

5.3, However, eguation (5.7) must be re-written as
X3,u =1 - (¥cH,u * x2) . (5.24)

The entire iteration procedure is unchanged, except that it

gives the unknown value of x5 instead of x5 as previously.

5.5.2 Calorific Value, Mole Fractions of Carbon Dioxide and

Nitrogen

When the mole fractions of carbon dioxide and nitrogen are
available as input data, the mole fraction xcy ©f the equi-

valent hydrocarbon may immediately be calculated as

Xcg = 1 - (X2 + ¥x3). (5.25)
The iteration on u is started and carried out 1in a very
similar fashion to that described in detail in sub-section
5.3. In this case, however, vwhen a new value Xcg,y becomes

available from equation (5.6) a convergence test against the

known value of xcyg is applied. A suitable criterion is

| (xcH,u - xcu)| < 107>. (5.26)

This replaces condition (5.11), the (mass) density or rela-
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tive density being unknown. The remaining procedure is simi-
lar to that described in 5.3. Indeed the outer iteration loop
on Vv is essentially identical to that described, and uses
condition (5.17) as the convergence criterion. Once this is
satisfied, the final values of Hey and ¢y are available, and
values of all properties given by equations (5.8) to (5.10)
may be inferred, in addition to the virial coefficients and

compressibility factor for any valid (p,T) conditien.

Although the above is a viable scheme for carrying ocut the
calculations for this set of input data, the inner (u) iter-
ation 1loop 1is in fact not necessary. Input of the Kknown
values for Hg and Xcg, together with the initial (v=0) value
Om,v from eguation (5.5), enables Hcy, y-1 to be found dir-
ectly from eguation (5.6). By use of equations (5.14), (5.15)
and (5.5), a new value for Cyp v may then be found. The pro-
cedure may be <carried out again with this new value, and
repeated until satisfactory convergence on the wvalue of Hgy
is obtained. Once this is satisfied, all of the properties

are available as before.

5.5.3 Relative Density, Mole Fractions of Carbon Dioxide and

Nitrogqen

A similar procedure to that described in sub-section 5.5.2
can be followed. The mecle fraction xcy of the equivalent
hydrocarbon is again given by eguation (5.25), but now the
equations (5.6) and ({5.7) do not appear in the inner (u)
iteration 1loop; condition (5.11) 1is applied as the conver-
gence criterion, and equations (5.12) and (5.13) used to move
towards convergence. The outer (v) iteration loop then be-
gins, and continues until the value of By, calculated from
equation (5.15) is in satisfactory (converged) agreement with
the previous value By_q used in eguation (5.5). When this is
achieved, final values of Heyg and( , are available, and the
unmeasured value Hg may be found from eqguation (5.16), in
addition to the virial coefficients and compressibility

factor of the mixture for any valid (p,T) conditien.
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6 - PERFORMANCE OF THE STANDARD GERG-88 VIRIAL EQUATION

6.1 Test Data and Input Parameters

From the GERG databank of high-quality compressibility factor
measurements (10), the first 84 sets of data for natural gas
and natural gas/coke-oven gas mixtures have been used for
assessing the performance of the Standard GERG-88 Virial
Equation of State. This analysis was carried out in a closely
similar fashion to that previously adopted for the Master
GERG Equation (1). The details concerning each individual
data set, comprising a reference to the data source, the GERG
coding and the number of experimental points, are given 1in
Table 3.4. The reduced gas analyses for the natural gases are
listed 1in Table 3.5, and the detailed gas compositions in
Table 3.6. The reduced analyses, for which the calorific
values and relative densities were calculated in accordance
with international standard I80-6976 (25(b)), were used
together with the known temperature and pressure as input

parameters for each data point.
Four different intercomparisons have been made, viz.

(a) A global comparison of the predicted values against all
available experimental data for the natural gases listed
in Table 3.4 (4486 data points};

(b) A comparison of the predicted values agéinst the same set
of experimental data for natural gases, but with these
sub-divided and grouped into pressure and temperature

domains;

(c) A comparison of the predicted data against experimental
data for various types of natural gas. To accomplish this
the experimental data were re-grouped according to gas

composition, as follows -
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Natural gases with mole fraction of Nj > 0.095, and no Hp
Natural gases with mole fraction of CO; 2 0.040
Natural gases with mole fraction of CyHg 2> 0.080
Natural gases with mecle fraction of Hj z 0.020
Natural gases with N, and CyHg each > 0.040, and noc Hp
Natural gases with mole fraction of CH; 2> 0.940

Liquefied Natural Gases (LNG)*; and

(d) A graphical comparison of predicted values against exper-
imental data (made as plots of relative deviation), along
several isotherms, for six individual sets of data for
natural gases, one belonging to each of the above select-

ed composition groups.

6.2 Global Comparison against Test Data

For the comparison of values of compressibility factor Zgalce
predicted by the Standard GERG-88 Virial Equation against

experimental test data, the following guantities are used =~

N = number of experimental data points

n = number of distinct data sets

AZj = relative error (or deviation) of Z for the i-th
data point (equation (6.1) below)

b = bias of relative error (eguation (6.2))

s = standard deviation (eguation (6.3))

rms = root~mean-sguare error (eguation (6.4)}.

AZj = (Zcale,i ~ Zexpt,i)/Zexpt,i (6.1)
1
b = - ¥ AZ4 (6.2)
N i=1
N 1
§ = [ ==- T (AZ{ - b)? 1% (6.3)
N-1 j=3
1 N 2z 1
™ms = [ - £ Az§ 1% (6.4)
N j=1

* The liquefied natural gases do not belong to the set of

natural gases listed in Table 3.4 - see sub-section 6.6.
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The root-mean-square error for the difference between the
compressibility factors predicted by the Standard GERG-88

* compressi-

Virial Eguation and all the measured natural gas
bility factors for the first 84 data sets in the GERG data-

bank is -
rms = + 0.049% for pressures between 0 and 12 MPa (N=4486).
Figure 6.1 is a schematic plot of the correlation between the

rms-error and pressure. The rms-errors are as follows for the

two pressure ranges -

rms = * 0.048% for pressures between 0 and 8 MPa (N=4043)
rms = + 0.055% for pressures between 8 and 12 MPa (N=443).

Table 6.1 gives a more detailed breakdown of this global
analysis for the first 84 data sets. It lists the number of
data points, the bias, the standard deviation and the rms-
error for the pressure ranges O to 8 and ¢ to 12 MPa, the
data being separated into sets (a) measured using a Des-
granges et Huot (DEH) Z-Meter (used by Gaz de France, British
Gas, Gasunie and Ruhrgas), (b) measured by Ruhrgas using
their optical interferometry or Burnett apparatus, (c) other-
wise reported in the research literature, and finally all the
experimental data together. A comparison of the rms-error
values for these different data sets leads to some interest-

ing conclusions.

The rms-error for the data measured using the optical or
Burnett apparatus in the pressure range up to 8 MPa is only
0.023%. The rms values are over twice as large for the data
measured using a DEH Z-Meter and for the published literature
data (10, 29-31). The larger rms—errcr for the Z-Meter set
and for the literature set, as compared with the optical and
Burnett set, corresponds to the generally acknowledged larger

experimental uncertainties (except in the case of ref.31) for

* Unless specifically noted otherwise, the term "natural
gas(es)" or "natural gas mixtures" is here taken to include
natural gas/coke-oven gas mixtures.
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pressure p/MPa

Figure 6.1 Root-Mean-Sguare Error for all Experimental
Data Points in Two Distinct Pressure Ranges
(0-8 and 8-12 MPa): Standard GERG Virial
Equation.
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these former measurements. Nevertheless, in all three cases
the predicted values of Z agree within experimental uncer-
tainty with the measured values. The same situation holds
true for a comparison of the experimental data in the 8 to
12 MPa pressure range. Here the rms-error for the optical and
Burnett set is only 0.050% whereas for +the published set cof
data, measured to a maximum pressure of only 9 MPa and con-
taining rather few data points, the rms-error is over 0.1%;
this may again be explained by the larger uncertainties in

the latter experiments.

One further minor feature worthy of note in Table 6.1 is an
apparently remarkable improvement (over the equivalent table
for the Master GERG Equation) in the DEH data set for the 8
to 12 MPa pressure range, notwithstanding that the entire set
consists of just 6 points for a single gas at only just over
8 MPa. These experimental data are for a hydrogen-enriched
natural gas (N84) containing over 35% hydrogen, and are
predicted by the Standard GERG Equation equally as well as
for the data for other gases with much lower hydrogen content

{see also sub-section 6.4.4).

Table 6.2 gives a detailed breakdown of the same analysis for
all 96 sets of data now in the GERG d&atabank of compressi-
bility factors. There is a noteworthy change of the results
only in the subset (c), comprising data from the published
literature, compared to the results in Table 6.1; in the 8 to
12 MPa pressure range the rms—error has increased to about
0.18% due to the inclusion of Hannisdal’s data (32) for an
ethane-rich natural gas. This data set will be discussed

further in sub-section 6.4.3.

Figure 6.2 shows the rms-errors for six specific natural
gases, varying widely in composition and calorific value, for
pressures between 0 and 8 and between 8 and 12 MpPa, as a
function of superior (gross) calorific value. The compressi-
bility factors for these natural gases were measured using
the Ruhrgas optical interferometry apparatus. As the figure
shows, the rms-error is always less than 0.04% for pressures

not exceeding 8 MPa, and less than 0.05% for the high pres-
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Table 6.1 Differences of predicted compressibility factors from
measured values (Z-differences) for various groups of
natural gas data in the temperature range of 265 K to
335 K: Standard GERG 88 virial equation, for 84 data

5ets
data set pressure N n b 8 rms
range /MPa points  sets % % %
DEH data [G, 8) 1633 42 0,011 0.056 0.057
(a) [8,12] 6 i 0.006 0.022 0.021
10,12} 1639 42 -0.011 0.055 0.056
Ruhrgas data [0, 8) 1411 27 0.008 0.022 - 0.023
(b) {8,12] 412 27 -0.002 0.050 0.050
{0,12] 1823 27 0.006 0.031 0.031
Literature data [0, 8) 999 15 -0.010 0.060 0.060
[10,29-31] [8,12] 25 6 -0.047 0.104 0.112
(c) [0,12] 1024 15 -0.011 0.061 0.062
all data [0, 8) 4043 B4  -0.004 0.049 0.048
[8,12] 443 34 0,005 0.055 0.055
[0,12] 4486 84  -0.004 0.049 0.049
Table 6.2 Differences of predicted compressibility factors from

measured values (Z-differences) for variopus groups of
natural gas data in the temperature range of 265 K to
335 K: Standard GERG 88 virial equation, for 96 data

sets :

data set pressure N n b s rms

range /MPa points sets )4 4 A
DEH data 16, 8) 1882 52 -0.012 0.054 0.056
(a) [8,12] 6 1 -0.006 0.022 0.021
[0,12] 1988 52 -0.012 0.054 0.056
Ruhrgas data [0, 8) 1411 27 {.008 0.022 0.023
(b) [B,12] 412 27 -0.002 0.050 0.050
[0,12] 1823 27 0.006 0.031 0.031
Literature data [0, &) 1012 17 -0.010 0.060 0.061
[10,29-33] [8,12] 27 7 -0.004 0.186 0.183
(e) [0,12] 1039 17 -0.009 0.066 0.067
all data {0, 8) 4405 96 -0.005 0.049 0.049
[8,12] 445 35 -0.002 0.066 0.066
10,12] 4850 96  -0.005 0.051 0.051
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sure range. The NAM* gas, the natural gas/coke-oven gas mix-
ture and the Ekofisk gas contain some 10% of nitrogen, hydro-
gen and ethane respectively. The Drohne gas contains some 5%
of nitrogen and of carbon dioxide, and the TENP'T gas some 5%
of nitrogen and of ethane, while the Soviet gas is practi-

cally pure methane.

The distribution of rooct-mean-square errors for the first 84
natural gases is plotted in Figure 6.3. For twe-thirds of the
natural gases the rms-error of the data is less than 0.05%.
The data sets with an rms-error greater than 0.05% were
measured - with the exception of one Ruhrgas interferometry
set - either with a DEH Z-Meter or are from the literature.
More detailed information about the bias, standard deviation
and rms-error for each set of data is given in Table 6.3. One

natural gas (N21) has a rms-error which is greater than 0.2%.

The distribution of the bias (mean relative error} between
the Standard GERG-88 Virial Eguation and the experimental
data 1is plotted in Figure 6.4 for the entire (84 set) popu-
lation of natural gases. This plot shows the equation to
provide an excellent description of the real-gas behaviour of
these gases; the distribution of biases is more or less

symmetrical, and exceeds 10.1% for gas N21 only.

The same distribution pattern is evident in Figure 6.5, which
shows the relative deviation between the predicted compressi-
bility facteor and the measured compressibility factor for all
4486 data points. The agreement between the predicted com-
pressibility factors and the measured values can again be
seen to be very satisfactory. The predicted values differ
only in some 220 cases (about 5% of the total) by more than
+0.1% from the measured values; 12 values exceed 0.25% rel-

ative error.

Consequently, the Standard GERG-88 Virial Equation can bLe

said to predict the experimental compressibility factor data,

* Nederlandse Aardolie Maatschappij

*+ Trans Europa Naturgas Pipeline
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Table 6.2 Statistical analysis of the Z-diffesrences
for the compressibility factors of each
indivigdual natural gas data set:
3tandarsd GERC 8B Virial eguation

temperatlre range in X (263,335}

pressure range in MPa (T, 1Z)

GERG references N o = CMmE

code pointe % % %

K 51 RE BUR 0C~ 25 0.037 0.02€8 ¢.0453
N 52 EZ OPT OC” 23 0.085 0.02z £.065
N B2 REZ BUR 0O0E 25 G.0Z1 0.0zZE C.03C
N bhd EZ CPT 0CE 3 ~0.0Cz g.0g2 C.0351
N 5E EZ BUR Q0% g3 -0.0c7? 0.0Z3 G.02¢&
N 58 & 0OPT 0% 71 -2.020 0.042 G.0&7
N 57 EZ BUR C17 27 2.00% 0.215 c.01c
N BE EZ QPT CZ& 45 2.217 .02l 0.327
N 3@ EZ BUR 01 Z2E 0.01= 0.Clz 0.025
N 6l REZ OPT Q36 1317 C.32<% 0.C02% 0.04<
N 62 RE BU=n C2C 3 C.008 0.008 0.00%
N B2 RZ OPT 034 105 0.002 D2.02< 0.02%
N &3 REZ BUR 031 50 0.008& 0.02E C.02%
N &4 n: OPT C03: p 0.02Z3 0.062% 0.030
N €5 RrZ BUR 03ZC 54 -0.004% J.018 C.018
N BE rZ 0OPT (032 12C -0.00& 3.02% G.03C
N a7 R BUR 04% 6E C.02E C.0Z2E G.C3%
N 6E Rz BUR 0&8C 6% 5.005 C.0L1E 0.018
N 6% ®Z BUR Q&1 70 -0, 308 C.0L2 0.0z
¥ 70 RE BUR 032 68 C.C2% G.03Ez 0.045
¥ 71 RZ BUR CZZ 7C c.001 .01z g.01<
I RZ BUR C5< 87 -0.003 U.0L4 0.014
N 73 EZ BUR 047 2z 0.0.2 Q.0LC 2.01lb
K 74 Z OPT D60 121 0.0X0 0.033 0.03<4
N 75 Rz OPT 048 132 0.0C2 0.0z C.02%
N 76 Duschek 13% -0.030 0.02%= C.049
N 77 GU Q01 Z 0.03¢e C.062 C.072
N 78 GT Q0c2 1¢ 0.04% C.020 0.058
N 79 33U 003 1 -C.0E3 0.0486 0.077
N 8C G 006 4 C.04E 0.048 0.0E7
N Bl GC 007 42 C.03% G.C2E 0.04%
N BZ EZ BUR 04t 2 -0.00% Q.0%14 0.01%
N B2 RE OPT Q&2 122 -0.0.7 C.022 0.029
N G« BZ 004 37 -C.0x1 0.022 C.023
N g5 gL 07Tl 48 0.017 0.038 G.041
N 86 HE EXP 001 g 0.1%3 C.232 0.221
N 27 EL DEE 004 7 -0.035 0.022 D.042
N 88 BZ LDEH 002 a¢ ~0.067 L.C27 0.072
N g9 BEE DEH QCJ7 Z C.00C 0.C20 0.Qzc
N 90 BG DEH 0CE 25 -0. 0865 0.027 0.070
N 21 BEG DEH Q0% 32 -0.07% 0.040 0.08s8
= BZ DEH 015 26 -0.004 0.023 0.023
N 8z 8% DEH 011 g 0.053 0.027 4.085
N 54 GU C72 26 -0.016 g.0:2 C.019
N g3 U 073 44 -0.01% 0.04E 0.052
i 8E GU 074 48 0.022 G.024% 0.032
Totals 4850 -2.00E .051 0.05:
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at the 95% confidence level, within the target accuracy of
+0.1%. This performance compares favourably with that of the
Master GERG-88 Virial Equation (1).

The Standard GERG Virial Equation may also be compared di-
rectly with the Master GERG Virial Equation using the rms-
errors for the various natural gas data sets, as shown in
Figures 6.6 and 6.7. The rms-errors for both the Standard and
Master equations are plotted in Figure 6.6 for the 28 Gasunie
data sets (measured using a DEH Z-Meter). Results are quite
similar for both equations, but only two data sets have a
rms-error greater than 0.075% for the Standard Eguation
compared to eight sets for the Master Eguation. One reason
for this is the improved predictien of high-nitrogen content
gases by the Standard Equation; this matter 1is discussed
further in sub-section 6.4.1. Nevertheless, within the e=x-
perimental uncertainty of about #0.1%, the measured Gasunie
data agree well with the predicted values for both eguations.

Figure 6.7 shows a similar comparison for the 27 sets of data
measured by Ruhrgas using their optical interferometry or
Burnett apparatus. As the uncertainties of these measurements
are somewhat lower than *0.1%, it is not unexpected that both
equations give better agreement between measurement and
calculation than for the data sets in Figure 6.6. Both equa-
tions give rms-errors within 0.05% for almost all the Ruhrgas

data sets.

The performance of the Standard GERG-88 Virial Equaticen will

be discussed in more detail in the following sub-sections.

6.3 Btatistical Analvsis of the Standard GERG Virial Equation

by Pressure=-Temperature Domains

The Standard GERG-88 Virial Eguation can be assessed in more
detail by comparing <the results in particular domains of
pressure and temperature. For this analysis, the experimental
data for the first 84 data sets were grouped into pressure

and temperature domains as follows -
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Pressure/MPa [0.2) [2.4) [4.5) [5.86)
{6.7) [7.8) [8.10) and [10.12]
Temperature/K [265.275) [275.285) [285.295) [295.315)

and [315.335]

In this notation ([2.4), for example, defines the pressure
interval which includes 2 MPa exactly but excludes 4 MPa
exactly (i.e. 2 < p/MPa < 4) and [10.12] defines the interval
which includes both 10 MPa and 12 MPa exactly. Again, only
the first 84 data sets were used 1in this statistical analy-
sis, so as to make it directly comparable with the corre-
sponding analysis made in ref.l for the Master GERG-88 Virial

Eguatien.

Table 6.4 provides a statistical analysis of the Standard
GERG Egquation, broken down into these pressure-temperature

domains, in terms of the guantities defined previously, viz.

N = number of experimental data points

n = number of distinct data sets

b = bias of relative error (mean relative deviation)
s = standard deviation

rms = roct-mean-sguare error.

The mean relative deviations of the values predicted by the
Standard GERG Virial Equation from the experimental data are
summarized in column % of Table 6.4 for the various domains.
The deviations tend slightly to the negative; the average
bias for all data is ~0.004%. The mean deviations are great-
est at the higher pressures. The maximum value of the mean

relative deviation, for any domain, 1is -0.04%.

The root-mean-square errors of the values predicted by the
Standard GERG Virial Equation are summarized in -column 7 of
Table 6.4 and shown schematically in Figure 6.8. The rms-
error ranges up to 0.06% for pressures up to 6 MPa. The
maximum rms-errors are in the 6 to 8 MPa pressure range; the
overall maximum rms-error of 0.102% is in the 265 to 275 K
temperature domain. In this region the population of data
points is dominated by values of compressibility factor

measured using DEH Z-Meters. A similar analysis on the subset
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Table 6.4 Statistical analysis of the 2-differences by pressure
and temperature domains for all experimental natural
gas compressibility factor data : Standard GERG 88
Virial equation for 84 data sets

temperature pressure N n b S rms

range /K range /MPa points  sets % 4 X

[265,275) [ C, 2) 245 2 0.021 0.043 0.048
[275,285) [ O, 2) 274 31 0.004 0.033 0.033
[285,295) [ 0, 2) 276 ¢ -0.001 0.025 0.025
[295,315) [ 0, 2) 159 7 0.002 0.009 0.009
[315,335] [ 0, 2) 62 12 -0.00z 0.006 0.006
[265,275) [ 2, 4) 134 40 0.012 0.047 0.048
1275,285) [ 2, 4) 244 67  -0.004 0.03% 0.039
[285,295) [ 2, &) 227 68  -0.009 0.036 0.037
[295,315) [ 2, 4) 158 53 0.009 0.031 0.032
[315,335] [ 2, &) 50 2 -0.004 0.008 0.009
[265,275) [ 4, 5) 63 39 0.009 0.061 0.061
[275,285) [ 4, 5) 329 66  -0.011 0.052 (.053
[285,295) [ &4, 5) 279 67 -0.015 0.045 0.047
[295,315) [ 4, 5) 150 53 0.00¢ 0.042 0,043
{315,335} [ 4, 5 22 2 -0.004 0.012 0.012
{265,275) [ 5, 6) 61 38 0.010 0.060 0.060
1275,285) [ 5, &) 256 63 -D.012 (0.055 0,056
[285,295) [ 3, &) 225 64  -0,011 0.051 0.052
[295,315) [ 3, &) 122 51 $.008 0.047 0.047
[315,335] | 5, 63 22 12 -0.002 0.014 0.014
[265,275) [ 6, 73 64 40 -0.025 0.094 0.096
[275,285) [ &, 7) 162 61 -0.030 0.066 0.073
[285,295) {6, 7 124 60  -0.015 0.054 0.056
[295,315) [ 6, 7) 76 46 0.014 0.047 0.048
[315,335] [ 6, 7) 22 12 -0.002 0.016 0.016
[265,275) [ 7, 8) 50 34 -0.028 0.099 0.102
[275,285) [ 7, 8) 63 36 -0.040 0.076 0.085
[285,295) [ 7, 8) 65 37 -0.022 0.070 0.072
[295,315) 7, 8) 39 24 0.022 0.033 0.039
{315,335] [ 7, 8) 20 10 -0.001 0.01% 0,019
[265,275) [ 8,10) 49 22 -0.019 0.084 0.085
[275,285) [ 8,10) 51 22 -0.008 0.054 0.054
[285,295) [ 8,10) 50 23 0.005 G.044 0.044
[285,315) [ 8,10) 57 24 0.034 0.031 0.046
[315,335] [ 8,10) 38 12 -0.007 0.023 0.024
[265,275) [10,12] 39 12 -0.030 0.078 0.082
[275,285) {10,12] 35 10 -0.014 0.044 0.046
[285,295) {10,12] 44 12 -0.022 0.040 0.045
[295,315) [10,12] 43 i6 0.029 0.043 0.052
[315,335] [10,12] 37 i1 -0.032 0.026 0.041
Totals 4486 84 -0.004 0.049 0.048
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of data measured solely by Ruhrgas, using the optical or
Burnett apparatus, shows a rms-error of less than 0.08% over
the whole set of pressure-temperature domains, as shown in
Table 6.5 and Figure 6.9,

The entire analysis given in sub-sections 6.2 and 6.3 is an
averaged survey or overview of all natural gases. It could of
course happen, however, that for particular types of natural
gas (characterised either by compeosition or by physical
properties) the predicted compressibility factors are less
accurate than revealed by the above analysis. To investigate
this possibility, results for the Standard GERG Virial Egqua-
tion are compared below with the experimental data sets for

several individual natural gases.

6.4 Accuracy of the Standard GERG Virial Equation for §ix

Groups of Natural Gases

The distributions of the relative deviation between the
predicted and experimental compressibility factors are
plotted for six groupings of natural gases in Figures 6.10 to
6.15, and are discussed below. The groups of gases are the
first six of those defined in sub-section 6.1; a seventh
group, comprising (gas phase) LNGs, is discussed in sub-
section 6.6, together with results for synthetic gases
prepared as "model" natural gases but truncated at some
specific and relatively low carbon number.

The discussion for each group should Dbe read in conjunction
with Table 6.3 where the results are summarized for each
natural gas in terms of the number of measured points N, the
bias b, the standard deviation s and the root-mean-sguare

deviation rms for the data set.

6.4.1 Group 1 - Natural Gases with N, > 0.095

The 13 gases containing more than 0.095 mole fraction (9.5%)
nitrogen and ne hydrogen are: N23, 29, 38, 40, 41, 42, 46,
47, 48, 50, 59, 60 and 77. Most of the gases were measured by

Gasunie (N29 to N50 and N77); there is one gas from Gaz de
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Table 6.5 Statistical analysis of the Z-differences by pressure
and temperature domains for the natural gas compres-
sibility factors measured with the Burnett or optical
device : Standard GERG 88 Virial equation

temperature pressure N n b s rms

range /K range /MPa points  sets b4 b4 b4

[265,275} [ G, 2) 90 17 0.005 0.011 0.012
[275,285) [ 6, 2) 121 16 G.004 0.008 0.008
[285,295) [ 0, 2) 110 17 0.001 0.010 0.010
[295,315) [ 0, 2) 152 22 (.001 0.007 0.007
[315,335] [ 0, 2) 61 11 -0.003 0.005 0.006
[265,275) [ 2, 4) 63 7 G.019 0.016 0.025
[275,285) [ 2, 4) 73 16 0.007 0.013 0.015
[285,295) [ 2, 4) 70 17 .003 .017 0.017
[295,315) [ 2, &) 92 22 0.007 0.010 0.013
[315,335] P2, 4) 48 11 -0.004 0.008 0.00%9
[265,275) I 4, 5) 31 17 0.031 ¢.018 0.036
[275,285) [ 4, 5) 27 16 0.012 0.020 0.023
[285,295) [ 4, 2) 29 17 G.00Z 0.043 0.023
[295,315) [ 4, 5) 35 22 0.014 0.014 0.020
[315,335] [ 4, 5) 20 11 -0.006 0.011 0.012
[265,275) [ 5, 6) 25 17 0.037 0.026 0.045
[275,285) [ 5, 6) 27 16 0.011 0.027 0.028
[285,295) [ 3, 6) 28 7 0.009 0.026 0.027
1295,315) [ 5, 6} 32 22 0.020 0.017 0.026
[315,335] [ 5, &) 21 11 -0.004 0.013 0.013
[265,275) [ 6, 7) 26 17 0.030 0.038 0.048
{275,285) [ 6, 73 27 16 0.013 0.032 0.034
{285,295) [ 6, 7) 27 17 0.006 0.035 0.035
[295,315) [ 6, 7) 30 19 0.026 0.021 0.033
[315,335] [ 6, 7) 21 11 -0.003 0.016 0.016
[265,275) [ 7, 8) 23 15 0.023 0.055 0.058
[275,285) [ 7, 8 28 16 0.009% 0.046 0.0486
[285,295) [t 7, 8) 26 16 0.015 0.040 0.042
[295,315) [ 7, 8 29 19 0.031 0.026 0.040
[315,335] [ 7, 8) 19 9 -0.003 0.018 0.018
[265,275) [ 8,10) 44 17 -0.012 0.076 0.076
[275,285) | 8,10) 43 16 -0.001 0.051 0.051
[285,295) [ 8,10) 44 17 (.007 0.044 0.044
[295,315) [ 8,10) 49 22 0.036 0.033 0.049%
[315,335] [ 8,10) 36 11 -0.009 0.022 0.023
[265,275) [10,12] 38 11 -0.,021 0.057 0.060
[275,285) [10,12] 35 10 -0.014 0.044 0.046
[285,299) [1G,12] 43 11 -0.018 0.032 0.037
[295,315) [10,12] 43 16 0.029 0.043 0.052
[315,335] [10,12) 37 11 -0.032 0.026 0.041
Totals 1823 27 0.006 0.031 0.031
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Figure 6.8 Root-Mean-Square Error for all Experimental
Data Points for Natural Gases as a Function
of Pressure for Various Temperature Domains:
Standard GERG Virial Equation.
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Figure 6.9 Root-Mean-Sguare Error for Experimental Data
for Natural Gases Measured with the Burnett
Apparatus or Optical Interferometer as a
Function of Pressure for Various Temperature
Domains: Standard GERGC Virial Equation.
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France (N23} and two from Ruhrgas (N59, 60).

The distribution of the relative deviations for these gases
is relatively broad and symmetrical, as shown in Figure 6.10,
although with a small bias to positive values. The calculated
compressibility factor generally agrees with the experimental
value within the target of 0.1%. The agreement between cal-
culated and experimental compressibility factors is much
better for the Standard GERG Virial Egquation than was found
to be the case for the Master Equation using the détailed gas

analyses (1), viz.

bias rms-error
Standard Equation +0.004% +0.049%
Master Eguation -0.042% +0.072%

A reason might be that inaccuracies in the gas composition
are somewhat self-compensating when calorific value and
relative density are calculated so as to provide the reduced
gas analysis. Thus the effects of systematic errors in the
gas composition, for example in the nitrogen content, might
be diminished. This effect is especially noticeable for the
gases N46 to 48, where the average bias has been reduced by
0.092% to a value of +0.024% for the Standard GERG Virial
Equation; these three gases are the only natural gases in the
Group 1 subset with a nitrogen content greater than 0.20 mole
fraction, but they have only been investigated over limited
temperature (280 to 300 K) and pressure (4 to 6% MPa) ranges.

This matter is discussed further in sub-section 7.3.6.

Recently an additional natural gas (N96) with a nitrogen mole
fraction of 0.237 has been tested in the same temperature
range for pressures up to 7.4 MPa. The point-by-point agree-
ment with the Standard GERG-88 Virial Equation is better than
+0.01%. TFurthermore another two natural gases, with suffi-
cient nitrogen admixture to give mole fractions of 0.36 and
0.49 respectively, have been the subject of even more recent
measurements at the Ruhrgas laboratories. The results are not
yet available in the open literature, but show that, for

pressures up to 8 MPa and temperatures between 270 and 320 K,
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agreement with the Standard GERG virial Equation is within
0.1%. For the pressure range 8 to 12 MPa, maximum deviations
are between -0.3 and -0.4% at the extreme temperatures of 270
and 330 K.

Consequently, the overall conclusion must be that natural
gases with high nitrogen content are represented with good

accuracy by the Standard GERG-88 Virial Eguation.

6.4.2 Group 2 =~ Natural Gases with CO, > 0,040

The eight natural gases containing more than €.04 mole frac-
tion (4%) carbon dioxide are N29, 33, 34, 35, 63, 64, 80, and
81; all except N63 and 64 (Ruhrgas) were measured by Gasunie.

The distribution of the relative deviations for these gases
is slightly shifted to positive values; the maximum falls in
the interval between zero and +0.025% (gee Figure 6.11). This
feature is caused largely by the data for two of the natural
gases (N35 and 80) which show rms-errors of about 0.07% and
mean deviations of +0.05 to +0.06%., The other gases all have
rms-errors of less than 0.05% (see Table 6.3). However, the
agreement of the data for N35 and 80 with predicted values to
within 0.1% is rather important and significant, as these
gases have a very high carbon dioxide content, some 29%.
Unfortunately the data are limited tc the temperature range

280 to 300 K and to pressures up to only 6.4 MPa.

Very recently a natural gas with sufficient carbon dioxide
admixture to give a mole fraction of 0.266 has been investi-
gated at the Ruhrgas laboratories. Again these results are
not vyet published, but show agreement within +0.1% with the
Standard GERG-88 Virial Equation for pressures up to only
4 MPa, for all temperatures between 270 and 330 K. The maxi-
mum differences increase with pressure - at 6 MPa, $0.15%;
& MPa, *0.25% except for the 270 K isotherm; 10 MPa, #0.4%.
For the 270 K isotherm, measured only up to ¢ MPa, the
results show maximum differences as great as 0.9%. The Master

GERG-88 Virial Equation agrees within *0.1% up to & MPa.
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Despite these last observations, which demand some caution at
medium-to-high pressures for very high carbon dioxide concen-
trations, the overall conclusion is that the compressibility
factor for high carbon dioxide content natural gases is
generally predicted by the Standard GERG-88 Virial Equation

to well within the usual experimental uncertainty of #0.1%.

6.4.3 Group 3 - Natural Gases with CyHg Z 0,080

The 23 natural gases containing more than 0.08 mole fraction
(8%) ethane are N1, 4, 10, 12, 14, 16, 18, 20, 25, 26, 27,
37, 51, 52, 53, 54, 55, 56, 65, 66, 75, 76 and 79. Gases N51
to 56, 65, 66 and 75 were studied by Ruhrgas in the tempera-
ture range 270 to 330 K for pressures up to 12 MPa. The other
gases were studied only in the temperature range 273 to 283 K
and for pressures limited te 8 MPa; there are DEH Z-Meters
measurements from Ruhrgas (N1, 4), Gaz de France (N25 to 27}
and Gasunie (N37, 79), plus data from Achtermann et al (N0
to 20)(29,30) and Duschek et al (N76)(31).

The distribution of relative deviations for these gases is
fairly symmetrical, as shown 1in Figure 6.12. The wvalues on
the far negative side are from DEH Z-Meter measurements and
from the work of Achtermann et al (29,30). As the Gaz de
France Z-Meter and Achtermann data sets yield only very small
mean deviations (but relatively large rms-errors - see Table
6.3), there are necessarily data points with large positive

deviations to compensate for the large negative deviations.

There seem to be inconsistencies in the data of Achtermann
et al. For example, N1l4 shows large positive deviations for
the 273 K isotherm. Furthermore, this isotherm cannoct be
fitted accurately with a second-order polynomial in density
even 1if B and C are free parameters; consequently it seems
that the deviations observed are almost certainly reflections
of experimental error. In addition N12, 16 and 20 each has
exactly the same composition, but at 273.15 K and 7.4 MPa the
difference in the deviation between N12 and N16 is more than
0.15%, while N20 is somewhere 1in between. The same is true
for N14, 18 and 10 respectively at 283.15 K and 7.4 MPa.
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The more recent Ruhrgas measurements (N51 to 56, 65, 66 and
75) are predicted very well at all temperatures from 270 to
330 K and pressures up to 12 MPa, although for some of these
(N54 to 56) there are negative deviations, with a maximum
value of -0.15%, at 270 to 275 K and about % MPa.

The data of Duschek et al (31) for N76 are also very closely
predicted at all temperatures from 273 to 323 K and pressures
up to 8 MPa, although at 273 K the 7.5 and 8.0 MPa data

<

points have negative deviations beyond -0.1%.

Tt is not <clear why the deviations are relatively large
(maximum deviation -0.32%) for ©N37; perhaps a careful re-
analysis of the composition would be instructive. An Ekofisk
natural gas (N85), close in composition to N37, has recently
been the subject of new measurements at the Gasunie research
laboratories; the new measurements show excellent agreement
with the Standard GERG-88 Virial Eguation. A Ekofisk natural
gas containing 0.1% admixture of CyHpg (N953) also has its
measured compressibility factors well predicted by the egqua-

tion.

The published data from Hannisdal (32) for a Statoll gas
containing 14.7% ethane (N86), taken at a temperature of
303.12 K and pressures up to 12 MPa show a bias of 0.3% and
an rms-error of 0.42%; the data are, however predicted much
more closely by the Master GERG-88 Virial Eguation (1) using

the complete component analysis as input.

Very recently two further natural gases containing sufficient
ethane admixture to give mole fractions of 0.117 and 0.190
have been subject to measurement in the Ruhrgas physics
laboratories. For these twe gas samples the experimental data
agree with calculated values from the Standard GERG-88 Virial
Equation only at very low pressures for temperatures between
270 and 330 K. For the gas with 11.7% ethane content the
prediction ig within 0.1% up to a maximum pressure of less
than 5 MPa, and for the gas with 19.0% ethane up to only
about 2 MPa. The differences increase to maximum values of

about 0.4% and 1.0% respectively for the two gases at
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pressures of about 12 MPa, more or less independently of
temperature. The agreement of the experimental data with the
Master GERG-88 Virial Eguation for these gases 1s again

rather better.

For the gas with 11.7% ethane content, the Master Egquation is
within 0.1% of measurement for temperatures between 280 and
330 K at all pressures up to 12 MPa:; however, the 270 K
isotherm exceeds that 1imit at 6 MPa and above. For the gas
with 19.0% ethane, the agreement is within $0.2% at all
pressures up to 12 MPa, but only for temperatures between 290
and 330 K; at lower temperatures that limit is again exceeded
above 6 MPa.

The overall conclusion seems to be that compressibility
factors of gases rich in ethane are only predicted by the
Standard GERG-88 Virial Egquation within #0.1% if the ethane

content is less than about 10%.

6.4.4 Group 4 - Natural Gases with H, > 0.020

The 13 gas mixtures containing more than 0.02 mole fraction
(2%) hydrogen are N5 to 8, N67 to 74 and Ng84. These gases
were all derived from natural gases by admixture of either

hydrogen or coke-oven gas.

The distribution of the relative deviations for these gases
is quite symmetrical, as shown in Figure 6.13. There are only
five scattered data points (for gases N8 and 70, studied by
use of the DEH Z-Meter and a Burnett apparatus respectively)
with deviations worse than +0.1%. Conseguently, gases c¢on-
taining up to 10% hydrogen may be said to have their com-
pressibility factors predicted by the Standard GERG-88 Virial
Equation well within the experimental uncertainty of about
0.1% for pressures up to 12 MPa. Even for the mixture N84,
which contains over 35% hydrogen (and so is greatly out-of-
range of the targetted applicability of the equation), the
experimental data measured up to 8 MPa are predicted within
0.1%.
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6.4.5 Group 5 - Natural Gases with N, and CyHg each 2 0.040

The ten gases which belong to this group and contain no
hydrogen are N3, 11, 15, 19, 30, 32, 36, 43, 82 and B3.

The data sets for N3, 11, 15 and 19 were taken using separate
samples of the same natural gas source. One data set (N3},
studied by Ruhrgas using a DEH Z-Meter has a very high bias
of -0.094%. The other data sets are from Achtermann gt al
(29,30). Gas N15 shows large positive deviations’ of greater
than 0.1% at 273 K for 15 data points but, as before, this
isotherm cannot be fitted satisfactorily by a second-order
expansion in density even with B and C as 1free parameters;
consequently the deviations are most probably due to experi-
mental errors. At 293 K the data set for N19 shows large
negative deviations, whereas the same isotherm for the Niil
and N15 data sets are predicted quite well by the Standard
GERG-88 Virial Eguation.

As can be seen from Figure 6.14, the distribution of the
relative deviations of the data points for these gases 1is
fairly symmetrical; the maximum falls in the interval between
zero and -0.025%. Despite the above comments, it is clear
that the compressibility factors for these natural gases are
generally predicted by the Standard GERG-88 Virial Equation

to well within the experimental uncertainty of about *0.1%.

The recent set of measurements made by _British Gas onh a
natural gas (N91) belonging to this group has a bias of
-0.075%. For all isotherms, even the low pressure data show a
negative deviation of at least -0.05%. Although it would be
useful to find an explanation of this observation, this new
data set does not change the general conclusion that com-
pressibility factors for this group of natural gases are

predicted within +0.1% by the Standard Equation.



87

6.4.6 Group 6 — Natural Gases with CHy 2 0.940

The eight natural gases N2, 9, 13, 17, 57, 58, 61 and 62 each
contain more than 0.940 mole fraction (%4%) methane. All
these gases have their compressibility factors predicted well
by the Standard GERG-88 Virial Equation, even though the
gases N9 and 17, studied by Achtermann et al (29,30), have a

tendency towards positive deviations at 273 K.

The conclusion that the Standard GERG Eguation provides an
excellent description of lean natural gases, consisting

mainly of methane, is clearly confirmed by Figure 6.15.

Four new data sets (N87, 88, 92 and 93) more recently added
to the GERG databank (10} confirm this result. Although two
of the three data sets provided by British Gas show consist-
ent deviations at all temperatures and pressures (negative
for N88, positive for N93), all of the data remain within the
acknowledged uncertainty band of *0.1%. There could be a very
slight mis-adjustment of the Z-Meter, perhaps of the trans-
ducer used for measuring the low pressure after expansion.
Alternatively the compositional analyses may be marginally

less exact than is believed to be the case.

6.5 Performance for Specifi¢c Natural Gases

In another attempt te identify any systematic deviations of
the compressibility factor values predicted by the Standard
GERG-88 Virial Equation from the true values, six individual
natural gases - one from each of the six composition groups
discussed above - were chosen for examinatien 1in greater
detail. 'The particular gases chosen for this study were
selected because their compressibility factors have been
measured using the optical interferometry and Burnett appara-
tus methods (up to pressures of 12 MPa), 1t consequently
being expected that these data are as extensive and accurate

as any available for natural gases at the present time.

The relative errors AZj, as defined by equation (6.1), for

these gases are plotted for the pressure range up to 12 MPa,
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with the temperature as parameter, in Figures 6.16 to 6.21.

The gases are, in increasing order of calorific value -

(1) Figure 6.16: H-gas/coke-oven gas N74 x(Hp) =0.095

(2) Figure 6.17: Drohne gas N64 x(C03) =0.049
(Drohne gas is from Lower Saxony)

(3) Figure 6.18: NAM-gas N60 x(Np) =0.117
(NAM-gas is mainly Slochteren-type)

(4) Figure 6.19: Soviet gas N62 X (CHy) =0.983

(5) Figure 6.20: TENP-gas N83 x(Np) =0.060

X (CpHg)=0.059
(TENP-gas 1is a Slochteren-Ekofisk mixture)
(6) Figure 6.21: Ekofisk gas N75 x(CoHg)=0.085

The compressibility factors Zegypt ©f these gases have been
measured at 270, 280, 290, 310 and 330 K. For most of the
isotherms the maximum deviations are less than *0.07% over
the whole pressure range up to 12 MPa. For each isotherm the

gases wWith some larger deviations are as follows -

270 K: H-gas/coke-oven gas; Drohne gas; NAM-gas; Ekofisk gas
280 K: NAM-gas; TENP-gas; Ekofisk gas

290 K: H-gas/coke-oven gas; TENP-gas

310 X: None

330 K: H-gas/coke-oven gas; Soviet gas; TENP gas.

The largest deviations for the various gases are often at
pressures above 11.5 MPa. Only two peints are outside the

+0.1% error band.

In the cases of only two gases do any deviations exceed
+0.07% (the estimated experimental uncertainty o¢f these
particular data) within the intermediate pressure range from
about 6 to 10 MPa, for the NAM-gas at 270 and 280 XK and for
the H-gas/coke-oven gas mixture at 270 K. The deviations are,

however, always below *0.1%.

The deviation curves for these two gases (Figures 6.16 and
6.18) reveal some repetitive systematic pattern; both exhibit

bell-shaped deviation curves with a maximum positive devi-
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ation around & MPa on the 270 K isotherm. For higher temper-
atures the deviation curves are flatter. The curves intersect
the axis around 11 MPa and finally reach negative values

approaching -0.1% at 12 MPa.

Similar Dbell-shaped deviation patterns were found for these
gases for the Master GERG-88 Virial Equation, and were dis-
cussed in detail previously (1). The conclusion there, which
now also applies to the Standard GERG-88 Virial Egquation, was
that the equation still provides the best compressibility
factors for natural gases at pressures up to 12 MPa that can
be achieved with a virial equation truncated after the third

term.

6.6 Performance for Liquefied Natural Gas and Simulated

Natural Gases

Two data sets for re-vaporised liquefied natural gases (LNGs)
are available in the D-file, for multicomponent nixtures, of
the GERG databank (10). The LNGs are assigned to this file
because, as for the synthetic multicomponent gas mixtures
therein, they contain no hydrocarbon above C5. The higher
hydrocarbons are removed during the liquefaction process. The
Standard GERG-88 Virial Equation dees not apply automatically
to such gases, or to any other synthetic gases prepared in
such a way as to mimic or simulate natural gases 1if their
paraffinic content is truncated at a similarly low carbon

number.

The relative deviations (Z-errors), as defined by egquation
(6.1), for one of these gases (D19) are plotted in Figure
6.22 for the pressure range up to 12 MPa with the temperature
as parameter. The composition of the two gases D19 and D20
are practically identical, and the quality of the (original)
gas 1s similar to an Ekofisk gas, with a mole fraction of
ethane of 0.087. The compressibility factors of the LNG D19
have been measured at 275, 290, 310 and 330 K. The deviations
are within *0.1% of predicted values of Z for pressures up to
about 8 MPa only. For the lowest temperature isotherm, the

deviations may be as large as 0.4% at 12 MPa.
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These large errors in Z for pressures above 8 MPa, and espe-
cially at 275 K seem, superficially, probably to be the
result of incorrect values for the second and third virial
coefficients for the eguivalent hydrocarbon gas CH given by
the Standard GERG Virial Equation. The latter are, in prin-
ciple (see sub-sections 2.2 and 3.4.3), deficient for any
type of gas which lacks the characteristic "tail" of a gen-
eric natural gas because of the way in which they were de-
rived from the pVT (volumetric) behaviour of the paraffinic
part of actual natural gases exhibiting a regular decrease in

mole fractions of the higher hydrocarbons.

However, measurements have very recently been carried out at
the Ruhrgas physics laboratories with five simulated natural
gases, prepared gravimetrically at the National Institute of
Standards and Technology (NIST) in Boulder (Colorado). These
were subject to a round-robin exercise, organized by the Gas
Research Institute (GRI) in Chicage, for four participants.
Details of the Ruhrgas tests have been reported elsewhere
(34). The results of all participants will be published as
NIST report.

The experimental compressibility factor data obtained by
Ruhrgas have been compared with values calculated from the
Standard GERG-88 Virial Equation. Calculated and experimental
values agree within #0.1% for pressures up to 10 MPa through-
out the complete temperature range investigated of 275 to
325 K. For pressures up to 12 MPa the agreement is still
better than #0.2%. A maximum error of +0.2% occurs at 275 K
for the Ekofisk type simulated natural gas RG-2 which, apart
from the hydrocarbon content being truncated at €5, has a
composition similar to the natural gas N75; this gas is also

similar in composition to the LNG D19 discussed previously.

We conclude from these experimental observations that the
prognosis for simulated (or synthetic) natural gases is not
as pessimistic as the LNG measurements might suggest, and
that, even for gases truncated at around €5, the Standard
GERG Eguaticn retains its specified accuracy of 10.1% for

pressures up to 10 MPa.
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6.7 Expected Accuracy of the Standard GERG Ecquation

The specifications given in Table 1.1 for the Standard GERG-
88 virial Equation called for an expectation accuracy of
+0.1% over a wide range of gas guality parameters and for an
extensive pressure-temperature surface. These ranges are
shown schematically in Figure 6.23(a). The corresponding
ranges where the equation has been adequately tested, and is
known to perform within specification, are shown in Figure
6.23(b). A more detailed discussion of performance, particu-
larly for those regions where the sparseness of good quality
test data prevents a definitive assessment thereof, is reser-

ved for Section 7.

6.8 Comparison with Alternative Simplified Input Methods

In this sub-section we compare the Standard GERG-88 Virial
Equation only with other methods which employ a simplified
(reduced) set of input parameters. We have demonstrated
repeatedly throughout the text of Section 6 that the uncer-
tainty of prediction of the Standard GERG Equation is of a
similar magnitude to that of the Master GERG Equation, and in
ref.l1 it was shown that the performance of the latter com-
pares favourably with all other extant methods which use a

detailed compositional analysis as input.

In sub-section 1.1 both the longer-standing (AGA NX-19 type
(2-4)) and more recent (AGA-8 or GRI—Superi {(5)) methods for
the calculation of natural gas compressibility factors were
discussed very briefly. Both methods use a simplified set of
input parameters; at the level of accuracy and for the range
of applicability now achieved by the GERG equation, only the
Simplified SuperZ equation remains even moderately comparable
with the Standard GERG Egquation. For calculations with the
Simplified SuperZ Equation, the same set of input variables
(superior calorific value, relative density and mole fraction
of carbon dioxide) has been used as for the Standard GERG-838

Virial Equation.

A comparison of the Simplified GRI-SuperZ Equation against



S7

(a) Envisaged T={265 fo 335)K

L T N )
ey RS
el e xepy 03 0
N S A
Lk, S0 T

0 ............................... ..Jl

m 19 L8

o

=

.

[+ H

5

@

(b) g, Tested T=(270 to 330)K

kBN |

T T xpg. =0.08
: 1-1[2H650.09

3 e xg, <040 |

D H .‘, . .‘ ...... : ]
19 34.2 LLT 48

Superior Calorific Value/MJ m>

Figure 6.23 Specification of the Standard GERG-88
Virial Eguation =~

(a}) Envisaged (see Table 1.1)
{b) Region Tested.



98

experimental data for the 270 K isctherm, for several spe-
cific natural gases, is shown as Figure 1.3. It is clear that
for all five natural gases selected, the Z-error remains
within *0.1% only in the lower pressure range, below 4 MPa.
At 12 MPa the Z-error reaches about *0.4%. Furthermore, the
equation is not valid for any mixture, such as natural gas

with coke-oven gas admixture, containing hydrogen.

For the Standard GERG Virial Equation, the cerresponding
Z-errors, for the same gases, are within a spread of #0.1%,
as shown in Figure 6.24. That the Simplified SuperZ Equation
is 1less accurate than the Standard GERG Egquation as pressure
increases can also be seen from trends in the root-mean-
square errors for the natural gases (up to N84 in the GERG
databank (10)) with experimental data measured using the
Ruhrgas optical interferometer or Burnett apparatus. For this
subset of natural gases, Table 6.6 and Figure 6.25 show that
the rms-errors are higher by a factor of about six than those
for the Standard GERG Equation shown in Table 6.5 and Figure
6.9, even though the results for natural gases containing
coke-oven gas admixture have been excluded. Since, as ncted
above, the SuperZ equation is not properly applicable to such
mixtures, thelir inclusion would only further unbalance the

comparison in favour of the Standard GERG Equation.

Finally, it is notable that, although the detailed compo-
sition input version of the AGA-8 (alias GRI-SuperZ) Equation
is currently undergoing revision so as to improve its per-
formance, no such revision of the Simplified SuperZ is envis-
aged. This fact is an explicit rececgnition that both the
concept and performance of the Standard GERG Virial Egquation

are superior to any present or near-future alternatives.
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Table 6.6 Statistical analysis of the Z-differences by pressure
and temperature domains for compressibility factors
measured with the Burnett or coptical device for natural
gas containing no hydrogen: GRI-SuperZ (AGA-8) equation
simplified version.

temperature pressure N n b s rms

range /K range /MPa points  sets x % 4

[265,275) [ 0, 2) 38 10 0.027 0.027 0.038
[275,285) [ 0, 2) 64 9 g.023 0.020 0.031
[285,295) [ 0, 2) 56 10 0.018 0.022 -0.028
[295,315) [ 0, 2) 92 14 0.012 0.021 0.024
[315,335] [ 0, 2) 57 10 0.017 0.019% 0.026
[265,275) [ 2, 4) 40 10 0.060 0.077 0.099
[275,285) [ 2, &) 45 9 0.063 0.065 0.080
[285,295) [ 2, &) 43 10 0.045 0.058 0.073
[295,315) [ 2, &) 57 14 0.049 0.051 0.070
[315,335] [ 2, 4) 45 10 0.045 0.044 0.063
[265,275) [ 4, 5) 19 10 0.12C 0.125 0.171
[275,285) [ 4, 5) 18 9 0.096 0.114 0.147
[285,295) [ 4, 5) 21 10 0.076 0.091 0.117
[295,315) [ 4, 5) 25 14 0.068 0.084 0.107
{315,335] [ 4, 5) 17 10 0.080 0.061 G.100
1265,275) [ 5, &) 16 10 0.144 (.185 0.230
[275,285) [ 5, & 19 9 0.141 ¢.129 0.189
[285,295) [ 5, 6) 19 10 0.072 0.125 0.141
[295,315) [ 5, 6) 22 14 0.095 0.101 0.137
[315,335] [ 3, &) 19 10 0.097 0.080 0.125
[265,275) [ 6, 7) 18 10 0.175 0.216 0.275
[275,285) [ 6, 7) 19 g 0.153 0.179 0.232
[285,285) [ 6, 1) 19 10 0.126 0.135 0.182
[295,315) [ 6, 7) 21 11 0.102 0.119 0.155
[315,335] [ 6, 7) 20 10 0.099 0.107 0.143
[265,275) [ 7, 8) 15 8 0.167 0.264 0.305
[275,285) [ 7, 8) 21 9 0.140 0.220 0.256
{285,295) [ 7, 8) 18 9 0.095 0.176 0.196
§295,315) [ 7. &) 20 11 0.151 0.131 0.198
[315,335] [ 7, 8) 17 8 0.157 0.102 0.185
[265,275) [ 8,10) 35 10 0.210 0.333 0.389
[275,285) [ 8,10) 32 9 0.177 0.282 0.329
[285,285) [ 8,10) 35 10 0.146 0.198 0.244
[295,315) { 8,10) 37 14 0.150 0.169 0.225
[315,335] [ 8,10 32 10 0.147 0.146 0.205
[265,275) [10,12] 34 10 0.322 0.418 0.523
[275,285) [1G,12] 31 9 0.206 0.332 0.386
[285,295) [10,12}] 39 10 0.160 0.252 0.296
[295,315) [10,12] 38 14 0.196 0.194 0.274
(315,335} [10,12] 32 10 0.173 0.175 0.244
Totals 1265 19 0.100 0.174 0.201
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7 - DISCUSSION AND CONCLUSIONS

General Comments on Qverall Performance

Standard GERG-88 Virial Eqguation has been tested very

carefully for natural and coke-oven gases 1n the temperature

range from 270 to 330 K, the pressure range up to 12 MPa, the

3

superior calorific value range from 34.2 to 44.7 MJ m™~, the

relative density range from 0.55 to 0.69, and for the follow-

ing

The

concentration ranges -

mole fraction of nitrogen X {N3) < 0.14
mole fraction of carbon dioxide x(C0p) = 0.08
nole fracticon of ethane X (CpHg) £ 0.09
mele fraction of hydrogen X (Ho) < 0.10.

analyses of the performance of the Standard GERG Virial

Equation given in Section 6 can be summarized by the follow-

ing

{a)

(b)

(c)

conclusions -

The Standard GERG Virial Equation predicts compressibi-
lity factors within #0.1% for almost all natural gases,
and for natural gas/coKke-oven gas mixtures, for pressures

up to 12 MPa and for temperatures between 270 and 330 K.

At 270 K the equation exhibits some minor, apparently
systematic, errors for several natural gases, as evi-
denced by the relative deviations of predicted compressi-
bility factors from experimental values being scometimes
greater than #0.06% for data acknowledged to be of the
highest guality. For NAM-gas (N60) (with some 12% nitro-
gen) and natural gas/coke-oven gas mixture (N73} (with
some 10% hydrogen) the systematic errcr 1s about +0.03%
for pressures above 6 MPa. For the Drchne type natural
gas (N64) (with some 5% carbon dioxide) the systematic

error is about -0.05% in the pressure range above 11 MPa.

For the Ekofisk area gas (N75) (with some 9% ethane)
there is a modest systematic error at both 270 and 280 K
for pressures above 11 MPa. At 270 K and 12 MPa this has
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a maximum value of +0.08%, while at 280 K it is always
below +0.03%.

(d) For gas compositions outside of the range tested with
experimental data all the way up to 12 MPa, it is diffi-
cult to state confidently an upper limit +to the maximum
error for the Standard GERG Virial Equation. Supplemen-
tary test data, especially at the lower temperatures, are

required for this purpose (see sub-section 7.2).

(e) Nevertheless, the equation has been partially tested with
some experimental data for gases having higher concentra-
tions of nitrogen and carbon dioxide, for example N46,
N47 and N48 with 0.23 to 0.53 mole fraction N3, and N33
and N35 with 0.25 and 0.28 COp. Within the limited temp-
erature (280 to 300 K) and pressure (3 to 7 MPa) ranges
for which data are available, the agreement is better
than +0.1%.

The overall general conclusion is that the virial eguation
presented 1in this Monograph, using a restricted set of input
data comprising superior ({gross) calorific value, relative
density, mole fraction of carbon dioxide, pressure and temp-
erature, gives a good description of the compressibility
factors in the GERG databank for pressures up to 12 MPa and
in the temperature region from 270 to 330 K. The remaining
differences between the experimental and calculated com-
pressibility factors are either due to expéfimental errors or
to the inadeguacy of an equation truncated after the second
term in density, but these differences are, 1n any case,

rather trivial.

7.2 Recommendations - Use and Misuse of the Standard GERG

Virial Equation

Within the composition and physical property ranges gquoted in
the previous sub-section, the uncertainty of compressibility
factor prediction is #0.1% for temperatures from 270 to 330 K
and pressures up to 12 MPa both for true natural gases and

for gases containing coke-oven gas or hydrogen admixture.
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For concentrations of nitrogen above 0.14 mole fraction or
carbon dioxide above 0.08 the equation maintains this accu-
racy for temperatures between 280 and 300 K at pressures up
to 7 MPa, but sufficient experimental data of adeqguate gual-
ity, with which to test the equation right up te the speci-
fied maximum concentrations of 0.5 and 0.3 mole fraction

respectively, are not available.

The Standard GERG Virial Equation is very strictly only
applicable for natural gases in the gas phase. The user
should therefore be sure that computations are not made close
to the phase-separation surface; for example, care is needed
at low temperatures for natural gases with high ethane and/or
carbon dioxide content. In doubtful cases, the dew-point
curve should be estimated to ensure that the GERG equation is

not being used inappropriately.

As explained more fully in ref.l, it may also be considered
inappropriate to use a truncated virial expression such as
the GERG equation in order to predict any thermodynamic
quantity other than the compressibility factor or some di-
rectly related quantity such as the supercompressibility

factor or the molar density.

It is always dangerous to extrapolate predictive methods
beyond the ranges of input variables for which they were
designed and tested, especially when constants of the egua-
tion(s) involved have been derived solely from experimental

data taken within these ranges.

In the case of the Standard GERG Virial Eguation, extrapo-
lation upwards in pressure beyond 12 MPa is dangercus because
of the truncation of the eguation after the term containing
the second power of the density; the neglected higher order
terms must be expected to become of ever-increasing signifi-
cance as pressure is increased. Furthermore, extrapolation
outside of the specified 265 to 325 K temperature range (even
at relatively low pressures) is also risky, because of the
rather arbitrary assumption of a qguadratic dependence of all

virial coefficients upon temperature over this limited range
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Extrapolation beyend the specified ranges of composition (and
hence of calorific value and relative density) is risky too,
because of the neglect by implication of some of the virial
coefficients of nominally low mnole fraction components. In
particular, as mentioned earlier, extrapolation of the equa-
tion to high ethane or carbon dioxide content beyond the
tested ranges is questionable, since at low temperatures such

a gas might be close to the phase-separation surface.

Nevertheless, there is some suggestive evidence, but no
guarantees, of how the Standard GERG-88 Virial Equation might
be expected to extrapolate into regions for which it has not

been properly tested and was not strictly intended.

7.2.1 Extrapolation beyond Pressure and Temperature Limits

For some natural gases and natural gas/coke-coven gas in the
aforementioned ranges of composition, superior calorific
value and relative density, available data of good quality
extend beyond 12 MPa and up to nearly 30 MPa 1in the tempera-
ture range from 270 to 350 K. These data, for the Drohne,
NAM, Soviet, TENP and Ekofisk natural gases, and for an
H-gas/coke-oven g¢gas mixture, were secured by Ruhrgas (36)

using their optical interferometry apparatus.

Recently, as discussed in sub-section 6.6,'experimenta1 data
have also become available for five simulated natural gases
in the same pressure and temperature ranges. These measure-
ments were taken by Ruhrgas {(34) as part of a round-robin
exercise organized by the Gas Research Institute. Further
data for the same five gases will be published for tempera-
tures down to 225 K after the completion of the round-robin
test. The performance of the Standard GERG Equation in match-

ing the results so far available is summarized in Figure 7.1.

The pressure-temperature surface (0 to 30 MPa, 225 to 400 K)
is divided into four regions, with a particular uncertainty
for the calculational accuracy being attributed to each such
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region, thus -

Region A Uncertainty < *0.1%

B +0.1% to $0.2%
C +0.2% to 20.5%
D +0.5% to £3.0%.

In +the 270 to 350 K temperature range, the regions shown in
Figure 7.1 have been defined using the experimental data
mentioned above, taking the worst case from the various
natural gases. For temperatures below 270 K or Above 350 K
the uncertainty has been estimated from a comparison of the

GERG equation with experimental data for pure methane.

The uncertainty is #0.1% in region A. For the temperature
range from 270 to 330 K the equation is within *0.1% at least
up to 12 MPa. For higher or lower temperatures the pressure
1imit has to be reduced in order to retain an uncertainty of
+0.1%. For higher pressures the uncertainty of the calculated
compressibility factors increases; at 265 K and 350 K an
uncertainty within 20.2% 1is only retained up to a maximum

pressure of 10 MPa.

7.2.2 Extrapolation beyond Specified Composition and Quality

Limits

In the temperature range 270 to 350 K the Standard GERG
Virial Egquation has been tested comprehensively for gases
within the ranges of composition, superior calorific value
and relative density defined in sub-section 7.1. These ranges
may be taken broadly to describe what is sometimes known as
pipeline or end-use quality natural gas, although the termi-
nology is not definitive. The estimated uncertainties invol-
ved in calculations of compressibility factors beyond these
limits of quality are plotted in Figures 7.2 to 7.4 as pres-
sure-composition surfaces for nitrogen, carbon dioxide and

ethane respectively.

The uncertainty 1limits for high-nitrogen content natural

gases given in Figure 7.2 are supported by the experimental
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data for natural gases N59, N60, N73 and N74 from the GERG
databank (10) and for gas GU-1 from the GRI round-robin test
(34) for mole fractions up to 0.14. The uncertainty 1limits
for mole fractions of nitrogen in the range 0.14 to 0.50 have
been estimated from the experimental results for binary
CHz+N» mixtures present in the GERG databank (10), viz. B12-8
(x(Ny)=0.20) and Bl2-22 (x(Np)=0.50), for pressures up to
28 MPa. The uncertainty limits given are supported by natural
gas data (N46 to N48) for pressures up to 6.5 MPa and temper-
atures of 280 to 300 K. Further work to establish .the uncer-
tainty 1limits more definitively is currently in progress at

the Ruhrgas laboratories.

The *0.1% estimated uncertainty limit for mole fractions
x(Ny)>0.14 1is applicable to pressures up to 6.5 MPa; the
+0.2% uncertainty limit applies up to about 10 MPa. The +0.5%
and *3% uncertainty limits are practically independent of
pressure throughout the whole composition range, and are

reached at about 15 and 23 MPa respectively.

The estimated uncertainty 1limits for high-carbon dioxide
content natural gases are shown in Figure 7.3. In the range
up to 0.08 mole fraction these are based upon the experi-
mental date for natural gases N53, N54, N63 and Né64, and for
gas GU-2 from the GRI round-rcbin test (34). The estimates
for the range 0.08 to 0.30 mole fraction are based upon the
binary CHya+C0; mixture data present in the GERG databank
{10), wviz. B13-4 and B13-5, with a carbon dioxide mole frac-
tion of 0.31. Several natural gas data sets (N33, N34, N35
and N80) in the 0.08 to 0.30 mole fraction range have been
cbtained by Gasunie. However, the pressure and temperature
ranges are limited to only 3 to 6.5 MPa and 280 to 300 K

respectively.

Each uncertainty 1limit shown is constant, independent of
composition up to a carbon dioxide mole fraction of 0.08. For
higher mole fractions the pressure at which a particular
estimated uncertainty 1limit is reached decreases linearly
with increasing mole fraction. At a pressure of 10 MPa the

uncertainty limits of +0.1% and *0.2% in predicted compressi-
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bility factor are reached at mole fractions of about 0.13 and

0.18 respectively.

Figure 7.4 shows the estimated uncertainty limits for the
pressure versus ethane content surface. For mole fractions up
to 0.09% the limits have been derived from experimental data
for the natural gases N59 to N66 and N75 (10}).

For higher ethane concentrations, the uncertainty limits have
been estimated from the experimental binary CHy+CpHg mixture
data present in the GERG databank, viz. B14-8 and 9, B14-6
and 7, and Bl14-12 and 13, having ethane mole fracticns of
0.08, 0.12 and 0.16 respectively. The pressure at which any
particular estimated uncertainty limit, calculated from the
relative errors of the predicted compressibility factors, is
reached, decreases with increasing mole fraction. However,
the relative errors for the binary mixture containing 0.08
mole fraction of ethane are, at the same pressure, much
higher than the relative errors for natural gases with 0.08
ethane. The reason for apparent paradox is obviocus. The
virial coefficients calculated for this binary mixture from
the Standard GERG Eguation do not properly represent the true
virial coefficients of the mixture, because the latter does
not exhibit the "normal" distribution of hydrocarbons 1in a
typical natural gas. This 1s a necessary condition for the

equivalent hydrocarbon concept to be applicable.

To overcome this problem, the uncertainty limits calculated
from the binary mixture data were "matched"” at a mcle frac-
tion 0.09 to the equivalent result from the natural gas data.
The uncertainty limits in the high-ethane composition range
were then estimated by scaling the pressure-axis wvalues by
constant factors calculated from this precedure; thus, at an
uncertainty limit of *#0.1%, by the factor 4.3; at %0.2%, by
2.9; at 20.5%, by 2.0; and at *3% by 1.0.

The estimated uncertainty limits are constant for mole frac-
tions of ethane up to about 0.09. The *0.1% limit is reached
at a pressure of about 12 MPa. For higher mole fractions the

pressure at which each uncertainty limit is reached decreases
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linearly with increasing mole fraction. At a pressure of
10 MPa uncertainty limits of #0.1% and *0.2% are reached at

mele fractions of about ©0.10 and €.13 respectively.

The overall results can be summarized as follows. For gases
of a type categorised earlier in this sub-section as of
pipeline quality, the uncertainty in compressibility predic-
tion (For the temperature range 270 to 330 K) is #0.1% at
pressures up to 12 MPa and #0.2% between 12 and 14 MPa. For
gases beyond the designated limits of pipeline quality, only
gases having mole fractions less than those listed below will
have uncertainties within #0.1% and #0.2% respectively, at
pressures up to 10 MPa and temperatures within the range 270

to 330 K —-

component maximum mole fraction for

an uncertainty within -

(270<T/K<330,0<p/MPa<10) +0.13% $0.2%
nitrogen 0.14 0.50
carbon dioxide 0.13 0.18
ethane 0.10 0.13

7.3 Sensitivity to Input Variables

7.3.1 Inbuilt Uncertainties

The uncertainties of compressibility factors predicted by the
Standard GERG-88 Virial Equation have been discussed in
detail in the foregoing sub-sections. These uncertainties
result from the uncertainties of both the 1like and unlike
interaction virial coefficients used in the GERG equation of
state. The uncertainties of the virial coefficients are
attributable to the uncertainties of the experimental pVT
(compressibility factor) data used in their evaluation and,
for the unlike interaction coefficients, to the uncertainties

in the compositions of the binary mixtures as well (92).
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The uncertainties of gas analyses for natural gas test mix-
tures also contribute to the uncertainties in assessing the
accuracy of prediction. The uncertainties éZeypt (pPVT) result-
ing from the pvVT measurements alone are, as for the pure
gases, usually around *0.07% for pressures up to about & MPa.
The additional uncertainties 8Zgypt(xj) attributable to the
simplified (reduced) analysis input data, as deduced from the
slightly uncertain detailed analysis data for the test gases,
increases with pressure to about *0.06% at 12 MPa. These
features are shown in Figure 7.5; the expected overall uncer-
tainty 6Z%2ga1c ©of *0.1% is also shown.

These considerations indicate that even with a "perfect" set
of input data for the operaticnal application of the GERG
Virial Eguation, the expectation accuracy cannot be better
than *0.1%; the uncertainties associated with actual "imper-
fect" input data can only increase this uncertainty of pre-
diction, and for field application it is essential to Kknow
the extent to which the achievable accuracy is likely to be
further degraded in an operational environment. Consequently,
the effects of wuncertainties in superior calorific value,
relative density, mole percentage of carbon dioxide, pressure
and tenperature on the uncertainty of compressibility factor
prediction by the Standard GERG-88 Virial Equation are dis-

cussed below.

7.3.2 Calorific Value

The effect of uncertainty in the superior calorific value on
the the uncertainty of compressibility factor prediction is
shown 1in Figure 7.6 for three typical and distinct natural
gases. These particular gases were chosen because of their
substantially different compositions, which imply that the
volumetric (pVT) behaviour of each is dominated by different

interaction virial coefficients, as fcllows -

e

N6C NAM gas ~ 12% Ny CH4+N, interaction emphasized
N81 Middelie gas ~ 11% COp CH4+CO>
N66 Ekofisk gas ~ 9% CpHg CHy+CoHg
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The uncertainty in compressibility factor attributable to the
uncertainty of in the measured superior calorific value is
highest for the Ekofisk area gas and lower for the other
natural gases. If the uncertainty of the measured superior
calorific wvalue is 10.04 MJ m™3, equivalent to approximately
0.1%, the maximum resulting uncertainty of the compressi-
bility factor predicted by the Standard GERG Eguation is
+0.1%, for high pressure and low temperature. For a pressure
of 1less than 6 MPa, the extra uncertainty decreases to less
than +0.05%. .

Thus +the uncertainty éZ.a1c increases approximately linearly
with pressure for a given uncertainty in the measured calori-
fic value. Although the effect is marginally greater at low
temperatures, the dependence on temperature 1is weak. For
Ekofisk area gas only, the outer boundary in Figure 7.6 shows
the effect of +0.06 MJ m™> uncertainty in the <calorific

value.

In summary, the uncertainty of predicted compressibility
factors increases with the uncertainty of the calorific value
used as input data, as would be expected. Values for the
sensitivity coefficient S(Z/Hg) for the uncertainty §Z of the
predicted compressibility factor resulting from the uncer-
tainty 6Hg of the measured calorific value, defined by the

eguation

§2(%) = S(Z/Hg).6Hg (%) (7.1)
are given in Table 7.1. The uncertainty éHg typically claimed
in Europe for the calorific value measured measured under
operational conditions in the field is usually between 0.10

and 0.25%, or about 0.04 to 0.10 MJ m™3.

7.3.3 Relative Density

An analysis carried out in a manner exactly analocgous to that
described in sub-section 7.3.2, and for the same three typ-
ical natural gases, shows that the maximum effect of an

uncertainty of #0.2% in the measured relative density is a
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change of about #0.1% in the predicted compressikility factor
(see Figure 7.7). Again the uncertainty 8Z increses with the
uncertainty 8d of the relative density and, for a given value
of &d, linearly with pressure. Values for the sensitivity
coefficient s(z2/d), defined by the equation

§2(%) = S(2/4).6d(%) (7.2)
are listed in Table 7.1.
Typical values of the uncertainty éd range from about *0.15
to 10.30% for values of d obtained under operational con-

ditions.

7.3.4 Concentraticens of Inerts

The set of data normally recommended and reguired as input
for the Standard GERG-88 Virial Equation includes a value for
the carbon dioxide content, with the nitrogen content being
determined as a by-product of the calculation procedure for

compressibility factor.

Again for the same three test gases, as shown in Figure 7.8,
an uncertainty of *0.1% (molar} in the carbon dioxide content
gives a maximum uncertainty in the predicted compressibility
factor of +0.1% at the highest pressures of 12 MPa. The
uncertainty decreases with decreasing pressure and, self-
evidently, for lower wvalues of the uncertainty é6x3 of the
molar percentage of carbon dioxide. Values for the sensi-
tivity coefficient S{(Z/x3) given 1in Table 7.1 have been

derived according to the eguation
§2(%) = S(Z/%x3).6X3(%,molar) (7.3)

The effect of the uncertainty in compesition of the other
main inert component, nitrogen, on the uncertainty of pre-
diction of compressibility factor by use of one of the alter-
native input data sets (for example, by the method given in
sub-section 5.5.1) is expected to be of the same magnitude as

for carbon dioxide.
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Figure 7.7 Effect of Uncertainty éd in Relative Density
on the Uncertainty of Prediction of
Compressibility Factor by the Standard GERG
Virial Equaticn.
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Figure 7.8 Effect of Uncertainty éx3 1in Carbon Dioxide
Content on the Uncertainty of Prediction of
Compressibility Factor by the Standard GERG
Virial Egquation.



116

7.3.5 Temperature and Pressure

Any uncertainty in the temperature measurement used as input
to the Standard GERG-88 Virial Equation propagates very
strongly into an uncertainty in the predicted compressibility
factor. This effect is illustrated in Figure 7.9 for the same
three test gases as studied in previous sub-sections. The
sensitivity coefficients S(Z/T) for the temperature depend-

ence, defined by the eguation
§2(%) = S(Z/T).6T(%) (7.4)

are much higher than for any other of the input variables. An
uncertainty in temperature of only 0.2 K yields &a maximun
uncertainty in the compressibility factor of 10.16% at high
pressures for the Ekofisk area gas. For a fixed value of T,
the uncertainty 62 is more or less proportional to pressure,

and at fixed pressure §2 is proportiocnal to &T.

The effect of uncertainty in pressure on the uncertainty in
compressibility factor feollows a somewhat different pattern
to that found for the other input variables, as shown in
Figure 7.10. Over a wide range of pressures, up to about
8 MPa, there is only a weak dependence of éZ on pressure. For
an vuncertainty ép in pressure of 10.02 MPa, the resulting
uncertainty 62 in compressibility factor has an essentially

constant value of about +0.08% for the Ekofisk area gas.

Whereas, for the other input variables, the relative uncer-
tainties §&Q(%) were constant parameters, the relative uncer-
tainty ép(%) in pressure in this case increases with de-
creasing pressure, and is greatest at p~0; this factor leads

to the distinctive pattern displayed by Figure 7.10.

7.3.6 Overall Sensitivity te Input Variables

The overall uncertainty in compressibility factors predicted
by the Standard GERG-88 Virial Eguation, resulting from the
experimental uncertainties in the input variables required to

perform the calculations, can be obtained by the combination
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in gquadrature of the individual relative uncertainties dis-

cussed in the previous four sub-sections, as follows -
§2(%) = {[S(Z/Hg).8Hg(%) 12 + [5(2/d).64(%)]2 +

[S(Z/x3).6%5(%,molar) ]2 + [S(Z/T).8T(%)12% +

hk’d

[S(Z/p).6p(%)]%) (7.5)

where S(2/Q) is the sensitivity coefficient for the input
variable Q; essentially each such guantity is the partial

derivative of Z with respect to Q.

Approximate values for the sensitivity coefficients S(Z/Q),
where Q=Hg,d,x3,T and p, are given in Table 7.1 for a natural
gas containing about 6% nitrogen, 7%% carbon dioxide and 4%%

ethane.

Table 7.1 Sensitivity Coefficients for the Standard
GERG-88 Virial Egquation to Errors in the
Input variables for a Natural Gas with
Hg=36.61 MJI/m>, d=0.6821, X3=0.0766, for the
temperature range 275 te 285 K

p = 6 MPa p = 12 MPa
S(2/Hg) 0.28 _ 0.75
S(z/4) 0.22 0.40
S(2/%3) 0.33 0.73
S(Z/T) 0.70 1.55
S(Z/p) 0.15 0.15

Typical wuncertainties of measurement (two standard devia-

tions} are listed for the input variables in Table 7.2.

Except for the mole fraction (or percentage) of carbon di-
oxide, the values given in Table 7.2 summarize estimates from
the various companies represented on the GERG Working Group

1.1; together they provide a dgeneral consensus view of the
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present capabilities of typical instrumentation used in field
operations. Estimates for the uncertainty of the mole per-
centage of carbon dioxide, however, vary considerably, from
0.03 to 0.20%; the lower uncertainty value seems likely to be

too optimistic.

Table 7.2 Typical Experimental Uncertainties of

Input Variables

calorific value §Hg = 0.15% or 0.06 MJI/m>
Relative Density §d = £0.20% or 0.0013

Mcole Fraction of COj §x3 = +£0.20% molar

Temperature §T = *0.05% or 0.15 K

Pressure dp = *0.30% or 0.02 MPa at 6 MPa

For the calculation of the overall wuncertainty of predicted
compressibility factors according to eguation (7.5), the
uncertainties from Tabkle 7.2 have been used tocgether with the
sensitivity coefficient values from Table 7.1. For the nat-
ural gas gquoted in Table 7.1, the derived overall uncer-

tainties are -

for p= 6 MPa -——- 6Z = 0.10%
for p = 12 MPa —-~ §Z = 0.22%

at temperatures in the range 275 to 285 K.

These overall uncertainty values, calculated for this partic-
ular natural gas, are typical of results also obtained for
other natural gas compositions, even though the individual
contributions +to the overall uncertainty from the different

input wvariables might vary.

Thus the final uncertainty of compressibility factors cal-
culated from the Standard GERG-88 Virial Egquation - summed up
from +the uncertainty of the calculation method ({Z0.1%) and
the uncertainty caused by the uncertainties in the input
variables - varies from about 10.2% (at 6 MPa) to %0.3% {at
12 Mpa).
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These results are valid as long as each input variable 1is
measured independently of the others. If, however, the calo-
rific wvalue and relative density are both determined by
calculation (25) from the same detailed gas chromatographic
analysis (which also includes the carbon dioxide content),
then their values (and their concomitant uncertainties) are
not independent variables, but instead are correlated. In
conseguence, eguation (7.5) is no longer valid, and instead
the correlated terms have to be replaced by an arithmetic
summation Dbefore being combined in guadrature with the re-

maining independent terms, viz.

§2(%) = ([S(Z/Hg).6Hg(%) + S(Z/A).84(%) + S(Z/%3).6%x3(%)]1?
+ [S(Z/T).8T(3)12 + [S(2/p).6p(%)12)% (7.6)

Superficially this would seem bound to increase the overall
uncertainty 6%, but in fact the details of a chromatographic
analysis contain an implicit relationship between the rela-
tive signs of §Hg and éd; if bketh guantities bear the same
sign, then the overall uncertainty increases, but if they are
of opposite sign the overall uncertainty is reduced. In other
words, depending upeon which component in the natural gas
analysis carries the most serious uncertainty, the final
uncertainty 1in compressibility factor may be either somewhat
greater or less than that calculated from equation (7.5);
inaccuracy 1in the measurement of ethane or heavier hydro-
carbons inevitably leads to &Hg and éd values of the sane
sign, whereas inaccuracy in the measurement of nitrogen or
carbon dioxide leads to opposite signs and some compensation

of measurement errors.

7.4 Use of Alternative Input Variables

The detailed analyses given in Section 6 demonstrate the
performance of the Standard GERG-88 Virial Eguation only for
the set of input variables which comprise the preferred set,

viz.
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(1) Supericr calorific value Hg
Relative density d
Mole fraction of carbon dioxide x3

Mole fraction of hydrogen xj.-

It was, however, noted in Section 5 that the following alter-

native sets of input variables can also be used, viz.

(2) Hg d X2 X3
(3) Hg X2 X3 X4 -
and (4) d X» X3 ¥4

where X; is the mole fraction of nitrogen.

An overall (global) comparison of the sort described in
sub-section 6.2 has been carried out for each of these alter-
native procedures for the same set of test data (84 data
sets, 4486 data points). The results are summarized in Table
7.3, and show that each set of input variables achieves a
practically identical accuracy of prediction for compressi-
bility factor.

Table 7.3 Comparison between Predicted and Measured
Compressibility Factors; Standard GERG-88
Virial Equations using Four Alternative Input

Variable Sets

Z-Differences for 84 data sets, 4486 points

Input Unknown Bias-% Deviation
variable input rms-%

set variable

(1) X5 -0.004 0.049

(2) X3 -0.002 0.049

(3) d -0.007 0.050

(4) He +0.003 0.049

The mean deviation (bias) differs slightly, by up to 0.01%,

between the various input variable sets, the outlying value
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occuring when calorific value Hg is unknown; the mean devi-
ations for the remaining input variable sets agree within
+0.003%.

The point-to-point agreement for the four alternative input
variable sets is better than 0.01% for a variety of natural
gases, including those with a high content of nitrogen,
carbon dioxide and hydrogen. For gases with a high content of
ethane, however, maximum differences of up to 0.05% occur at
high pressures between results for the preferred method (1)
and method (4), for which the calorific value is unknown. The
point-to-point agreement with method (1) for the remaining
methods (2) and (3) is within $0.025%.
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8 -~ COMPUTER TMPLEMENTATION OF THE STANDARD
GERG-88 VIRIAL FQUATION

8.1 Calculation of Compressibility Factor

8.1.1 Input Data Requirements

The required input variables for predicting real-gas conm-
pressibility factors with the Standard GERG-88 Virial Equa-
tion (as implemented in the computer programs presented in
sub-sections 8.2 and 8.3) are temperature t in degrees Cel-
sius (which both programs convert internally to the tempera-
ture T in kelvin), the pressure in bar, the superior (gross)
calorific value in MJ m~? and relative density (both at
appropriate reference conditions), and the molar content of

carbon dioxide and hydrogen.

The Basic implementation also allows the temperature and
pressure to be input in any of several other commonly used
units, and the calorific value and relative density for any
of several reference conditions. However, hydrogen—-cecntaining
gases are not allowed in this implementation. For details of

these options, see sub-section 8.2.

Neither the Basic nor the executable Fortran implementatien
allows the nitrogen content as one of the input variables
i.e. the "alternative input" methods described in sub-sec-
tions 5.5.1 to 5.5.3 are not supported; however, the Fortran
subroutine SGERG.FOR, discussed in sub-section 8.3, does

include code appropriate for these purposes.

Numerical wvalues for the compressibility factor of a natural
gas with a known set of the aforementiocned physical proper-
ties, at known pressure and temperature conditions (p,T), may
be calculated in accordance with eguation (2.2), viz.

Z(p,T) = 1 + Bpix(T) fm + Cnix(T).0% (2.2)

where {(equation (2.1))
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Om = P/ZRT (2.1)

Given values of Bpix(T) and Cpix(T), calculated by the intri-
cate iteration procedure described in Section 5 (in particu-
lar sub-section 5.3}, and knowing p, the easiest way of
obtaining Z is to solve these two equations by further iter-
ation, using %=1 as a starting value in equation (2.1). This
approach is used in both the Basic and Fortran implemen-
tations described below. Convergence to the true value of Z
is usually quite rapid. Both programs use double-precision

arithmetic.

For the Master GERG-88 Eguation 1t is not too unreasonably
difficult (though not recommended!) to carry out the calcu-
lation of Byix and Cpix. and the subsequent calculation of Z,
by hand. For the Standard GERG~88 Equation, however, the
considerable complexity of the calculation of Bpjy and Cpiy
makes it totally impracticable to use anything other than a

validated computer program.

8.1.2 Calorific value Reference Conditions

The reference conditions for which the Standard GERG-88
Virial Equation was developed, and which both computer pro-

grams use internally are those given in Table 1.1, viz.

Combustion at Ty 298.15 K (t1=25°C)
p = 101.325 kPa, and

Gas metered at T, = 273.15 K (t,=0°C)
p = 101.325 kPa.

1l

The latter is also the reference condition for relative
density.

Considerable care is needed to ensure that correctly refer-
enced inputs are used for calorific value and relative den-
sity. Several countries normally use the above conditions,
but others use alternative conditions; confusion because of
this can occur readily, particularly since the unit of calor-

ifiec value measurement in each case may still be MJ m™3.
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Table 8.1 is a guide to which of the major international gas

trading countries use which reference conditions.

Table 8.1 Nationally Adopted Calorific Value Metric

Reference Conditions

All values of the reference condition for pressure
are egual at 101.325 kPa = 1.01325 bar

t; is the combustion reference temperatuyre

t, is the gas metering reference temperature

ty/°cC to/°C

Australia 15 15
Austria 25

Belgium 25

Canada 15 15
Denmark 25

France 0 o
Germany 25 0
Ireland 15 15
Italy 25 0
Japan 0
Netherlands 25 0
Soviet Union 25 0 or 20
United Kingdom 15 15
United States of America 15 15

As indicated in sub-section 8.1.1, the Basic implementation
allows the user a choice of reference conditions for which he
may input the physical properties, but of course he must be
sure that he definitively knows these before he can exercise
that choice.

For the Fortran implementation <there 1is no such choice;
values must be entered for the "standard" reference condi-
tions. Consequently, conversion factors need to be available
for the user whose national (or local) convention differs

from that used here. Appropriate conversion factors are given
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and briefly discussed in sub-secticn 8.1.4.

For those using non-metric measures of calorific value (i.e.

Btu ft~3),
condition
the

nally in

conversion both of the unit
is required. Again this may

Basic implementation;

given in sub-section 8.1.4.

and of the reference
be carried out inter-

further discussion is

8.1.3 Units and Cconversion Factors for Pressure and

Temperature

If the input variables p an t are

not in the favoured units

of bar and ©C, then conversions must be made in order to use

the

version

identical

mentation.

Table 8.2

Presgure: to
to
to
o
to

Temperature: to
to
to

8.1l.4 Conversion

convert
convert
convert
convert

convert

convert

convert

convert

between

Fortran implementation. A selection

to those available internally in

Conversion Factors for

p/kPa to
p/MPa to
p/atm to

of appropriate con-

factors is given in Table 8.2; the values quoted are

the Basic imple-

Pressure and Temperature

p/bar - multiply by 1072
p/bar - multiply by 10
p/bar - multiply by 1.01325

p/psia to p/bar - divide by 14.5038
p/psig to p/bar - add 14.6959 and
divide the result by 14.5038

T/K to t/9C - subtract 273.15
t/°F to t/°C - subtract 32 and
divide the result by 1.8
T/OR to t/9C - divide by 1.8 and
subtract 273.15 from the result

Reference Conditions

Because
are
cause

nents depend

upon

both superior calorific

functions of the composition

temperature and pressure in

value and relative density

of a gas mixture, and be-

the thermophysical properties of the individual compo-

individual
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ways, it is in principle impossible (without knowledge of the
composition) to convert the calorific wvalue and relative
density, Xknown at one set of reference conditions, to exact
corresponding values for any other set of reference condi-

tiens.

However, because the relevant reference conditions are always
thermodynamically close together, and because natural gases
do not vary in their compeositions by major amounts, it 1is
possible in practice to give conversion factors which may be
applied to any typical natural gas with essentiaily ne loss
of accuracy in the converted physical properties. Table §.3
gives the conversion factors apprepriate to the reference

conditions appearing in Table 8.1.

Table 8.3 Conversion Factors for Calorific Value and

Relative Density - Metric

calorific Value: +to convert Hg/MJ m™3 at tq= 0°C, t,= 0°C
to Hg/MJ m~3 at t1=259C, t,= 0°C
multiply by 0.9%74
to convert Hg/MJ m~™2 at t,=159C, t;=15°C
to Hg/MJ m~3 at t;=25°C, tp= 0°C
multiply by 1.0543

Relative Density: to convert d at t;=15°C to d at tp= 0°C
multiply by 1.0002

The values given in Table 8.3 are available within the Basic
implementation of the Standard GERG-88 Equation., Alsc avall-
able therein are appropriate conversion factors for calorific
values, gquoted in Imperial units at non-metric reference
conditions, for their transformation to values at the closest
metric reference conditions. These are given in Table 8.4
the Imperial reference conditions gquoted are those sometimes

still encountered in the U.K. and U.S.A. respectively.
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Table 8.4 Conversion Factors for Calorific value and

Relative Density - Imperial

calorific Value: to convert Hg/Btu ft™3 at t1=60°F, t,=60°F
and p»=1.01592 bar
to Hg/MJ m™2  at t£1=159C, t,=150C
and p»,=1.01325 bar
divide by 26.86

to convert Hg/Btu ft™3 at t1=60°F, t»=60°F
and p,=1.01560 bar (14.73 psia)
to Hg/MJ m~3  at t,=15°C, t,=15°C
and p»,=1.01325 bar
divide by 26.85

Relative Density: to convert d at t,=60°9F and
p2=1.01592 or 1.01560 bar
to d at t,=15°C and pp=1.01325 bar
multiply by 1.0000

8.2 Basic Implementation - the Program ZGERG-88

The Basic program ZGERG-88 has primarily been written for use
with IBM-compatible personal computers. Programming was
mainly carried out on an ©Olivetti M24SP operating under
MS-DOS 3.10 revision 3.13; the programming language was
GW-BASIC 2.01 revision 1.02. The resulting source code,
designated ZGERG-88.AEH, has been converted to executable
code (approximately 79 kbyte) using the Microsoft Quickbasic
compiler, versiocn 2.02 revision 1.20. A complete listing of
the source code is given as Table 8.5. The program incorpor-
ates the code described previously (1) for the Master GERG-88
virial Equation, but does not require the presence of any

assoclated data files as was previocusly the case.

Oonce ZGERG-88.EXE is loaded, all input information is soli-
cited in a suitably user-friendly manner. Assuming that the
user takes the "Standard Equation' option rather than the

"Master Eguation" option at the start, then all he has to
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provide is the temperature (with options of ©C, ©F, K or °R),
the pressure (bar, MPa, atm, psia or psig), calorific value
(MT m~3 or Btu ft~3 for a variety of reference conditions),
relative density (for either of two reference conditions) and
carbon dioxide content (by mole fraction or mole percent).
Conversions to the units and reference conditions used inter-
nally by the program are carried out in accordance with the
appropriate conversion factors from those given in Tables 8.2
to 8.4.

There are several built-in error traps which, witﬁout crash-
ing +the program, identify faulty input, such as out-of-range
selections for temperature, pressure, calorific value or
relative density. Each error message may be either accepted
or - at the user’s own risk - ignored in order to extrapolate
beyond the strict limits of applicability of the GERG equa-
tion. There is no facility in this implementation to carry
out more than a single-point calculation with a single set of
instructions, but a variety of continuation options, such as
changing the pressure along an isotherm, changing the temper-

ature along an iscbar, and several others, are available.
Some example calculations are given in sub-section 8.4.

8.3 Fortran Implementation — the Subroutine SGERG

The Fortran implementation of the GERG-88 Virial Equation is
essentially unchanged both in format and content from that
described in the GERG Technical Moncograph TM2 (1). Thus, the
executable program GERG88.EXE, which is suitable for use on
IBM~compatible personal computers, incerporates the Fortran
77 subprograms SGERG.FOR and MGERG.FOR. A complete listing of
SGERG.FOR, constituting validated source code for the Stan-
dard (or Simplified) GERG Equation, is given as Table 8.6.% A
listing of MGERG.FOR (for the Master GERG Equation) was given

in ref.l. The intention is that users may either use the

* The version of SGERG.FOR listed as Table 8.6 includes
coding for the "alternative input" procedures discussed in
sub-sections 5.5 and 7.4; however, the executable code
GERGE88.EXE does not support these procedures.
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program GERG88.EXE as a stand-alone implementation, or alter-
natively may incorporate SGERG.FOR (and/or MGERG.FOR) into

applications packages of their own.

Once GERG88.EXE is loaded, the necessary input data are
requested in a user-friendly manner; the first few intro-
ductory screens of informaticn which precede these requests
are shown in Table 8.7. Note, however, that there is no pro-
vision for the input of data in units other than 9C (temper-
ature), bar (pressure} and MJ n~3 (calorific value), or at
reference conditions other than those given inv Table 1.1
(t1=25°C, t,=0°C) which apply in Germany and several other

countries in continental Europe (see Table 8.1).
Some example calculations are given in sub-section 8.4,

8.4 Example Calculations

In this sub-section sample calculations are given for three
typical gases, in each case for a set of five typical pres-
sure/temperature conditions. Both the Basic and Fortran
implementations are applied to natural gas N75 (Ekofisk type)
from the GERG databank (10). In addition, <c¢alculations are
given using the Basic implementation for N88 (Leman Bank
gas), and using the FPortran implementation for N74 (which

contains hydrogen from coke-oven gas admixture).

Input data are directly solicited during execution of both
programs. Tables 8.8.1 and 8.8.2 illustrate the output for-
mats of the respective programs. The numerical results of
these examples may also provide a convenient check for the
user of the correcthess of any other implementation that may

be used.

8.5 Program Availability

Both the Basic program ZGERG-88.EXE and the Fortran progranm
GERG88.EXE are readily available upon request from either of
the present authors as executable code. The Fortran subpro-
grams SGERG.FOR and MGERG.FOR are also available. Exception-
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ally, the Basic source code ZGERG-88.AEH may be provided, but

the complete Fortran source code GERG88 is not available.

The preferred medium on which program copies will be supplied
is double-sided/double-density (360 kbyte) 5%" flexible
diskettes. Legal copies of the programs may only be obtained
by contacting, in the first instance, either of the present

authors. Their current addresses are -

Dr A.E.Humphreys

British Gas plc

Research and Technology Division
London Research Station

2 Michael Road

Londen swé 2ad

England

and Dr M.Jaeschke

Ruhrgas A.G.

Applied Physics Section
Halterner Strasse 125
D-4270 Dorsten 21

Federal Republic of Germany.

Despite the willingness of GERG to make copies of the pro-
grams easily available, it should be recognised and respected
that +the copyrights of ZGERG-88.EXE, GERG88.EXE, MGERG.FCR
and SGERG.FOR remain the preoperty of the Groupe Européen de

Recherches Gaziéres.
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Table 8.6 Listing of Fortran Subroutine SGERG.FOR

C***********'k'****'k**********'k*******'k'il'**'k'k******'k*************************
last update: 04,11.091 E.¥. Hinze ¢/ M. Jaeschke

KkkkkkhkhkkmEk*kFE:  OGFRG-88 VIRIAL EQUATION  dkxwkrksrtrrmirkkrdssns
SUBROUTIKE SGERG

' SGERG' CaLCULATES THE COMPEESSIEILITY OF NATUR.L GASES USING
& SIMPLIFIED GASANALTYSIE

COPYRIGHT - GROUPE EUROPEE! Df REZCHERCHES GAZIEZRES, 198&
LEGLL COPIES OF THIS PROGRAM MaAY OWLY Br OBTAIKEDR FROKM THE
MEMBERS OF THT GERG WORIING GROUF ON COMPRESSIBILITY
FACTORS OF NaATURAL GAS A% GIVER IN THE GERG TECHNICAL
MONOGRAPH T > {1920:.

The calcuiations ars pa
tollowing 1nput Dar

i In

ed o thres gl the ZIirst
2 1 3

r=  ICI Tne ga

4]

rametl
~

input feor His

—i~ ¥I: molar rraztion KC z
-2-  Xi: molar ZIZraction COC S0
-2- HS: calorific wvalle in Mo o 3is.:0.u.) 0
-4-  RM: reiative mass vs. aiv {s.2.5.) S
-5-  ¥3: moiar fraction EI =
=ww (NI LN3Y: moszr Traction (WD~ ODD) S -> 0D
2.7.0 metering ST = LUl T o= 1.0.225 parz

3
2
n
3

Zurther 1npu! parameiers usel are:

> 12¢

P : pressurs 1 pav f Y
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C TC: temperaturs in deg. Celsius _
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K o: oswiteh

The "switch" H indicates which of the first four parameters
is NOT used for the calculations. Tnus, the discarded para-
meter musi corresbons with @ aummr paramerer In the calling
prografi. Fecr w=l.li=l and [=: & CALCULATED value for respe:-

T o

zively XZ, X3 and H: 1z returnec.

ralculated vaiues:

Z i compressibility razicr
D : molar density in mol/m¥%3

*%%% Tor some compilers the SAVI option has to bDe sei explicitly ===~
SYNTAX : CaLl SGERG(X2, I HS.RN.EE,P.UTCLH,Z.D)
Tne coefficients used in this prograr are conform with tne
values of subroutine GAS68Z, from July 20,1988, appendec ic

report 8807. Van qer Waals Laboratory., Amsterdam.

J.P.J. HMichels & J.d- Schouten
august 16, 1991

Values for the gas constan:., molar masses, calorific values
and the density oi air are conform with ISO/DIS 6876 (1891).

CCCCCCCCCCCCCCoCCCCCClCCCCCCCCCCICCITCCCCCCCCCCCCCTTCCCCCCCCCCCCCCCCCClClll
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SUBROUTINE SGERG(X2,X3,HS.RM.X5.P,TC,K.2.D)
IMPLICIT DOUBLE PRECISION (4-H.0-%Z)

IF{(N.LT.1.0R.N.GT.4%} STQP * ERROR IN SVWITCE -
IF(P.LT.0.0 .OR. P.GT.120.0 STOP ~ PRESSURE OUT 0F RANGE’
IF(TC.LT.-8.15 .QK. TC.GT.6i.8%) ©STOP ' TEMPERATURE QUT 0F RANGE’
IF(N.EG.1)CALL SGERGL(P,TC.XI.X3,55,ES.RN.2.D)

IF(N.EQ.2)CALL SGERGI(P,TC. Al M2 X2, ES.RM.L.D)

IF(N.EQ.3)YCALL SGERGAI(P.TC.Zl. X3, X3 ,H3.R¥.2,D)

TF(N.EQ.&)YCALL SGERG4(P,TC I N3 VESHS.RY.C.D)

RETURI

END

FEmAkERRR TR RETFRRA AT R TR bbb Twre 'x'x‘!"x*x*'xww‘:x*‘x‘k\‘f*?‘r‘\“x‘k‘}"kwx‘r“"ww‘rw‘k‘k‘f""""
SUBRQUTINE SGERGL(F.TC,02.22.C3.0M.RE.Z.D)

IMPLICIT DOUBLE PRECISION (4-E.G-2)
COMMON /RBLOK/ AMOL.HE

COMMON /XBLOK/ X3, XI. VS F”l.ﬁl:.ﬁl: RO

CJESVETVHLSVELT VLD VEEE ETT
COMMOK /MBLOK/ CFlR,.GMIR‘.Cih GMI,CGMI . EM7, FA.F2,RL.TOLESET,F
HS = QN
X3 = Q3
13 = Q5
IF(RM.LT.C.ZS .0OR. RM.GT.C.9233TCF TREL. HASS OUT OF RARGES
IF(X3.LT.0.0 .QR. X3.GT.C.20STOP *CZ2 0UT Or RANGES
IF(HS.LT.1%.0 .OR. HS.G7.48.7)58TOP "ZALOR. VALUE OUT 0OF RANGE®
TF((0.55+0,37%K3-0, 39*%5) . CT.8)8T0r " CONFLICTING INPUT!

S = RM*RL

X7 5%, 0964D0

X33 = X3*XE

¥55 = X5#3°

W77 = XK7#¥7

BEFF= -0.065D0

E = 1000.0D0

AMOL= 1.0D0/(F4+BEFF)

K =0

KK = O

CALL SMBER(H,SMT1)

IF(ABS(SN-SMT1) .GI. 1.D-£€) THEN
C4LL SMBER(H-..0DO,SMT2:
DH= (SM-SKT1)/(SMT2-5M71)

n

H = h+DE
= K¥-1
ID(KL GT.20)STOF * 1O CONVERGENCT £l

GO TO :
END IF
X1l = X1#¥1
12 = X1*¥2
X13 = X1#¥2
X272 = ¥2*%2

X23 = X2%¥3

X25 = XO*¥S

15 = X1#¥E

¥17 = X1*%7

CALL B11BER(TO,H,B1

CALL BBER(TO,B11,BEFF)

AMOL= 1.0DO/(FA+BEFF)

HSBER = X1¥H*AMOL~ (YS*HS+X7H7)*AMOL
IF(ABS(HS~HSBER).GT.:.0D- a) THEK

K = K+1
IF(K.GT.20)STOP *HC CONVERGENRC 27
GO To 1

END IF
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IF(X2.GT.C.D) STOF FCALZ. N2 QUT OF RANGE"
IF(X2+X3.G7.0.5)8T0r ‘NZ -~ C0Z2 QUT OF RANGE-
IF(¥2.LT.-0.01 .0OR. (0.55+.4%X2+40. 9?+X3 0.39*X21.GT.RM)
STCT tCONFLICTING RESULT FOR N27
Q2 = X2
T = TC+TC
CaLl Bl1BER(T,H.B1.:
CALL BBER{7.B11,B)
cilLL CBER{T.R.C
cabl ITER(T.Z,B,C...00
D= 1.0D0
END
SUBRQUTINZ SMBER(E.SM)
IMPLICIT DOUBLE PRECZISION (~-32,0-4%
COMMON /RILOK/ AMOL.ZS
COMMON /XZLOK/ 32, nl.Z3. X110l l 013,500 20, 83:
L NTUELIS NI I RV
COMMON /MEL_QN/ GMIR..GMIEI.GMI . GMZ . GMI . GMT FA.F2. BL.TOHL 57T
GMi= GMIR<-GMIE1+#E
X1 = (HS-/X3*H5+E7+57y*AMOLY Z/AMOL
2 = 1.0Di-Wi-X3 x,—T?
SWo= (X1#=GML-H2%GNI-T TAGMILEAR ML T REN T YRANOL
END
kR Rk R R R E R R R R R R N N A R RN MR AR T RN NN A AR R R AT R R MR T
SUBROUTIKEZ SGERGZ2{T.TC,Q2.L2.02,QM. B2,
IMPLICIT DOUBLE PREZISION (~-2,.0-27
COMMON /RELOK/ AFOu.rb

COMMON /¥BLOKS EL1.Zl. X3, Mil, 12 E1Z, 000,535,328
YZ.?_.LlJ "f.*:i.hfi."—_

COMMON /MBLOIL/ GMIZ_ . GMIELZ.GU..GHMZ.GML,GMT . FA,FE.RL,TOEZ B, L
HS = QM
2 = Q2
Y3 = Q2
IF(RM.LT.Z.2%2 .OR. RM.GT.C.9.33707 *BEL. MaS% QUT GF RANGE’
TF({X2.LT.C LOR, X2 GT.C.E0STOP *12 OUT G- RANGE-
TF(HS.LT. ly LOR. ES.GT.48.015TQP *CALOR. VALUE QUT OF RANGE'
IF((O.53+0.41*X2-O.39*X5).GT.RH)STOF *CONFLICTING INPUT
SM = RM*EL
X7 %5*(0,0964D0
X22 X2*¥5
%25 A2#FZ
z55 X5*yz
ni7 L
BEFF=-0.0&3D0
H 100C.0D0
AMOL= 1.0DU/(FA+BEF:)
Kk = 0
CaLL SMBR(E.SKTI)
IF(ABS(SM-SMT1) .GT. 1.D-6) THEN
CaLll SMBR(H+1.0DO_SMT:;
DR= {SH-SMT1)/(SMT2-5MT_,
H - E~-DH
FFE = F+1
IF(KILGT.2035TOR flL CORVERGENCY
GO TC 1
END IF
¥11 = Xi#¥2
X127 X1+#¥z
X13 X1*3%
X33 X3*¥z
X23 X2*77
¥13 = Ri*y=
A17 = ¥1+*¥7

(_'." i

L‘T.‘ O

nn

It
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oo
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K=20

CcALL B11BER(TO,H,B11)

CALL BBER(TO.B11,BEFF)

AMOL= 1.0DO/(FA+BEFF)

HSBER = A1*H*AMOL+(X5*H3-+X7*H7Y*AM0L
IF(ABS(HS-HSBER).GT.1.0D-4) THEX

K = k-1
IF(“ GT.20})8TOF 'NO CORVERGENTY  #27
GO T¢ =
END IF
TF{X3.GT.C.3} STOE "CALZ. C0Z COUT OF RANGE
TF{X2+ X3 G”.O.B)STO? *N“ - C02 QUT OF RANGE”
IF(¥3.LT.-C.0% JOR. (0.35+.4%00-0.97%35-0.39%XZ).GT.RN)
+ STCP "CONFLICTIKG RESULT FOr €027
Q3 = X3
T = TC-TC

CaLL B11BER{T.H,B1Z;

CALL BBER{T.B11,B)

C4LL CBER({7.E.C)

CaLlL ITER(F.T,B,C.V.Z2:

D = 1.0D0/7

END
KAKIKEREFHTFREARRERRKRRFKF I T TR
SUBROUTIKE SMBR(E.S3X)

IMPLICIT DOUBLE PRECISION (a-5.0-2
COMMON /RBLOK/ AMOL.ES

COMMON /ZBLOK/ hl.zh.Y: RILLVEILLELIZ EID 23 N

oy ~ e, I own T T
> CEE AT VRISV HLYVHID VR LS

COMMON /MBLOK/ GMIRD.GMIRL.GMI,GM3.GHMZ.GMT.FA.TL.RL,TU,ESHY,

3]

GMl= GMIRL+GMIRI*E

X1 = (HS-(Z5*H5+X7+H7)=ANOLY /5/AMOL

X3 = 1.0DG-X1-¥2-¥5-K7

SM = (X1*GM1+X2*GMZ+X3#GN3-XO#GMD+KT7*GNT)*AMOL
END

ek ke kR R TR R AR AR KK TR R AR RR R E R R TR EFRRFEAREI R AArrmma Rk khkwkm kAR Ay o=
SUBROUTINT SGERG3(P.TC.Q2,03.C5.HS.RH,Z,D)

IMPLICIT DOUBLE PRECISION (A-E o2

COMMON /XBLOK/ X1,¥2.¥3,%11. 12, K12.%22.K23,¥22
e YJ.}'?_}xlD,!.;f.:’LJ.Y_«_..K-'—

COMMON /MBLOK/ GMIR{,.GMIRI1,GMI.GM3,GMI,GM7,F:.,FB,RL,TO,ES.HY,R

DATA BMO/.0838137D0/.BM1/-.008Z1644D0/ .

- WD0/135.2153DC/ . WDL/  1067.943D0

X2 = Q2

23 = Q3

25 = 05

IF(RM.LT.C.32 .OR. R¥.GT.0.9C3STOF *REL. MASS QUT OF RANGE'
IF{X2.LT.0.{ L.OR. £2.GT.C.5C)STOP k2 OUT 0F RANGE’
IF(X3.LT.0.5 LOR, Z3.GT.C.300STOT *C0Z OUT OF RANGE’
IF((0.55+0.41*%X2+0.97%¥3-C.39*%75) . GT.R¥}STOP ' CONFLICTING INPLUT®
IF(X2+X3 .GT. 0.50) sTOP "N2+C02 OUT OF RANGE!

SM = RM*REL

X7 X5%0.0964D0

X1 = 1.0D0-Z2-X3-%5-27
X1li= X1#MI
X12= X1#%Z
Z13= X1*¥Z
X22= X2*¥%
X23= X2¥E2
X33= X3#*X3
X15= X1#*X¥Z
X17= X1#%7
X25= X2*¥Z
X55= X5*J:C
A77= X747
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Bll= -.0635D0

K=20

CALL BBER(TO,B11,BEFF)
AMOL= 1.0D0O/(FA+BEFF)
XZ2H X2*AMOL*GHE

¥3M = X3%AMOL#GHM2

X5N = X5*AMOL*GMZ

X7¥ = X7*AMOL*GMT

XI1M = SH-N2W-X3K-X5M-X7X
GH1 = X1¥/(X1*AMOLY

BilB = BMGO - BM1*GMI
IF(ABS(B113-B11).G7.1.00-5) TEEX

K = K-l

IF(L.GT.208T0P © KO CORVERGEKRC £l
B1l: = B1l1B
GO TG 1

END IF

Bll = BllE

DCh= GM1/(FB+B11}

E = WDG - WD1*#DCH

T = TC-TC

CALL BI1BER{T.d.E_l;

CALL BBER(T.B1l.B:

Call CBER(T.H.Cj)

Call ITER(P.T,B.C.V.Z)

D = 1.0D0OsY

BS= (X1#*H-Wo=HD+ Z7#E7 )y xANDL
RETURN

ERD

L R et St e T T T T e L TNt Tt e S et
SUBROUTINZ SGERGS(P.TC.QZ.0QIZ 02 HS.RYN.Z2,D)

IMPLICIT DOUBLE PRECISION (&-E.0-Z)

COMMON /ZBLOK/ 1. zg,hg.)L‘ NILVMIZVEIZVEDIGL RS
JEDVET IR ALV VNRDVEES WYY
COMMON /MBLOIY GH_RO GM1EL. G”: GMZ,GM3.GH7.FA.FE.RL,TG.ES.E7.R
2 = Q2
3 = Q2
¥3 = Q3
IF(¥Z.LT.0.0 .QOR. X2.GT.C.350) STOF K2 OUT OF RANGE’
IF(X3.LT.0.0 .OR. Z2.GT.C.30; STOP "CO2 OUT OF RANGE’

IF(X2+%2 .GT. (.50 STOP? ‘N2 + c0Z OUT OF RANGE®
X7 = ¥5%0.0664D0C

X1 = 1.0D3-K2-X3-%2-%7

li= X1*¥:

12= X1#¥Z

X13= X1#%3:C

N22= ¥2=%¥Z

Xd3= ¥2+%¥%

¥33= Z3wY2

Al15= X1#¥Y5

X17= X1=Y7

A23= E2¥Y:Z

55= X5*¥:
7= X7%%7

= HS/X1%2Z2,35D0
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K=20

CALL B11BER(TO,H,B11)

CALL BBER(TO.B11,B)

AMOL = 1.0D0/(B+Fa)

HBER=(HS- (X5*H5+X7*H7 )*AMOL) / AMOL/ X1
TF(ABS(H-HBER).GT.1.0D-1) THEX

= K+1
TF(K.GT.20)8T0> - NO CONVERGERTT =x1°
B = HBER
GO TO 1
ERD IF
H = HBER
T= TC+TO
calLl B11BER{T,H.E1ll}
CALL BBER(T.B11.B) ’
CALL CBER(T.KE,C)
CALL ITER(F.T,B.C.V.Z!
D = 1.0D0OsY
RETURN
END
kR R R AR R R AR T N AR AR R T R R N N A N T R AR AN YN T TR RN R AR AR RN AR R AR
SUBROUTINE B11BER{T.Z.BL11}
IMPLICIT DQUBLE PRECISICK (~-E.(0-%Z)
COMMOL /BBLOK/ BRI1HO(3), BRIIEI(2;. BRILH2(3). BRI2(3). BRZ3(Z}.
-~ BR33(Z), BRIZ(Zj;. BR17{Z;. BRS5{Z.. BR77{(3:, B2z
TZ=T*T
B1i=BR11HO{1l) -~ BR11HO(Z)*T - BRIIHO{Z»=T2
+  +(BRI1HI(1) « BRILEI(2)*T - BRILEL{2V*T2)*E
+ +(BR11H2{1) - BRILE2(2)*T - BRI1H2[Z)=T2)*H7Z
END
PR L T T TP e P R S P E R b e e ek h S ke

SUBRQUTINE BBER(T.BL..BEFF)
IMPLICIT DOUBLE PRECISION (s-E.0-2)

COMMON /BBLOL/ BRIIEC(3). BRILHI(Z3). BRIIH2(Z). 3R22(3). BRI3(3,.
+ BR33(3), BRIZ(Z;. BRI7(2), BR23(Z;. BR77(3), BII
COMMON/ZETA/ Z12.233,Y12,703,7123 Y112

COMMON /XBLOK/ ¥1,Z2.73,X10,M102,H12. 222,823,322

> JAS L ETLNLS, LT VE2E NREVETT

TZ2=T*T

B22=BR22(1) + BRZ2(2)*T - BRIZ{3)}*T:

B23=BR23(1) + BR23(2)*T - BR2Z3(3)*TC

B33=BR33(1} + BR33{(2*T =+ A,J(3\*T¢

B15=BR15(1) + BR15(2)*T - BR13{3)=T:

B55=BR55(1) + BR53(2}*T - B”J*’B)*TZ

B17=BR17(1y + BR17{(2)*T +~ BRi7(3)*TL

B77=BR77(1)} + BR77{2)*T - BR77(2)*7T2

Bal3- B11*B33

IF (BAl2 .1L7. 0.0) 3T0P * KO SOLUTIONY
222=212+(320,0D0-T)#*#2%1,.8750-7

BEFF = ¥11%Bll + ¥12%Z2Z%{(BlL1+B22) - L.ODO*513*2’3*DSQRT(B513)
> +322%B22 - 2.0D0*X23%B23 - M3Z*B3Z - ¥55%B55
> +2.0D0*¥15%B15 - Z.0D0O*Z25#835 - 2.0DO*X1?+317 - X77%B77
END

Rk Rk kR R R R R R AN R R R A R N R T R R R R R IR AR R R R R N R kR R kR kR AR Rk e
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SUBROUTINE CBER(T.E.CEFF)

IMPLICIT DOUBLE PRECISION (A-E.CG-Z)

COMMON /CBLOK/ CR111HO(3). CRI11HI1(3). CRII11HZ{3)., CR222(3).

+ CR223(3). CRZ33(3), CR333(3). CR335(3), CR117(3
COMMON /ZETA/ 212.213,Y12.713.Y12 .3115

COMMON /XBLOK/ ¥1.¥2,®3.X11,R12.X12.KZ2.X23.532

L LEEa -t ] ==
> ‘}L:)u \1 .A;l_aq J.r tn-._aa‘;53|}

T2=T*T

C1i1=CRI11EO(1) - CRITIHD(2)*T - CRI1ZEO{3)*T.

4 +(CRI111E1{1) - CRIIIHI{2)*T - CREILIHI(3)*TI1%&

+ +(CRllihh(l) - CRLIIHZ(2)+T ~ CRIZIHI(3)*TI2y#H*H
€222 = CRZ22(1} -  CRIZZ(2)*T - CRIZZ(32 )*TC

€223 = CR2ZZ3(1) -~  CRIZ3(2)*T - RIZ3(3)y*TE

€233 = CR2Z3(1) - CR233(2¥*7 - CRIZ3(3)y*TL

C333% = CR233(1) - CR333(2¥7T - CRIZZ3(3¥=TLI

C555 = CREZE(1) - CR332(2 )** - CRISZ{3)y*T2

€117 = CRLI7(1) - CRI17 (2T - RIIT{3)=TC
Cal12=Cl1i=C111=C222

Ca113=C113%C213#C3%:

CA122=C111=2222=C2CC

CAal23= Cll'ru,EZ"CSZZ

CAal33=C111+C333%L322¢

C4115=C111*C111+C2z:

IF (CAY1Z2..T.C.T .OH. Al12,L7T.0.0  JDL. CALIZZULT.OLC
- JOR. Cal?23.iT.o.0 LOR.  Cal3s.lT.o.0 J0R. CaRlls. LT. 0.0

- STO? * NO SOLUTION'

D3REP=1.0D0.3.0D<

CEFF=¥1#¥11%C11. -2.0D0*x11%22=(Call2)=*D3REP*{T12+(T-27C.0D0)
- *0.0013D0)
- + 3.0D0%E11#XE  #(Call3p*=D3REP =712
+ 3.0DO®H1#E1E #(CAL15)»**D3REF #7L1%
+ 3.0DO¥¥1*X22  #*(Cal22)**D3REP *(T12-(T-272.0D0)*0.0013D0;
: +6.,0D0# X1 *X2#53%(CA123)**D3REP  *T1Z2
+ +3,0D0#X1*¥32  #(CA133)**D3REP #T1C
+X22%52*C227 - L.0DO*E22¥EIFCIZE ~ 3,0D0*H2*E33%C233
+ +X3*33%C333 - ¥5#FEO*CE5S — 3,0D0*XNI1+¥7*CLl17Y

RETURN

END

FRAIKERE KT FREAFERET KRR R kR hrr AR TR AR T KT IR IR T RAERFRRARAR KRR IR F IR Hkm R
SUBROUTINE ITER(P,T.BE.C.V,Z)

IMPLICIT DOUBLE PRECISION (~-H.0-Z)

COMMON /MBLOK/ GMIRC.GMIRI,GMI.GM3,G¥3.GK7.Fa.75,RL,TO,ES,HY K

RT = R*T

RTF= RT/F

V = RTP+L

Kih. = O

V = RTP#*(1.0D0-B/V-C/V**2)

KID = RK+1

IF (KK .GT. 20) STOF ' WO CONVERGENCY =27

Z = 1.0D0<B/V+C/VH*Z

Pa = RT/V#Z

IF(ABS(P&-F; .GE. 1.2-5)G0 TQ =

RETURN

END

3

T

+
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BLOCK DATA
IMPLICIT DOUBLE PRECISION (A-H.O0-2)
COMMON /BBLOK/ BRI11HO(3}, BR11E1(3}. BRILIH2(3). BR22(3). BRZ3(3).

+ BR33(3), BR15(3), BR17(3), BR55{(3), BR77(3), BI:
COMMON /CBLOK/ CRlllHO(B). CR111H1(3}. CR111H2(3). CR222(3),
+ CR223(3), 233(3). CR333(3), CR355(3), CRil7(3}

COMMON /ZETA&/ 212,21 B,Elﬂ.Y';.* 23.Y1L
COMMON /MBLOK/ GMIRO.GM1R1,GMI.GN3,GKI.GMY FA. FH RL.TO.HZ,HV.E

DATA BR1I1HO/-0.425468DC, 0.288500D-C. -.4620732-2 7,
- BR11H1.0.8771185-2, -.53€2B1D-Z G.bSlqu -2/,
BRllHQ.—.824747D o, C.431436D~2. -.6083190-11/
“ BR22 = -.144600D0C ., 0.740210D-2, -.%119500-¢ /,
- BR23  -.339693DC , C.161176D-1. -.Z044280-2 /,
+ BR33 - -.868340D0 , 0.403760D-C. -.5163700-2 /,
+ BR15> = -.521280D-1, O.-:l;:OD—E -.25 PRI
- BR17 -.687290D-1. -.23%9381D-2, (.518193D-¢ /,
- BRSS . -.1105963-2, 0.817"65D—' -.9872200-" /,
- BR7Y -.120820D0 , C.6LIZZ40D-2. -.0443000-5 1,
- B25> - 0.012DC
DAT4 CRILIHO -.302488D0 . C.1038810-7. -.31637120-5 ..
- CRI11iH1/ 0.646422D-2, -.2I128760-2. C.08BIZ7D-B /7,
+ CRlllnh- -.332805D-¢6, C.2I23160D-E., -.3077120-11/,
+ CR222 0.784980D-2, -.398950D-4. $.81318700-7 /,
- CR223 - 0.352066D-Z, -.1686008D-5, O.15716%3-7 /.,
- CR233 ° 0.358783D-I., 0.B8066740-Z. -.325879c2~-7 /,
- CR333 ¢ 0.205130D-2, C.34B880D-4. -.8370312-7 7/,
- CR55: - 0.104711D-2. -.3848870-2, .4670%ZD-8 /,
+ CRll? 0.736748D-2, ~.I76578D-4, . 343C210-7 /
baTe Z1 G.72D0 ;, Z12 -.865D0. ,
+ T12 N 0.92Du o, Y13 . 0.92D0,. YTIZ3 . 1.I0DO/,
- Y1157 1.2D0/
DATA GM1RG,-2.709328D0/, GHIREL.. bE:OLq1O9DJ .
+ GMZ2 ©  28.0133D0/, GMZ <.010D0/ .
- GMs v 2.Q15900/, GMY ES.OIODOE,
- Fa /22.414097DC/, FE TZ22.710811D0,
- RL 7 1.282923D0/, TO 273.15D0y,
+ HZ ¢ 285.83D0/, H7 282.98D0/
- R /0,0831451D0/
END

Errata for GERG Monograph TM-5 {1991}

STANDARD GERG VIRIAL EQUATION FOR FIELD USE

fage 135

The Fortran program listing given contains, on this page, the
ingorrect wvaiuc 0.881514D-8 (linmc 10}; the correct value is
0.8815100-58, as given 1inp Table 4.1 {page 43), in the Basic
program line 5720 (page 143) and in references {6}, (7] and
t8). Conscguently the example calculations given in Table
6.8.2 arc very slightly incerrect (not more than 3.10_5 in 2).
For example 1 (N75), correct implementations of the SGERG
method must conform with the cxample calculatisns  shown in
Table 8.8.1 for the same gas. For example 2 (N74}, the correct
compressibility factor/molar density (kmol m_3} palrs are as
follows: 0.883515/ 1.0183, 0.90L0l/ 2.8594, 0.83541/ 6.1673,
B.31465/2.7195 and 0.99274/2.25950.
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Table 8.7 Introductory Text Generated by GERGS8B8.EXE

This program vill be run on & IBM compatibie PC (AT;. Please insert the disk
and start the program :

GERGEE

(at first a describing tent will be dispiaved, piease press RETURN tec continue)

GERG-B8 VIRIAL EQUATIOR

Calculation of the densitv and the compressibility factor of natural gases
from a detailed molar composition or from a simplif-ec analysis

COPYRIGET - Grours LRuropeer de Kecharcnss sarierss., [988/169:
Legal copies oI zthis program may only 0f obialnec Irom the members oI ns
GERG Working Grouy on Compressibliliz: Fac-crs of Watural Gas a: tne fzo-oving
addresses as giver in GERG Techniczl donograpns TM I {1988) and TH = {1391,
{(Return)
r. M. Jaeschke Ir. &, audiber:

c/o Ruhrgas AC /0 Gz de France

DIZT. - CERST:

Halterner Strasse 123

D-4270 Dorsten 21 (F.R.Germany) 361 avenue du Fresiden: Wilsen
7-93277 Le Piains St. Denis Cedex
Mme. P. van Canegnen Dr. &.2. Humphrewvs
c/0 S.4. Distrigaz c¢/o Eritish Gas pic
London Resezren Statioen
Digue du Cansgl 1GC ¥ichas_ Road
B-1070 Bruxelles (Belgium) GB-London SW& 240 (Unired Kingdorm)
Mrs. DPr. R. Janssen-van Kosmalen Kr. Ing. Q. Pellel
c/o Nederlandse Gasunie L.V. c/o S.NVAM. Spa,
Servizio Despacclamento e Misure

Energieweg 17
P.0. Box 19 I-200%7 San Donarc Milanese (Italr;
NL-9700 MA Groningen (Netherlands)

(Return)

This program calculates compressibility facters and molar densities [or natural
gases frem a knowrn molar composition or Irom the input of four parameters {(mole
fracticns of carbon dioxide and nvdrogen., relative density and calorilic value:
i.e. simplifie¢ analysis). in accordance with the GERG-88 wviria: eguation
( MGERG , May 1988 or SGERG, Juir 1988 / Augus: 1991, respectively) aevezioped
primarily by J.A. Schouten and J.7... Micnels of the Van der Waals Laboratory
of the University of Amsterdam under coniract to the Groupe Europeen de Recner-
ches Gazieres.

The target accuracy is +/- 0.1 % within the temperature range -8.15 tc €1.85
deg C (265 to 233 K) and a pressure range O to 12C bar (12 MPa).

(Return)
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Ranges for percentage molar composition

methane >= 50 X
nitrogen <= 30 %
carbon dioxide + ethviense <= 30 X
ethane <= 20 %
hvdrogen <= 10X
propane <= 30X
calbon monexide <= 3%
putanes <= 2.5 X
helium <= 0.5 R
pentanes - penzens <= 1.2 %
nexanes - e-benzenz <= JL1 X .
neptanes - toluens <= .1 %
octanes -~ higher = .17

(Return?

Ranges for simplified analvsis

mole percentage ¢ carbon dioxide <= I00%

mole percentage oI hydrogen <= LIk

density.relative to air at K.T.F - Q. to 0.90

gross calorific value 2t R.T.P. T 16 oo 48 Mi/m:

*)note: density. relative to air z: the following relsrence conaitions
temperature T = 0.00 deg.l . pressure F = 1.7I322 bar (L.T.F..
gross caicrific valus, at tne folloving relference condizlons
metering : T = 0,00 deg.C ¥ o= L.C21325 bay (K.T.P.)
compustion : T = 22.00 degz.C

{Return)

Tne GERG-B8 viriz. equatior wa © wvers careful.v in the tempera-

ture range from 270 to 2325 K, fi gsure range up ¢ 12 MPe and fo:

pipeline quality gas covering ' 1o° concentrations and ranges
for the relative density anc th . value

nitrogen : = 14 4

carbon dioxide : {= 8 X

ethane : = 9 %

hvdrogen : <= 10 %

relative densit: .55 to 0.6%

gross calorific valiue G to 42 MI/m3

The expected uncertainty 1limits Zfcr calculation ¢ compressibilitr
factor peyvond thiz limit of pipeiine guelity gas is discussed 1n GERG
Technical Monograph T I (1991}.

The restrictions of the input data on the range o compositions anc
simplified (reduced) gas analysis wi.. iZ necessary during

I bpe Ilagged

program executior., as will out-oi-range inputs Icr lemperature ant
pressure.

{Return)

Select

MASTER GERG-88 VIRIAL EQUATIOK {molar compositiorn;
STANDARD GERG-B8 VIRILL EQUATION (simplifiec anmalysis)
EXIT (program end)

a1

Fant i e B
I ]

vour choice:
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{if m is selected :)

*******************************f*******w***************************************k

GER3-88 VIRIAL EQUATION (molar composition)
CALCULATIOR OF THE COMPRESSIDILITY OF NATURAL GAS
MOLAR COMPOSITION WMGERG . M&aY 18858

**************w*ww************xw***wr%*wwﬁﬁx*w******kw******W******ﬁxxrw*ww*****

Selec: fracrional or percentage molar compesition (I

-t
el
Ca

Enter gas composition in mole Cractionspercent (MuTI enter "OM feor zeroes):

{ZTHANE

NITROGER

CARBON DIQXIDE - ETHERZ
ETHANE

1TDROGEK

CARBON MOKOEIDL
PROPANE

BUTANES

HELTUH

PENTANES -~ BENZERC
HEXANES EBERZEREZ
iEPTANES -~ TOLUEKRZ
OCTANED HIGHET

f

1

Do vou wish to modifv these composizions’

Do vou wish to save the results on
(if answer 1) please give & name ¢I tnhg catalIiie:

enter a2 i {ma::. 30 characters):

_I
Enter pressure in bar:

Enter temperature in deg.C:

Results : G~3 PRESSURE : - par
GLS TEMPERATURE : °C
COMPRESSIBILITY FACTC: C :
KOLal DERSITY : Kmolysm#+Z
Select new pressure ancé lemperature L

modify last analysis
new molar composition
ney simpiifie¢ analvwsis

EXIT

S T

Please maks vour chiolce
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(if s is selected:)

dokFek kA R Ak kK ARk R AR R R kR Rk AR KRR F KKK H R K IR ETRR AT KRF R R H AR KA R F R Rk K
STANDARD GERG-88 VIRIAL EQUATICK
CALCULATION OF THE COMPRESSIBILITY OF KATURAL GAS
SI” PLIFIED ANALYSIS buEnU . *'”US“ 1002

Select fractiona. oy parcentage molar composition {(Z/pl:
Enter simplified analysis:

MOLE FRACTION/PERCENTAGE
MOLEZ FRACTION/PERCELTAG
DEKSITY. RELATIVE To ~EIE
GROSS CALORIFIC VALUZ A7

0T C%PBOﬂ DIOXI £

BRUN

Do vou wisn to modifr these paramsters

D0 vou wish to save the results on &z aatali_z’
(if ansver V) please giv -1
enter 2 12 s

Enter pressure in bar:

Enter remperaturs in deg.C:

Results: AS PRESSURE : Dar
GAS TEMPERATURE : eC
CO”PRESSIBILITJ FelT0: Z :
MOLAR DENSIT: : RmoLsm¥~
Select new pressure anc temberaturs ]
modify last analvsis =
new molar composition i

m

newv simplified analvzics
E}!Tr—

Laded -

La

Piease make vour cholice

(if x is selected:)

Exit , the program will be endec.
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Table 8.8.1 Example Results for (Basic) ZGERG-88.EXE

I}

fn
N
ixl
A
.

COPYRISET - Srouvos Europeen oo Recn@rones dazlier
Laga. coples <. frnis progran may only 0@ 0btoinec Jrom
iUnited Rimnsdom.

(Belgium.

Nether langdss

s DoHumpnrays

N S ]

[
m
i

=oJanssoern

v

Frangas:

Calculation of Compressibility Factor and Density for Natura. Gases

This program calculates compressibility factors and densities for
natural gases of known molar composition in accordance with the
GERG-88 equaticon , developed primarily by J A& Schouten and
J P J NMichels of the van der Waals Laboratory of the University of
Amsterdam under contract to the Groupe Eurcpeen de Recherches
Gazieres.

The expected accuracy is +/- &.1 percent within the temperature
range -8 to 62 deg C and the pressure range © to 128 bar, but
these ranges may, with cauction, be stretched.

There are also restrictions on the range of compositions for which
the equation should be expected to achieve the target accuracy -
these will be flagged if necessary during program execution, &s
will out-of-range inputs for temperature angd pressure.

Press return key to continue

If a complete meolar composition analysis is not available, you may

instead calculate compressibility factors using as input a
simplified analysis comprising caleorific value, specific gravity
and carbon dioxide content. The resultant values will be of

similar accuracy TtTo those obtained from a full melar analysis.
(Note, however, that gases containing hydrogen or carbon monoxide
are not permissible in this implementaticn of the simplified
analysis GERG wvirial eguatiocn.}

The molar composition input version is known as the MASTER GERG-88
eguation, and the simplified input version as the STANDARD GERG-B8
equation.

Select master eguation or standard equation input (m/s) S

Select mole fraction or mele percent composition entry (f/p; P
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input units to be used for calorific value -

- you may choose by letter from (b) btulIT)/ft”"3
(m) MJ/m"3 -- now -- M
Select‘the rgference conditions at which your dry-gas calorific
va%ue is defined - you may choose py letter from
(2) Combustion at 15 deg C + Metering at 15 deg C *+ 1.01325 bar ( U.K,
. B} . Aus
{b) Combustion at 25 deg C - Metering at © deg C + 1.01325 bar ( FRG,
. Bel
(c) Combustion at © deg C + Metering at @ deg C + 1.01325 bar { Fra,
-- now —-—- B
Select input unit to be used for temperature - ]
- you may choose by letter from (k) kelvin
(¢) deg Celsius (centigrade)
(£} deg Fahrenheit
{r) deg Rankine -- now -- C
Select input unit to be used for pressure -
- you may choose by letter from (m) megapascal
(b) bar
(s) standard atm
{(a) Dsi absolute
{(g) psi gauge -- now -- B
Enter the pressure in bar 60.120
Enter the temperature in deg C -3.73
Enter the dry-gas calorific value in MJ/m"3 43.5%56
Enter the dry-gas specific gravity @.6508
Enter the mole percent of carbon dioxide *.5021
The Compressibility Factor 1s Z{T p) = @.79292
T/K = 270.00
p/bar = 59. 12080
The Molar Density is D(T,p) = 3.37744 mcol/L
Select by letter from the following continuatien options -
(a) Retain gas analysis - change Dressure atong an isctherm
(b) Retain gas analysis - change temperature along an isobar
(c) Retain gas analysis - change DIesSure and temperature values
{(d) Retain gas analysis - change pressure and temperature units
(e) Change gas analysis - retain pressure and temperature values
(f) Change gas analysis - change pressure and temperature values
(g> Change gas analysis - change pressure and temperature units
(h) Switch to/from mole percent from/to mole fraction input
(i) Switch between master and standard equation input
(i) Return to start of DProgram

(k)
(g’

Inspect ranges of validity an

Quit program

d trace component assignments

now -- C

u.s

It

L

Ned
Jap

)



Enter the pressure
Enter the temperature
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in bar 5%.%88

The Compressibiliity Facter

Enter the pressure
Enter the temperature

The Molar Density

in bar

in deg C &.85

is Z{T,p» = @.82144
T/K = 280.00
p/bar = 59.958800
is D(T,p» = 2.13683 mol/L
119 . P68

in deg € &.BS5

The Compressibiiity Factor is Z(T p) = ©.68%4c
T/HK = 280 .00
p/bar = 119.26800
The Molar Densitv is D{(T D) = 7.47409 mol /L
Enter the pressure in bar 60.1'18
Enter the temperature in deg C 16.85
The Compressibility Factor is Z{T,p) = @.B4465
T/K = 290.00
o/ Dar = &0.11800
The Molar Density is D{T,p) = 2.95185 mol/L

Enter the pressure
Enter the temperature

The Compressibility Factor

Select

(a)
(b))
(c)
{d)
(e)
(£
(g>
{h)
(i
(i
(k)
(g}

in bar 6@.19"

The Molar Density

Retain
Retain
Retain
Retain
Change
Change
Change
Switch
Switch
Return

gas
£a:S
gas
Eas
gas
gas
gas

analysis
analysis
analysis
analysis
analysis
analysis
analysis

to/from mole
between master and standard equation input
to start of
Inspect ranges of validity and trace component assignments
Quit program

in deg C 54.85

is z(T,p) = ©.90831
T/K = 3230.Q20
o/bar = &50.19100
is DI{T py = 2.41514 mol/L

s !

py letter from the following continuation options -

change pressure along an isotherm

- change temperature along an isobar

- change pressure and temperature values
- change pressure and temperature units
- retain pressure and temperature values
- change pressure and temperature values
- change pressure and temperature units
percent from/to mole fraction input

program

-- now -- G
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input units to be used for calorific value -
b} btulIT)/ft"3

- you may choose by letter from ¢

Select the reference conditions at
choose bpv letter

value is defined - you may

(a) Combusticon at 15 deg C

(b) Combustion at 25 deg C

{c} Combustion at @ deg C

Select

Select

- you may

Enter
Enter

Enter
Enter
Enter

input uniz
- you may

input unit

the pressure
the temperature

the dry-gas calorific value

choose by

{

m) MJIsm™3

Metering at 15 deg C

Meterin

Meterin

in MPa 5.030s&
in kKelvin 28Z.50Q

g at @ deg

Ly}

g at @ deg C

to be used for temperature
letter from

(k) kelwvin

{c) deg Celslius

-- now --

which vyour dry-gas calorifi
from

I

c

+ 1.91325 bar ( U.K,

+ 1.@81325 bar

Bus
FRG,
Bel,

,-\

+ 1.01325 bar {( Fra,
-—- now -- &

(f) deg Fahrenheit
(r) deg Rankine -- now -

to be used for pressure -

choose by letter from (m) megapascal

(b} bar

{s) standard atm
{a) psi absclute
{(g) psl gauge

the dry-gas specific gravity @.5858

the mole percent of carbon

The Compressibility Factor

Select

(a)
{(b>
(c)
(ar
(e)
(£
(g
(h)
(i
{3
(k)
(q?

The Molar Density

by letter from the

Retain
Retain
Retain
Retain
Change
Change
Change
Switch
Switch
Return

gas analysis
gas analysis
gas analysis
gas analysis
gas analysis
gas analysis
gas analysis
to/from mole

Cioxide Q.08

in MJdrm™3 38.83

is Z(T,p) = ©.88733
T/K = 283.50
p/bar = 50. 30600
is D(T,p) = 2.40315 mol/L

following

change
change
change
change
retain
change
change

percent
between master- and standard equation input
to start of program
Inspect ranges of validity and trace component assignments
Quit program

continuation options -

pressure along an
temperature along an

pressure
prassure
pressure
pressure
pressure

from/to mole fraction

and
and
and
and
and

temperature
temperature
temperature
temperature
rtemperature

(centigrade)

- K

isotherm
isobar

values
units
values
values
units

input

-- new -- C

U.s

It,

Ned

Jap

)
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Enter the pressure in MPa 2.033°%

Enter the temperature in kelvin 293.0¢

The Compressibility Factor is Z(T, K p)

T/K
p/bar

The Molar Density is D(T, p?

Enter the pressure in MPa 5.9905

i}

Enter the temperature in kelwvin 2%3.0c¢

The Compressibility Factor is Z{7,p’

The Molar Density is DT, p?

Enter the pressure in MPa 2.0428

Enter the temperature in kelwvin 3@3.
The Compressibility Factor is Z(T,p)
T/K

p/bar

The Molar Density is D(T, p!

Enter the pressure in MPa 4.305¢6
Enter the temperature in kelvin 313.

The Compressibility Factor is Z{(T,p>

T/K
p/bar

The Molar Density is D{(T,p’

Select by letter from the folliowing

{(a} Retain gas analysis - change
{b} Retain gas analysis - change
{c? Retain gas analysis - change
(d) Retain gas analysis - change
(e) Change gas analysis - retain
(f) Change gas analysis - change
(g} Change gas analysis - change

@.9590%

293.0&
= 20 . 33900

= B.8BB3sS

il
R

2]

La}S]

i

zZ93. @&
= 59.905600

@.96372

3¢3.00
20.42800

@.23166

313.0@8
= 45.056002

©.870325 mol/L

.7BZ222 mol/L

@.584138 mol/L

1.85783 mol/L

continuation options -

pressure along an

isoctherm

temperature along an iscbar

pressure
pressure
pressure
pressure
pressure

and
and
and
and
and

temperature
temperature
temperature
Ttemperature
temperature

values
units
values
values
units

(h) Switch to/from mole percent from/to mole fraction input
(i) Switch between master and standard equation input

(j)» Return to start of program

(k) Inspect ranges of validity and trace component assignments

(g’ Quit program

-— now

- Q
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Table 8.8.2 Example Results for (Fortran) GERG88.EXE

EXAMPLE 1 (s) K72

ok kR A A ERERIEKFRE A IR Rk R AR R R E R I IR EEF AR RRR TR AR T TR F KRR T RhF R m ok F kA H
STANDARD GERG-BE VIRIAL EQUATION
CALCULATION OF THZ COMPRESSITILITY OF NATURAL GAL
SIMPLIFIED ANALYSTS SGERG . AUGUST 198l

kR R R A A A AR R AR R A kN T A N TR R A R R F N W R R R T T m R w i w ke

MOLE PERCERNTAGE OF CARBOK DICHIDE : 1.502%
MOLE PERCENTAGE OF HYDROGEL ! 0. 000!
DENSITY, RELATIVE TO ~IR AT 1. J. 65067
GROSS CALORIFIC VALUL AT TR : 43,5930 NMi/mx=]

F1r1d
1 m

GAS PRESSURC : 65,2207 par

GA% TEMPERATURE : -Z.1x 0 °C
COMPRESSIBILITY raClll - : we 18237

H
-1
1

MOLAR DEKSITY wmols el

L

.

-
[

GaS PRESSURE 59,9880 par
G&5 TEMPERATURE °C

LTI Wi}

COMPRESSIBILITY FACTOL z
MOLAR DERSITY

Led [0 Ce N

o
[T s e s R o)

Ly D
cr

kmols/m»+2

=1

G£5 PRESSURE ; 119.9680 par

G425 TEMPERATURE ; c.82 °C
COMPRESSIEILITY FACTLE - : .68940

MOLAR DERSITY : 704736 kmolir=E

GAS PRESSURE: : 6C. 2180 bar

G£S TEMPERATURE : 16.82 °C
COMPRESSIBILITY FACTO: ‘ : 0.8446¢

MOLAR DERSITY : 2.9518 kmolsmwrC

GL£S PRESSURE : 60.1910C bar

1
GAS TEMPERLTURE : 56.82 °C
COMPRESSIBILITY FaCTO: C : C.90832
MOLAR DENSITY : 2.4151 kmoi/smTTi
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EXAMPLE 2 (s} N7<

B T T B b P L e P T s R R S S P e TS L Sl S L e bt e Sk s S
STANDARD GERG-88 VIRIAL EQUATION
CALCULATION QF THE COMPRESSIEILITY OF NATURAL GAS
SINPLIFIED ANALYSIS SGERG . &BGUST 199:

R KRR AR R A AT R A AN TR AR A AN N AR A T m m T R A A A IR A A T AR AT R R Rk m R a e wwiwhk

MJLE PERCENTAGE OF CaR200 DICHIDE : 1.339C

MOLZ PERCENTAGE OF EYIROGEN : 9,4910

DEKSITY. RELATIVE TC LI 27 LLT.P. £.5980C

GROSS CALORITIC VallZ AT L.TLPL 34,3700 MIymFEs
GiS PRESSURE : 59,9760 bar

G4S TEMPERATURE : -2.15 °C
COMPRESSIBILITY FACTO: - ! 0.885%¢

MOLAR DENSITY ! 3.0182 kmoismr-:
GL£5 PRESSURE : 59.980C par

GAS TEMPERATURE ! 6.8> °C
COMPRESSIEILITY FACTO: - ! 0.901G2

MOLAR DENSITT : 2.85%9: Rkmolsmx~_
G45 PRESSURE 119.9480 par

GL% TEMPER~TUZEE 6.82 °C
COMPRESEIBILITY FalTCr z 0.83542

MOLAR DENSITY 6.1672  kmolsm=-C
GAS PRESSUEZ : 59.9750 bar

Ga> TEMPERATURE : i6.8% °C
COMPRESSIBILITY FalTOR z : 0.91462

MOLAR DENSITY : 2.7194  kmolsm#¥:
GAS PRESSURED : 59.9930 bar

GAS TEMPERATURE : 56.85 °C

0.9527%
= 2.2949 kmol/m=¥:

-1

COMPRESSIBILITY FACTG:
WOLAR DENSITY
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(4)

(5)

(6)

(7)

(8)

(2)
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10 - NOMENCLATURE

or mean relative deviation,

of a set of data:; defined by
equation 6.2.

m3 mol~l 2Zero-th order (constant) term in
the expansion of B in tempera-
ture (eguations 2.9, 3.2).

Coefficient of the first

order (linear) term in the
expansion of B in tempera-
ture (equations 2.2, 3.2).

Coefficient of the second
order {quadratic) term in
the expansion of B in temp-
erature (equations 2.9,
3.2).

(Also use m3/kmol,cm?/mol).
Second virial coefficient
(equations 2.2, 2.3).

m® mol-2 Zero-th order (constant) term in
the expansion of C in tempera-
ture (equations 2.10, 3.3).

Coefficient of the first

order (linear) term in the
expansion of C in tempera-
ture (equations 2.10, 3.3).

Coefficient of the second
order (quadratic) term in
the expansion of C in temp-
erature (eguations 2.10,
3.3).

mé mol=? (Also use mb/kmol, cm®/mol).
Third virial coefficient (equa-
tions 2.2, 2.4).

- Density relative to air of
standard composition at ¢ ©c,
101.325 kPa.

Symbol First Use SI Unit Meaning
b page 62 - Bias,
b(0) page 15

b(1) page 15 n3 mol~1l k-1
b(2) page 15 m3 mol~l K2

B page 9 m3 mol~l

c(0) page 15

c (1) page 15 ré mol1-2 k-1
cl(2) page 15 mé mol~=2 K~2

C page 9

d page 6

Dey page 50

J mol~l (Also use kJ/mol). Iteration
increment for molar heating
value; defined by equation 5.13
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(Also use kJ/mcl). Ideal molar
superior heating (calorific)
value of the whele natural gas or
of a pure chemical species -
reference condition 25 ©C.

{Also use kJ/mol). Molar superior
heating (calorific) wvalue of the
equivalent hydrocarbon -
reference condition 25 ©cC.

(Also use MJ/m3). Superior
(gross) calorific value for the
whole natural gas - reference
conditions: combustion at 25 ©C,
metering at 0 ©C, 101.325 kPa.

(Also use kg/kmol). Mass per

Number of distinct data sets.

Number of components in a mix-
Number of experimental points in
(Also use MPa, kPa, bar, atm,

psia). (Absclute) pressure,

Physical guantity (usually Hg, 4,

J mol™! X1 (Also use MJ/kmol K). Uni-

versal gas constant.
(R = 8.314510 J/mol K).

Fractional (or percentage} rocot-
mean-square deviation of a data
set; defined by equation 6.4.

Standard deviation of a data set;
defined by eguation 6.3.

Sensitivity ceoefficient of Z to
the physical guantity Q: defined
by equations 7.1 to 7.3.

Celsius (also use Fahrenheit ©F)
temperature; t/9C = T/K - 273.15.

Thermedynamic (absolute) tempera-

Molar volume (=1/Qp).

Symbol First Use SI Unit Meaning
HO page 26 J mol~1
Hen page 12 J mol-1
Hg page &6 J m-3
M page 12 kg mol~1

mole.
n page 62 -
N page 10 -

ture.
N page 20 -

a set.
P page 1 Pa
Q page 116 varies

X, por T).
R page 9
ms page 18 -
S page 62 -
S(Z/Q}y page 113 -
t page 33 oc
T page 1 K

ture.
Vi page 53 m? mol”l
X page 6 -

Mole fraction.
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Symbol First Use SI Unit Meaning

y page 37 - Interaction coefficient.
Z page 1 - Compressibility (or compression)
factor; defined by equation 2.1.
BHO page 12 m3 mol~l Zero-th order (constant) term in
the expansion cof Bpyg (eguation
2.7) .
BH1 page 12 m3 J-1  coefficient of the first order

(linear) term in the expansion of
Bey (equation 2.7).

BH2 page 12 m3 mol J~2¢ Coefficient of the second
order (quadratic) term in the
expansion of Bepg (eguation

2.7).
€Ho page 12 mé mol~2 Zero-th order (constant) term
in the expansion of Ccy equa-
tion 2.8).
€H1 page 12 n® mol~1 -1 coefficient of the first

order (linear) term in the
expansion of Cgg (equation
2.8).

€H2 page 12 né J-2  Ccoefficient of the second order
(quadratic) term in the expansion
of Cpy (egquation 2.8).

1 page 32 - Number of carbon atoms per mole-
cule.

0 page 26 kg m~3 (Mass) density.

Om page 9 mol m~3 (Also use kmol/m>, mel/L}. Molar
density.

5Q page 111 varies Uncertainty of the physical

guantity Q (e.g. Z, Hg, d}.

AZ page 62 - Relative deviation (or error) of
a single data point; defined by
equation 6.1 (alsoc known as

MZ-Error").
/b page 30 - Summation factor.
Additional Subscripts
Symbol First Use Meaning
i page 10 Identifier of i-th component in a mixture.
i page 62 Identifier of i-th data point in a set.

| page 10 Identifier of j-th component in a mixture.
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Symbol First Use Meaning

k page 10 Identifier of k—-th component in a mixture.

ij page 10 For the binary interaction of component i
with component j.

ijk page 10 For the ternary interaction of components
i, 7 and k.

o page 50 Value at the base condition.

q page 16 Dummy subscript; g = 0,1,2.

u,v,w page 50 Iteration counters.

air page 26 For dry air of standard composition.

calc page 5 Calculated,

expt page & Experimental.

mix page 9 For a mixture.

CH page 12 For the equivalent hydrocarbon.

D page 55 Special value of 0 used in equation 5.13a.

1 page 37 For the equivalent hydrocarbon.

1 page 26 For the combustion reference condition.

2 page 6 For nitrogen.

2 page 26 For the metering reference condition.

3 page 6 For carbon dioxide.

4 page 7 For hydrogen.

5 page 41 For carbon monexide,

Additional Superscripts

For the ideal gas state.

Symbol First Use Meaning
o page 49
r page 37

Dummy superscript; r = 0,1,2.



