L 00 0000000000 66 & (

Disclosure to Promote the Right To Information

Whereas the Parliament of India has set out to provide a practical regime of right to
information for citizens to secure access to information under the control of public authorities,
in order to promote transparency and accountability in the working of every public authority,
and whereas the attached publication of the Bureau of Indian Standards is of particular interest
to the public, particularly disadvantaged communities and those engaged in the pursuit of
education and knowledge, the attached public safety standard is made available to promote the

timely dissemination of this information in an accurate manner to the public.

“STTAA FT ST, S T At ‘U A FIE AT F R
Mazdoor Kisan Shakti Sangathan Jawaharlal Nehru
: * “The Right to Information, The Right to Live” “Step Out From the Old to the New” .

IS 14504 (1998): Natural Gas - Calculation of calorific
values, density, relative density and Wobbe Index from
composition [PCD 3: Petroleum, Lubricants and their Related
Products]

“ST " TH T4 AT T At '

Satyanarayan Gangaram Pitroda

.‘,\\ “Invent a New India Using Knowledge”

ST T AT TS & ST A T A ST A 2 “\_/

Bhartrhari—NitiSatakam
’- “Knowledge is such a treasure which cannot be stolen”

A

1 0 0 000000000006 6 (






BLANK PAGE

PROTECTED BY COPYRIGHT



IS 14504 : 1998
ISO 6976 : 1995

YT HE ( Reaffirmed 2003 )

yiepiaes T — HHed | hall {H, 8, STufaen
g AR A1 gAbih H IR
Indian Standard
NATURAL GAS — CALCULATION OF
CALORIFIC VALUES, DENSITY, RELATIVE

DENSITY AND WOBBE INDEX FROM
COMPOSITION

ICS 75.050

© BIS 1998
BUREAU OF INDIAN STANDARDS

MANAK BHAVAN, 9 BAHADUR SHAH ZAFAR MARG
NEW DELHI 110002

January 1998 Price Group 14



Natural Gas Sectional Committee, PCD 24

NATIONAL FOREWORD

This Indian Standard which is identical with ISO 6976 : 1995 ‘Natural gas — Calculation of calorific
values, density, relative density and Wobbe index from composition’ issued by the International
Organization for Standardization (ISO) was adopted by the Bureau of Indian Standards on the
recommendation of Natural Gas Sectional Committee and approval of the Petroleum, Coal and Related
Products Division Council.

The text of this 1SO standard has certain conventions which are, however, not identical to those used
in Indian Standards. Attention is particularly drawn to the following:

a) Wherever the words ‘International Standard’ appear referring to this standard, they should be
read as ‘Indian Standard'.

b) Comma (,) has been used as a decimal marker while in Indian Standards, the current practice
is to use a point (.) as the decimal marker.

For tropical countries like India, the standard temperature and the relative humidity shall be taken as
27 + 2°C and 65 * 5 percent respectively.

In reporting the results of a test or analysis made in accordance with this standard, if the final value,
observed or calculated, is to be rounded off, it shall be done in accordance with IS 2 : 1960 ‘Rules for
rounding off numerical values (revised)'.
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Indian Standard

NATURAL GAS — CALCULATION OF
CALORIFIC VALUES, DENSITY, RELATIVE
DENSITY AND WOBBE INDEX FROM
COMPOSITION

1 Scope

This International Standard specifies methods for the
calculation of the superior calorific value, inferior
calorific value, density, relative density and Wobbe
index of dry natural gases, natural gas substitutes and
other combustible gaseous fuels, when the compo-
sition of the gas by mole fraction is known. The
methods provide a means of calculating the proper-
ties of the gas mixture at commonly used metric ref-
erence conditions.

The methods of calculation require values for various
physical properties of the pure components; these
values are provided in tables and their sources are
identified.

Methods are given for estimating the precision of
calculated properties.

The methods of calculation of the values of properties
on either a molar or mass basis are applicable to any
dry natural gas, natural gas substitute or other
combustible fuel which is normally gaseous. For the
calculation of the values of properties on a volumetric
basis, the methods are restricted ta gases consisting
preponderantly of methane (not less than 0,5 mole
fraction).

Examples of calculations are given in annex D for the
recommended methods of calculation.

NOTES

1 The symbols used in this International Standard, to-
gether with their meanings, are given in annex A.

2 The qualifiers "higher”, “upper”, “total” and “gross”
are, for the purposes of this International Standard, syn-
onymous with “superior”; likewise, “lower” and “net” are
synonymous with “inferior”. The term “heating value” is

synonymous with “calorific value”; “specific gravity” is
synonymous with “relative density”; “Wobbe number” is
synonymous with “Wobbe index”; “compressibility factor”
IS synonymous with “compression factor”.

3 I the composition of the gas is known by volume frac-
tions these must be converted to mole fractions (see
annex C). Note, however, that the derived mole fractions
will have uncertainties greater than those of the original
volume fractions.

4 For the purposes of this International Standard, the sum
of the mole fractions used must be unity to the nearest
0,000 1, and all components with mole fractions greater
than 0,000 05 must be accounted for

5 For the calorific value calculated on a volumetric basis,
there are limitations on the amounts of components other
than methane which may be present. It is impossible to be
definitive on this matter, but the following guidelines may
be useful:

N, should not be present in amounts exceeding 0.3
mole fraction;

CQ, and C,Hg should each not exceed 0,15 mole frac-
tion;

no other component should exceed 0,05 mole fraction

Given these limits, the expected trueness of the calculation
is within 0,1 %.

6 The effects of water vapour on the calorific value, either
directly measured or calculated, are discussed in annex F

7 For the methods of calculation described to be valid, the
gas must be above its hydrocarbon dew-point at the pre-
scribed reference conditions.

8 The values of basic physical property dala are subject to
revision as more accurate values become available from
authoritative sources.
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2 Definitions

For the purpbses of this International Standard, the
following definitions apply.

2.1 superior calorific value: The amount of heat
which would be released by the complete combustion
in air of a specified quantity of gas, in such a way that
the pressure p, at which the reaction takes place re-
mains constant, and all the products of combustion
are returned to the same specified temperature ¢, as
that of the reactants, all of these products being in the
gaseous state except for water formed by com-
bustion, which is condensed to the liquid state at ¢,.

Where the quantity of gas is specified on a molar ba-
sis, the calorific value is designated as Hg(r,,p;); on a
mass basis the calorific value is designated as

Hs(t.py)-

Where the quantity of gas is specified on a volumetric
basis, the calorific value is designated as
Hs[t,py. V(6.p2)]. where t, and p, are the gas volume
{metering) reference conditions (see figure 1).

2.2 inferior calorific value: The amount of heat
which would bé released by the complete combustion
in air of a specified quantity of gas, in such a way that
the pressure p, at which the reaction takes place re-
mains constant, and all the products of combustion
are returned to the same specified temperature 1, as
that of the reactants, all of these products being in the
gaseous state.

On molar, mass and volumetric bases, the inferior
calorific value is designated respectively as H(t;.p;).

ﬁl(’nﬁ) and H[(, p1).V(t2.p,)]

2.3 density: The mass of a gas sample divided by
its volume at specified conditions of pressure and

temperature.

2.4

considered as real fluids.

2.5 Wobbe index: The superior calorific value on a
volumetric basis at specified reference conditions,
divided by the square root of the relative density at

the same specified metefing reference conditions.

2.6 enthalpy of transformation: The ‘enthalpy of
transformation of a substance from state A to state
B is thermodynamic terminology for the amount of
heat release which accompanies the transformation
between states. A positive heat release is taken by
convention to be a numerically identical negative
enthalpy increment. The quantities enthalpy of com-
bustion and enthalpy of vaporization therefore have
meanings which should be contextually self-evident;
"the term enthalpic correction refers to the (molar)
enthalpy of transformation between the ideal and real

states of a gas.

Water as vapour
Inferior calarific value 4

Air H
Gas « air Products of
Metering at f, p combustion
+ 1
at 1y, p1
Gas at
ta, P2 —

Heat release’

Water as liquid
Superior calorific value Hs

Combustion

= Calorific value H

Metered volume of gas

Figure 1 — Calorific value on a volumetric basis — Metering and combustion reference conditions

relative density: The density.of a gas divided
by the density of dry air of standard composition (see
annex B) at the same specified conditions of pressure
and temperature. The term ideal relative density ap-
plies when both gas and air are considered as fluids
which obey the ideal gas law {see 2.7); the term real
relative density applies when both gas and air are



2.7 ideal gas and real gas: An ideal gas is one
which obeys the ideal gas law:

pVa=RT oM
where

p is the absolute pressure;

T is the thermodynamic temperature;

V., is the volume per mole of gas;

X

is the molar gas constant, in coherent
units.

No real gas obeys this law. For real gases, equation
(1) must be rewritten as

pV,, =Z(Tp)RT (D)

where Z(T,p) is a variable, often close to unity, and is
known as the compression factor (see 2.8 and E.2).

2.8 compression factor: The actual {real) volume
of a given mass of gas at a specified pressure and
temperature divided by its volume, under the same
conditions, as calculated from the ideal gas law.

2.9 combustion reference conditions: The speci-
fied temperature ¢, and pressure p,. These are the
conditions at which the fuel is notionally burned (see
figure 1)

2.10 metering reference conditions: The specified
temperature ¢, and pressure p,. These are the con-
ditions at which the amount of fuel to be burned is
notionally determined; there is no a priori reason for
these to be the same as the combustion reference
conditions {see figure 1).

NOTE 9 A range of reference conditions is in use
throughout the world; appropriate data for the principal sets
of metric reference conditions are given in tables in this
International Standard.

2.11 dry natural gas: Gas which does not contain
water vapour at a mole fraction greater than 0,000 05.

3 Principle

Methods are provided for the calculation of the
calorific values, density, relative density and Wobbe
index of any dry natural gas, natural gas substitute or
other combustible gaseous fuel from a known com-
position. These methods use equations in which, for

all inchvidual molecular species of the gas mixture, the
values of ideal-gas thermophysical properties (which
are qiven) are weighted in accordance with the corre-
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sponding mole fraction, all the terms then being
added together to obtain the “"mole fraction average”
of the property for the ideal-gas mixture. Values on a
volumetric basis are then converted to values for the
real-gas state by applying a volumetric correction fac-
tor.

NOTE 10 An enthalpic correction factor which is also, in
principle, required in calorific value calculations is deemed
to be negligibie in all relevant cases.

in clause 10, values are given for the physical
properties of the pure components of natural gas on
molar, mass and volumetric bases for the commonly
used reference conditions. Examples of calculations
are given in annex D.

4 Behaviour of ideal and real gases

4.1 Enthalpy of combustion

The most fundamental physical quantities required in
the calculation of calorific values from first principles
are the ideal-gas (standard) molar enthalpies of com-
bustion for the component gases of the mixture.
These quantities are complex functions of tempera-
ture; thus, the values required depend upon the
combustion reference temperature 1. For practical
reasons, it is not intended that the user himself car-
ries out calculations which give the appropriate values
at any arbitrary combustion reference temperature.
Instead, tabulations are given for the temperatures
ty =25°C, 20°C, 15°C and 0 °C. In clause E.1 the
derivations of the values tabulated are discussed; the
important point is that all four values for any sub-
stance are mutually consistent in a thermodynamic
sense.

For the calorific value (on any of the three possible
bases), a so-called enthalpic correction is, in principle,
required in order to convert the ideal-gas enthalpy of
combustion for the gas mixture to a value appropriate
to the real gas. This, however, is generally small
enough to be negligible. A discussion justifying such
neglect is given in clause E.3.

4.2 Calculation of compression factor

For the volumetric-basis calorific value, a second real-
gas correction is required to account for the deviation
of the gas from volumetnc deality, and this is gener
ally not negligible. This correction is also required n
the calculation of density, relative density and, by im-
plication, Wabbe index. Clause E.2 gives the back
ground to the way in which corrections for volumetric
non-ideality should be applied, discusses the princ
ples mvolved, and justifies the simphfications <m

(93]
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ployed which enabie tractable calculations to be made
. without necessitating machine computation.

Such corrections for volumetric non-ideality are made
using the compression factor Z,,. The formulation to
be used for Z,,, at the metering reference conditions,
as required for the calculations described in clauses
510 9, is (equation E.17):

2
N
Zoix(tap2) =1 - ij'\/?b; )]

i=1

where the summation is taken over all N components
of the mixture. Values of the so-called summation
factor 4/ b; are given in table2 (clause 10) at the
three metering reference conditions of common in-
terest, for all of the components of natural gas and
substitute natural gas considered in this International
Standard. Values are also given for all pure component
compression factors (or hypothetical compression
factors) z, from which the bj's have generaily been
derived using the relationship b, = 1 — Z, Any user re-
quiring greater detail should consult clause E.2.

5 Calculation of calorific value on a
molar basis

5.1 Ideal gas

The ideal-gas calorific value on a molar basis, at a
temperature r,, of a mixture of known composition is
calculated from the equation

H(L) = ) x:H (1) )

where

H°(1) is the ideal molar calorific value of the
mixture (either superior or inferior);

H?(1,) is the ideal molar calorific value of com-
ponent j (either superior or inferior);

X; is the mole fraction of component j.

Numerical values of H for 1 =25°C are given in
table3 (clause 10); the values for (H})s are taken
from the original literature sources cited in annex M,
and the values for (H}), derived using the accepted
value of the standard enthalpy of vaporization of water
at 25 °C (see annex B).

Values for H; for other temperatures (1 =20 °C,
15 °C and 0 °C) are also given in table 3; these values

have been derived from the 25 °C values in accord-
ance with the methods described in clause E.1.

NOTES

11 Values of I7,° are independent of pressure; conse-
quently the combustion reference pressure p, is irrelevant
for the ideal-gas case and is omitted from the nomenclature
adopted.

12 The ideal-gas calorific value on a molar basis of a gas
or gas mixture is defined in this International Standard as a
positive number. The values given in table 3 are numerically
equal to the standard molar enthalpies of combustion,
which are, however, conventionally expressed as negative
quantities (see 2.6).

5.2 Real gas

For the purposes of this International Standard the
real-gas calorific value on a molar basis is taken as
numerically equal to the corresponding ideal-gas
value.

NOTE 13 A rigorous approach to the calculation of the
real-gas calorific value on a molar basis from the ideal-gas
value would require the calculation of an enthalpic cor-
rection (see 4.1) for the mixture. In practice, this correction
is very small for typical natural gases, and can usually be
neglected with resultant errors not exceeding 50 J-mol ™'
(approximately 0,005 %) (see clause E.3).

6 Calculation of calorific value on a mass
basis

6.1 Ideal gas

The ideal-gas calorific value on a mass basis, at a
temperature ,, of a mixture of known composition is
calculated from the equation

A H(r)
H°(1,) = o
(1) =4 5)
where
M is the molar mass of the mixture, and is
calculated from the equation
N
M= x-M; ... (B)
j=1
X; being the mole fraction of

component j,

being the molar mass of com-
ponent j,



I/-}O(ﬁ) is the ideal calorific value on a mass basis
of the mixture (either superior or inferior).

Table 1 (clause 10) lists values of the molar mass for
all components considered in this International Stan-
dard.

Use of equations (5) and (6) represents the definitive
method for calculating H°. An alternative method uses
the equation

/Yo Z MI /yo
H(’1)=Z(*9X'M')I'Ij(’1) (D)

j=1

where I?{.j"(ti) is the ideal calorific value on a mass ba-
sis of component j (either superior or inferior).

For convenience, values of }/\If for four values
of 4 (26°C, 20°C, 156°C and 0 °C) are given in
table 4 (clause 10), in order that the user may avoid
the necessity of using values of H® as the starting
point of a calculation.

Numerical values obtained from either method will be
concordant to within 0,01 MJ-kg™ ', which is within
the limits of significance for the current state-of-the-
art.

6.2 Real gas

For the purposes of this International Standard, the
real-gas calorific value on a mass basis is taken as
numerically equal to the corresponding ideal-gas
value.

NOTE 14 See 5.2 for clarification and justification.

7 Calculation of calorific value on a
volumetric basis

7.1 Ideal gas

The ideal-gas calorific value on a volumetric basis, for
a combustion temperature ¢, of a mixture of known
composition, metered at a temperature z, and press-
ure p,, is calculated from the equation

ﬁo[’\cv(tz«!’z)] = H(n) x Rl?sz .. (8)

where

~

H°[,.V(t,,p;)] is the ideal calorific value on a
volumetric basis of the mixture

(either superior or inferior);
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R is the molar gas constant
(= 8,314 510 J-mol™ ".K™ ",
see clause B.1);

T,( =1, + 273,15) is the absolute temperature, in
kelvins.

The use of equation (8) represents the definitive
method for calculating H®. An alternative method uses
the equation

0

H°[t, V(t,.p,)] xj P[4,V (6.p5)] .9

“Mz

where H}'[1,,V(1,.p,)] is the ideal. calorific value on a
volumetric basis of component j {either superior or
inferior).

For convenience, values of Hj° for a variety of com-
bustion and metering reference conditions are given
in table 5 (clause 10), in order that the user may avoid
the necessity of using values of H. as the starting
point of a calculation.

Numerical values obtained from either method will be
concordant to within 0,01 MJ:-m~3 which is within
the limits of significance for the current state-of-the-
art.

7.2 Real gas

The real-gas calorific value on a volumetric basis, for
combustion at temperature ¢, and pressure p, of a gas
mixture metered at a temperature ¢, and pressure p,
is calculated from the equation

H° [,V (t.p)] )

H[,V(5.p)] = Zoo(tP2)

(10)

where

]}[11,V(12,p2)] is the real-gas calorific value on a
volumetric basis (either superior

or inferior);

is the compression factor at the
metering reference conditions.

Zmnx (t2,p2)

The compression factor Z,(t,.p,) is calculated from
equation (3), using values of the summation factor
\7bj given for individual pure substances in table 2
(clause 10).

NOTE 15  See 5.2 for clarification and justification ot the
practical approach to real-gas calonfic values. Since no
enthalpic correction is made to the ideal-gas calorific value
on a volumetric basis in this calculation, the combustion
reference pressure p, is irrelevant and is omitted from the
nomenclature adopted
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8 Calculation of relative density, density
and Wobbe index

»

8.1 lIdeal gas

The relative density of the ideal gas is independent
of any reference state, and is calculated from the
equation

d° =
j

Xj % - NAR)!

N M.
-1 atr
d° is the relative density of the ideal gas;

M, is the molar mass of component j;

M,, is the molar mass of dry air of standard
composition.

Table 1 {clause 10) lists values of molar mass. Clause
B.3 gives the composition of standard air; the derived
value for M,, is 28,962 6 kg-kmol™ "

The dencity of the ideal gas depends upon its tem-
perature ¢ and pressure p, and is calculated from

N
P ,
p°(Lp) = (”RTTT)ZX,‘M,' - (12)
j=1
where
p°(tp) is the density of the ideal gas;
R is the molar gas constant
(= 8,314 510 J-mol™ k™",
see clause B.1);
T (=14 273,15) 15 the absolute tempera-

ture, in kelvins.

The Wobbe index of the ideal gas is calculated from
the equation

Wl Vipg)] = U 2] L

Ve

where
w?  is the Wobbe index of the ideal gas,
HS s calculated as described in 7.1,

8.2 Real gas

The relative density of the real gas is calculated from
the equation

d®Z,(t,
d(i.p) = L LnllR) . (14)
Zfﬂlx(t’p)
where
d{t.p) is the relative density of the real gas;

Z.ix(t.p) is the compression factor of the gas;

Z,.(tp) is the compression factor of dry air of
standard composition.

The compression factor Z,(tp) is calculated from
eguation (3), using values of the summation factor

b; given for individual pure substances in table 2
(clause 10). The compression factor Z (1,p) is given
in clause B.3 as

Z,,(273,15 K, 101,325 kPa) = 0,999 41
Z,,(288,15 K, 101,325 kPa) = 0,999 58
Z,,(293.15 K, 101,325 kPa) = 0,999 63

The density of the real gas is calculated from the
equation

p(tp) = 2en)

Zmix(t'p) o (15)

where p(t.p) is the density of the real gas.

The Wobbe index of the real gas is calculated from
the equation

W[nVin.p)] = Hslo V)

d(t3.p7)

..(16)

where
w is the Wobbe index of the real gas;
ﬁs is calculated as described in 7.2,

NOTE 16  Some care in the use of units is required for the
calculations described in this subclauge, particularly for cal-
culations of density. With 8 expressed in joulis per mole
kelvin, p tn kilopascals and M in kilograms per kilomole, the
value of p 1s obtained automatically in kilograms per cubic
metre, the preferred S unit



9 Accuracy

9.1 Precision

9.1.1 Repeatability and reproducibility

The precision of a calculated physical property value,
which results solely from random errors in the ana-
lytical procedures, may be expressed in terms of re-
peatability and/or reproducibility, where these are
detined as follows. ’

Repeatability. The value below which the absol-
ute difference between a pair of successive test
results obtained using the same method, on
identical test material, by the same operator, using
the same apparatus, in the same laboratory, within
a short interval of time, may be expected to lie
with a specified probability. In the absence of
other indications, the probability is 95 %.

Reproducibility: The vaiue below which the ab-
solute difference between two single test results
obtained using the same method, on identical test
material, by different operators, using different
apparatus, in different laboratories, may be ex-
pected to lie with a specified probability. In the
absence of other indications, the probability is
95 %.

The latter quantity is usually significantly larger than
the former. Each measure of the precision of a calcu-
lated physical property depends only upon the pre-
cision of the analytical data.

The general concepts of repeatabilty and
reproducibility may be applied not only to physical
properties calculated from compositional analyses,
but also to each component concentration in the
analyses from which the properties are derived. Con-
sequently, the repeatability or reproducibility of a
physical property value may actually be obtained in
either of two apparently equivalent ways, viz.

a) By direct application of the above definitions to
repeated calculations of the physical property in
question, i.e. from the equation

n 112

D=1y

(a7

AY is either the repeatabiity or
reproducibility of ¥, as appropriate;
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Y, is the value of the physical property
calculated from the ith analysis of the
gas;

Y is the arithmetic mean of n values of

Y,
NOTE 17 For definitions of repeatability and
reproducibility, their interpretation in terms of the stan-
dard deviation of the population of values as given b

equation (17), and for the origin of the factor 24/2
therein, see for example reference [26] in annex M.

b} By combining, in an appropriate manner, the re-
peatability or reproducibility of the concentration
of each component in the gas analysis; the ap-
propriate combination formulae are given in 9.1.2
and 9.1.3 (for the derivation of these equations,
see annex H).

NOTE 18 The equivalence of a} and b) in practice as op-
posed to principle is open to discussion. This is because the
statistical link between the methods assumes that the re-
peatedly measured analytical values are distributed in a
Gaussian (normal) fashion for each component concen-
tration, and that this is also the case for the set of calculated

‘physical property values. Experience has shown that these

criteria are not usually met, especially for small data sets
and/or sets containing outliers.

9.1.2 Estimation of repeatability

The repeatability AH, at a 95 % confidence level, of
the calonfic value H may be calculated either from
equation (17) (with Y replaced by H), or directly from
the analytical data, using the appropriate expression,
as follows:

a) When all components except methane are analy-
sed, the methane {j = 1) concentration being cal-
culated by difference, then

142

N
AH = > (e (Y ~ HY)Y? (g
j=7

where

AHy, is the repeatability of the calculated
ideal-gas calorific value {molar or volu-
metric basis) for the mixture;

is the repeatability of the mole fraction
of component j in the mixture of N
components;

H®> s the ideal-gas calonfic value of com-
ponent j;
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H? is the ideal-gas calorific value of
methane.

b) When all components including methane are
analysed, then

12
N

. 2
AHr?’\ix = Z [ij '(Hjo - Hr?‘\ix)]
i=1

.19

where, although Hey, is calculated using the nor-
malized mole fractions X, ij' is the repeatability
of the mole fraction of component j in the mixture
of N components before normalization is carried
out.

The repeatability ad of the relative density and
Ap of the density may be calculated from the fol-
lowing equations, respectively:

AM
Ad = ... (20
Mair )
_ AMyp
Ap = RT 2N

where AM is the repeatability of the mean molar
mass M of the natural gas, given by

— for case a):
12
N |
AM = > [ax (M, — My) ) ..(22)
j=2
— For case b):
1/2
N
AM = Z[ij'-(Mj—M)]z L (23)
j=1

where M, is the molar mass of component j.

The repeatability AW of the Wobbe index may be
calculated from the equation

12
-y 2 2

AW = W- (AH;—) + (--‘&)

2d - (24

As for the calorific value, the repeatabilities AM, Ad,
Ap and AW may alsc be determined by calculation of
the standard deviation of a set of calculated property
values [i.e.. from equation (17) with Y replaced by M,
d, p or W, as appropriate] where the compositional
analyses have been carried out in accordance with the
definition of repeatability given in 9.1.1. However, the
provision given in note 18 to 9.1.1 still applies.

10

NOTE 19  The contribution of the repeatability AZ of the
calculated compression factor Z to the overall repeatability
AH of the calorific value on a volumetric basis is small, and
is therefore ignored in the above formulation; likewise, the
contribution of AZ to the overall repeatability Ap of the real-
gas density, Ad of the real-gas relative density and AW of the
real-gas Wobbe index is also ignored.

9.1.3 Estimation of reproducibility

The reproducibilities AH, Ad, Ap and AW of the calorific
values, relative density, density and Wobbe index may
be calculated by means of the equations {18) to (24)
inclusive, provided that the Ax; and Ax| in equations
{18), (19), (22) and (23) are now identified as the ap-
propriate reproducibilities of the mole fractions . The
reproducibilities may also be determined from the
calculation of 24/ 2 times the standard deviation of
the population of calculated values of H, d, p or W,
using equation (17), where the analyses of compo-
sitions have been carried out in accordance with the
definition of reproducibility given in 9.1.1.

9.2 Trueness

Observations of the precision of analytical data cannot
be regarded as carrying any implication for the
trueness of those data; it is entirely possible to
achieve excellent precision at the same time as very
bad trueness.

The absolute trueness of a calculated physical
property value of a natural gas mixture may be con-
sidered as resulting from the combination of three in-
dependent sources of systematic error, viz.

a) uncertainties in the basic data given in tables 1 to
5;

b) bias in the method of calculation which uses
these data;

¢) uncertainties {as distinct from random impre-
cision) in the analytical data used as input to the
method.

in practice, it is difficult to make calculations of
trueness due to the lack of adequate information; for
exampte, reference back to original sources ot basic
data often reveals information concerning precision
only (see, in this context, the discussion of methane
given in annex G), and the same is often true for
analytical data. In addition, a rigorous approach would
provide an absolute uncertainty, whereas what is of-
ten required in practice is an estimate of the uncer-
tainty of a physical property value relative to' some
datum point. For example, calorific values are often



referenced to the calorific value of pure methane;
consequently any uncertainty in the assumed calorific
value of methane does not contribute to the relative
uncertainty of the calorific value of a natural gas, or to
the difference between the calorific values of two
different natural gases.

Experience has shown that the relative uncertainties
of the physical property values considered herein will
be most strongly influenced by uncertainties in the
analytical data, and that contributions from uncer-
tainties in basic data and bias in the method of calcu-
lation will be very small. The contributions from the
basic data are expected to be less than 0,05 % and
from bias in the method of calculation to be less than
0,015 %. These contributions may be neglected when
compared to the uncertainty in the analytical data
from the analysis of a typical natural gas mixture
containing 12 to 20 components.

For those cases where the contributions from uncer-
tainties in the basic data and from bias in the method
of calculation are significant when compared with the
analytical uncertainty (for example, for the high accu-
racy analysis of mixtures of .only a few components,

IS 14504 : 1998
ISO 6976 : 1995

and possibly in the future, when the accuracy of
natural gas analysis has improved}, a more rigorous
approach, based on a), b) and c¢), may be necessary.

9.3 Expression of results

* The number of significant figures which are given for

the value of each property should reflect the expected
accuracy of calculation of the property in question.
Even in the case of a “perfect” analysis, the resuits
of calculations for mixtures should be reported to no
better than the following levels of significance.

Calorific value — molar basis: 0,01 kJ-mol™’
— mass basis: 0,01 MJkg™!
— volumetric basis: 0,01 MJ-m °
Relative density: 0,000 1
Density: 0,000 1 kg:m™ 3
Wobbe index: 0,01 MJ-m™?

However, attention must be paid to whether the ana-
lytical data do in fact justify quoting to this level of
supposed significance and, if not, the number of sig-
nificant figures quoted should be reduced accordingly.

11
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10 Tables of recommended data

Table 1 — Molar mass for components of natural gases

12

Component Valuos_ 1 Component Values_ 1
kg-kmol kg-kmol
1 Methane 16,043 39 Methanol 32,042
2 Ethane 30,070 40 Methanethiol 48,709
3 Propane 44,097
4 n-Butane 58,123 41 Hydrogen 20159
5 2-Methylpropane 68,123 42 Water , 18,0153
6 n-Pentane 72,150 43 Hydrogen sulfide 34,082
7 2-Methylbutane 72,150 44 Ammonia 17,030 6
8 2,2-Dimethylpropane 72,150 46 Hydrogen cyanide 27,026
9 n-Hexane 86.177 46  Carbon monoxide 28,010
10 2-Methylpentane 86,177 47 Carbonyl .sulfilde 60,076
11 3-Methylpentane 86,177 48 Carbon disulfide 76,143
12 2,2-D§methylbutane 86,177 49 Helium 4,002 6
13 2,3-Dimethylbutane 86,177 50 Neon 20,179 7
14 n-Heptane 100,204 51 Argon 39,948
15 nOctane 114,231 52 Nitrogen 28,013 5
16 n-Nonane 128,258 53  Oxygen 31,9988
17 nDecane 142,285 54 Carbon dioxide 44.010
18 Ethylene 28,054 55 Sulfur dioxide 64,065
19 Propylene 42,081 56 Dinitrogen monoxide 44,012 9
20  1-Butene 56,108 57  Krypton 83,80
21 cis-2-Butene 56,108 58  Xenon 131.29
22 trans-2-Butene 56,108 Air 28,962 6
23 2-Methylpropene 56,108 NOTE — Values of the molar mass are numerically
24 1-Pentene 70,134 identical to values of relative molecular mass obtained
25 Propadiene 40 065 using the following relative atomic masses for the major
26 1,2-Butadiene 54:092 elemen.ts involved, where the figure in brackets is the
27 1.3-Butadiene 54.092 :::r(i:)r(ta&;:y in the last digit quoted (see reference [14] in
28 Acetylene 26,038 c 12.011 (1)
29 Cyclopentane 70,134 H 1,007 94 (7}
30 Methylcyclopentane 84,161 @] 15,999 4 (3)
31 Ethylcyclopentane 98,188 N 14,006 74 (7}
32 Cyclohexane €4,161 S 32,066 (6)
33 Methylcyclohexane 98,188 L
34 Ethylryclohexane 112,215 For compounds containing C anajor S the derived moiar
mass has been roundsd 1o the third decima’ place, for
35 Fenzens 78,114 other compounds the fotrtr decirna! place « given. The
36 Toluene 92,141 i Jalug for dry air of standaid composition (see table B 2)
37 Ethylbenzene 106,167 s aist given 1o four deciinal places.
38 o-Xylene 106,167
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Table 2 — Compression factors and summation factors for components of natural gases at various
metering reference conditions

All values, except for summation factors for hydrogen, helium (recalculated) and neon (estimated), are taken or
inferred from reference {13] in annex M.

0°C, 101,325 kPa 1% °C, 101,325 kPa 20 °C, 101,325 kPa
Component =
p . o Z N z D
1 Methane 0,997 6 0,043 0 0,998 0 0,044 7 0,998 1 0,043 6
2 Ethane 0,990 0 0,100 0 09915 0,092 2 09920 0,089 4
3 Propane 0,978 9 0,145 3 0,982 1 0,133 8 0,983 4 0,128 8
4 nButane 0,957 2 0,206 9 0,965 0 C,187 1 0,968 2 0,178 3
5 2-Methylpropane 0,958 0,204 9 0,968 0,178 9 0,971 0,170 3
6 n-Pentane 0,918 0,286 4 0,937 0,251 0 0,945 0,234 5
7 2-Methylbutane 0,937, 0,251 0 0,948 0,228 0 0.953 0,216 8
8 2.2-Dimethylpropane 0,943 0,238 7 0,955 0.2121 0,959 0,202 5
9 nHexane 0.892 0328 6 0,913 0,295 0 0,919 0.284 6
10 2-Methylpentane 0,898 03194 0,914 0,293 3 0,926 0,272 0
11 3-Methylpentane 0,898 03194 0,917 0,288 1 0,928 0,268 3
12 2.2-Dimathylbutane 0,216 0,289 8 0,931 0,262 7 0,935 0,255 0
13 2.3-Dimethylbutane 0,910 0,300 0 0,925 0,273 9 0,934 0,256 9
14 nHeptane 0,830 04123 0,866 0,366 1 0,876 0,352 1
15 nOctane 0,742 0,507 2 0,802 0,445 0 0,817 04278
16 ndNonane 0.813 0,6221 0,710 0,538 5 0.735 0,514 8
17 ndecane 0,434 0,752 3 0,584 0,645 0 0.623 0,614 0
18 Ethylene 09925 0,086 6 0,993 6 0.0800 0,994 0 0,077 5
19 Propylene 0,981 0,137 8 0,984 0,126 5 0,985 0,122 5
20 1-Butene 0,965 0,187 1 0,970 0,173 2 0,972 0,167 3
21 ¢is-2-Butene 0,961 ) 0,197 5 0,967 0,181 7 0,969 0,176 1
22 trans-2-Butene 0,961 0,197 5 0,968 0,178 9 0,969 0,176 1
23 2-Methylpropene 0,965 0,187 1 0,971 0,170 3 0,972 0,167 3
24 1-Pentene 0.938 0,248 0 0,949 0,225 8 0,952 0,2191
25 Propadiene 0,980 0,141 4 0,983 0,130 4 0,984 0,126 5
26 1,2-Butadiene 0,955 0.2121 0.963 0,192 4 0,965 0,187 1
27 1,3-Butadiene 0,966 0,184 4 0,971 0,170 3 0,973 0,164 3
28 Acetylene 0,991 0,084 9 0,993 0,083 7 0,993 0,083 7
29 Cyclopentane 0,935 0,255 0 0,947 0,230 2 0,950 0,223 6
30 Methyicyclopentane 0,902 0,313 0 0,921 0,281 1 0,927 0,270 2
31 Ethylcyclopentane 0.841 0,398 7 0,876 0,352 1 0.885 0,3391
32 Cyclohexane 0,897 03209 0,918 0,286 4 0,924 0,275 7
33 Methyleyclohexane 0,855 03808 0,886 03376 0.894 03256
34 Ethylcyclohexane 0,770 0,479 6 0,824 0,419 5 0,838 0,402 5
35 Benzene 0,909 0,301 7 0,926 0,272 0 0,936 0,253 0
36 Toluene 0.849 03886 0,883 0.3421 0,892 0,328 6
3 Ethylbenzene 0,764 0,485 8 0,823 0,420 7 0,837 0,403 7
38 o-Xylene 0.737 05128 0,804 0,442 7 0,821 04231
39 Methanol 0,773 0476 4 0,872 0.357 8 0.892 03286
40 Methanethiol 0,972 0,167 3 0,977 0.151 7 0.978 0.148 3
41 Hydrogen 1,000 6 -0,004 0 1,000 6 -0,004 8 1,000 6 0,005 1
42 Water 0,930 0,264 6 0,945 0,234 5 0,952 0,2131
43 Hydrogen sulfide 0,990 0,100 0 0.9%0 0.100 0 0.990 0,100 0
44 Ammonia 0,985 01225 0,988 0,109 5 (0,989 0,104 9
45 Hydrogen cyanide 0,887 0,336 2 0,912 0,296 6 0,920 0,282 8
46 Carbon monoxide 0,999 3 0,026 5 0,999 5 0,022 4 0,999 6 0,0200
47 Carbonyl sulfide 0,985 0,122 5 0,987 0,114 0 0,988 01075
48 Carbon disulfide 0,954 02145 0,962 0,194 9 0.965 0,187 1
49 Hehum 1,000 5 0,000 6 1,000 5 0.000 2 1.000 5 0,000 0
50 Neon 1,000 5 0.000 6 1.000 5 0.000 2 1,000 % 0.000 0
51 Argon 0,999 0 0,031 86 0,999 2 0,028 3 0,999 3 0,026 5
52 Nitrogen 0.999 5 0.022 4 0.999 7 0.017 3 0,999 7 0.0173
53 Oxygen 0,993 0 0,031 6 0,999 2 0,028 3 0,999 3 0,026 5
54 Carbon dioxide 0,993 3 0,081 9 0,994 4 0,074 8 0.994 7 0,072 8
55 Sulfur Dhoxide 0,976 0,154 9 0,979 0,144 9 0,980 0,141 4
Air 0,899 41 — (0,999 58 — 0,999 63

13
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Table 3 — Calorific values for components of natural gases at various combustion reference conditions
for the ideal gas on a molar basis

Al values of Hg (25 °C), except for methane (see annex G), are taken from reference [13] in annex M: values of
HS (1, # 25 °C) and all values of HY (1) are obtained by a specified calculation from Hg (25°C) (see clause E.1).

Ideal calorific value on a molar basis, H° (kJ-mol™")
Component 25°C 20 °C 16 °C 0°C

Superior Inferior Superior Inferior Superior Inferior Superior Inferior
1 Methane 890,63 802,60 891,09 802,65 891,56 802,69 892,97 802,82
2 Ethane 1 560,69 1 428,64 15661.41 1428,74 1562,14 1 428,84 1 564,34 142912
3 Propane 221917 2 043,11 222013 2 043,23 2 221,10 2 043,37 2 224,01 2 043,71
4 nButane 2 877,40 2 667,32 2 878,57 2 657,45 2 879,76 2 657,60 2 883,82 2 658,45
5 2-Methylpropane 2 868,20 2 648,12 2 869,38 2 648,26 2 870,58 2 648,42 2 874,20 2 648,83
6 nPentane 3 535,77 - 327167 j§ 353717 327183 3 538,60 3272,00 3 542,89 3272,45
7 2-Methylbutane 3 528,83 3 264,73 3 530,24 3 264,89 3 531,68 3 265,08 3 535,98 3 265,54
8 2,2-Dimethylpropane 3 514,61 3 250,51 3 516,01 3 250,67 351743 3 250,83 3 521,72 3 251,28
9 n-Hexane 4194,95 3 886,84 4 196,58 3 887,01 - 4 198,24 3 887,21 4 203,23 3 887,71
10 2-Methylpentane 4 187,32 3 879,21 4 188,95 3879.38 4 190,62 3 879,59 4 195,61 3 880,09
11 3-Methylpentane 4 189,90 3 881,79 4 191,54 3 881,97 4193,22 3 882,19 4 198,24 3 882,72
12 2,2-Dimethyibutane 4 177,52 3 869,41 4 179,15 3 869,59 4 180,83 3 869,80 4 185,84 3870,32
13 2,3-Dimethylbutane 4 185,28 387717 4 186,93 3 877,36 4 188,60 3 877,57 4 193,63 3 878,11
14 nHeptane 4 853,43 4 501,30 4 855,29 4 501,49 4 857,18 4 501,72 4 862,87 4 502,28
15 nQOctane 5 511,80 5 115,66 6 513,88 5 115,87 5 516,01 5116,11 § 522,40 5 116,73
16 nNonane 6 171,15 5 730,99 6 173,46 5 731,22 6 175,82 5 731,49 6 182,91 5 732,17
17 nDecane 6 829,77 6 345,59 6 832,31 6 345,85 6 834,90 6 346,14 6 842,69 6 346,88
18 Ethylene 1 411,18 1323,1% 1411,65 1.323,20 1412,1 1 323,24 141351 | 132336
19 Propylene 2 058,02 1925,97 2 058,72 1926,05 2 059,43 1926,13 2 061,57 1.926,35
20 1-Butene 2 716,82 2 540,76 271775 2 540,86 2718,70 2 540,97 2 721,55 2 541,25
21 cis2-Butene 27100 | 25339 27110 25341 27119 2 534,2 27149 2 534.6
22 trans-2-Butene 2 706,4 25303 27074 2 530,5 27083 2 5305 27111 25308
23 2-Methylpropene 2 700,2 2 5241 27011 25242 27020 25243 27048 25245
24 1-Pentene 3 375,42 315534 3 376,57 3 156,45 3377,75 3 155,59 3381,29 3 155,92
25 Propadiene . 1 943,11 1 855,08, 1 943,53 1 855,08 1 943,96 1 855,09 1 945,25 1 855,10
26 1,2-Butadiene 2 593,79 2 461,74 2 594,45 2 461,78 2 595,12 2 461,82 2 597,13 2 461,91
27 1,3-Butadiene 2 540,77 2 408,72 254143 2 408,76 2 542,10 2 408,80 2 544,13 2 408,91
28 Acetylene 1 301,05 1 257,03 130121 1256,98 1 301,37 1 256,94 1 301,86 1 256,79
29 Cyclopentane . 3 319,59 3 099,61 3 320,88 3 099,76 332219 3100,03 332614 3100,77
30 Methylcyclopentane 3 969,44 3 705,34 "3 970,93 3 705,59 397246 3 705,86 3 977,04 3 706,60
31 Ethylcyclopentane 4 628,47 4 320,36 4 630,19 4 320,63 . 4 631,95 432092 4 637,27 4 321,75
32 Cyclohexane 3 952,96 3 688,86 3 954,47 3 689,13 3 956,02 3 689,42 3 960,67 3 690,23
33 Methylcyclohexane 4 600,64 4 292,53 4 602,35 4 292,78 4 604,09 4 293,06 4 609,34 4 293,82
34 Ethylcyclohexane 5 263,056 4 910,92 5 264,96 4 911,19 5 266,95 4911,49 5272,88 4 912,29
35 Benzene 3301,43 3 169,38 330215 3 169,48 3 302,86 3 169,56 3 305,03 3 169,81
36 Toluene 394789 377183 3948,84 3771,95 3 949,81 3772,08 3 962,72 377242
37 Ethylbenzene 4 607,15 4 387,07 4 608,32 4 387,20 4 609,53 4 387,37 4 813,14 4 387,77
38 o-Xylene 4 596,31 4 376,23 4 537,46 ‘4 376,34 4 598 64 4 376,48 4 602,17 4 376,80
39 Methanol 764,09 676,06 764,59 676,14 765,09 676,22 766,59 676,44
40 Methanethiol 1,239,398 1 151,36 1 239,83 1181,39 1 240,28 1151,41 1 241,63 115148
41 Hydrogen 285,83 241,81 285,99 241,76 286,15 24172 286.63 241,56
42 Water1) 44,016 0 44,224 0 44,433 0 45,074 0
43 Hydrogen sulfide 562.01 517,99 562,19 517,97 562,38 517,95 562,94 517,87
44 Ammonia 382,81 316,79 383,16 316,82 383,51 316,86 384,57 316,96
45 Hydrogen cyanide 671,56 649,56 671,6 849,5 671.7 6495 671,9 6494
46 Carbon monoxide 282,98 282,98 282,95 282,95 282,91 282,91 282,80 282,80
47 Carbony! sulfide 548,23 £48,23 548,19 548,19 548,15 548,15 548,01 548,01
48 Carbon disulfide 1 104,49 110449 1104,41 1104,41 1104,32 1104,32 110406 1.104,06
1) The non-zero calorific value of water vapour is derived formally from the definition of superior calorific value, which requires condensation to the liguid state
of all water vapour in the products of combustion. Thus, any water vapour present in an otherwise dry gas contributes its latent heat of vaporzation to the
superior calorific value of the mixture. (See annex F for a fuller explanation.)
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Table 4 — Calorific values for components of natural gases at various combustion reference conditions
for the ideal gas on a mass basis

All values have been obtained by dividing the appropriate H° value from table 3 by the appropriate molar mass
{before rounding) from table 1.

ideal calorific vaiue on a mass basis, /° (MJ-kg™ ")
Component 25 °C 20 °C 15 °C g°C

Superior Inferior Superior Inferior Superior Inferior Superior inferior
1 Methane 56,516 50,029 55,545 50,032 56,574 50,035 55,662 50,043
2 Ethane 51,90 47,51 51,83 47,51 51,85 47,52 52,02 47,53
3 Propane 50,33 46,33 50,35 46,34 50,37 46,34 50,44 46,35
4 nButane 49,51 45,72 49,53 45,72 48,55 45,72 49,62 45,74
5 2-Methyipropane 4935 45,56 49,37 45,56 49,39 45,67 49,45 45,57
6 nPentane 49,01 45,35 49,03 45,35 49,04 45,35 43,10 45,36
7 2-Methylbutane 48,91 45,25 48,93 45,25 48,95 45,25 49,01 45,26
8 2,2-Dimethylpropane 48,71 45,05 48,73 45,05 48,75 45,06 48,81 45,06
9 nHexane 48,68 45,10 48,70 45,10 48,72 4511 48,77 45,11
10 2-Methylpentane 48,59 45,01 48,61 45,02 48,63 45,02 48,69 45,02
11 3-Methylpentane 48,62 45,04 48,64 45,05 48,66 45,05 48,72 45,06
12 2,2-Dimethylbutane 48,48 44,30 48,49 44,30 48,51 44 .91 48,57 44,91
13 2,3-Dimethylbutane 48,57 44,99 48,59 44,99 48,60 45,00 48,66 45,00
14 nHeptane 48,44 44,92 48,45 44,92 48,47 44,93 48,63 44,93
15 nLctane 48,25 44,78 48,27 44,79 48,29 44,79 48,34 44,79
16 nNonane 48,12 44,68 48,13 44,69 48,15 44,69 48,21 44,69
1?7 nDecane 48,00 44,60 48,02 44,60 48,04 44,60 48,09 44,61
18 Ethylene 50,30 47,16 50,32 47,17 50,34 4717 50,39 4717
19 Propylene 48 91 45,77 48,92 45,77 48,94 45,77 48,99 45,78
20 1-Butene 48,42 45,28 48,44 45,29 48,46 45,29 48,51 45,29
21 cis-2-Butene 48,30 45,16 48,32 45,16 48,33 45,17 48,39 45,17
22 trans-2-Butene 48,24 45,10 48,25 45,10 48,27 45,10 48,32 45,11
23 2-Methyipropene 48,13 44,99 48,14 44,99 48,16 44,99 48,21 44 99
24 1-Pentene 48,13 44,99 48,14 44,99 48,16 44,99 48,21 45,00
25 Propadiens 48,50 486,30 48,51 46,30 48,52 46,30 48,55 46,30
26 1,2-Butadiene 47,95 45,61 47,96 45,51 47,98 45,51 48,01 45,51
27 1.3-Butadiene 46,97 44,53 46,98 44,53 47,00 44,53 47,03 44,53
28 Acetylene 49,97 48,28 49,97 48,28 43,98 48,27 50,00 48,27
29 Cyclopentane 47,33 44,19 47,35 44,20 47,37 44,20 47,43 44,21
30 Methylicyclopentane 47.16 44,03 47,18 44,03 47,20 44,03 47,25 44,04
31 Ethylcyclopentane 47,14 44,00 47.18 44 00 4717 4401 47,23 44,01
32 Cyclohexane 46,97 43,83 46,99 43,83 47,01 43,84 47,06 43,85
33 Methylcyclohexane 46,86 43,72 46,87 43,72 46,89 43,72 46,94 43,73
34 Ethylcyclohexane 46,80 43,76 48,92 43,77 46,94 43,77 46,99 43,78
35 Benzene 42,26 40,57 42,27 40,58 42,28 40,58 42,31 40,58
36 Toluene 42,85 40,94 42,86 40,94 42,87 40,94 42,90 40,94
37 Ethylbenzene 43,40 41,32 434 41,32 43,42 41,33 43,45 41,33
38 o-Xylene 43,29 41,22 43,30 41,22 43.31 41,22 43,35 41,23
39 Methanol 23,85 21,10 23,86 21,10 23,88 21,10 23,92 21,11
40 Methanethiol 25,76 23,93 25,77 23,93 25,78 23,93 26,81 23,93
41 Hydrogen 141,78 119,95 141,87 119,93 141,95 119,91 142,19 119,83
42 Water) 2,44 0 2,45 0 247 0 2,50 0
43 Hydrogen suifide 16,49 15,20 16,50 15,20 16,50 15,20 16,52 15,19
“ Ammonia 22,48 18,60 22,50 18,60 22,52 18,61 22,58 18,61
45 Hydrogen cyanide 24,85 24,03 24,85 24,03 24,85 24,03 24,86 24,03
48 Carbon monoxide 10,10 10,10 10,10 10,10 10,10 10,10 10,10 10,10
47 Carbonyl sulfide 9,13 9,13 9,12 9,12 9,12 9,12 912 912
48 Carbon disulfide 14,51 14,51 14,60 14,50 14.50 14,50 14,50 14,50
1) The non-zero calorific value of water vapous is derived formally from the definition of superior calorific value, which requires condensation to the liquid state
of all water vapour in the products of combustion. Thus, any water vapour present in an otherwise dry gas contributes its latent heat of vaporization to the
superior calorific value of the mixture. (See annex F for a fuller explanation.) -
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Table 5 — Calorific values for components of natural gases at various combustion and metering reference
conditions for the ideal gas on a volumetric basis.

All values have been obtained by multiplying the appropriate H° value from table 3 by Do[RT,.

Ideat calorific value on a volumetric basis H° (MJ-m™?)
Component 15/15 °C 0/0 °C 15/0 °C 25/0 °C 20/20 °C 25/20 °C

Superior] Inferior | Superion] Inferior { Superion Inferior | Superiorn Inferior | Superior] Inferior | Superior] Inferior
1 Methane 37,706 | 33,948 | 39,840 | 35818 | 39,777 | 35812 | 39,735 | 35,808 | 37,044 | 33,367 | 37,024 | 33,365
2 Ethane 66,07 60.43 69,79 63,76 69,69 63,75 69,63 63,74 64,91 59,39 64,88 59,39
3. Propane 93,94 86,42 99,22 91,18 99,09 91,16 99,01 91,15 92,29 84,94 95,25 84,93
4 n-Butane 121,79 112,40 128,66 118,61 128,48 118,57 128,37 118,56 119,66 11047 119,62 110,47
5 2-Methylpropane 121,40 112,01 128,23 118,18 128,07 118,16 127,96 118,15 119,28 110,09 119,23 110,08
6 n-Pentane 149,66 138,38 168,07 146,00 157,87 145,98 157,79 145,96 147,04 136,01 146,99 136.01
7 2-Methyibutane 149,36 138,09 157,76 145,69 157,57 145,67 157,44 145,66 146,76 135,72 146,70 135,72
8 2,2-Dimethylpropane 148,76 137.49 157,12 145,06 156,93 145,04 156,80 145,02 146,16 135,13 146,11 13513
9 n-Hexane 177.55 164,40 187.53 173.45 187.30 173,43 187,16 173,41 174,46 161,59 174.39 161,58
10 - 2-Methylpentane 177,23 164,08 187.19 173,11 186,96 173.09 186,82 173,07 174,14 161,27 174,07 161,26
11 3-Methylpentane 177,34 164,19 187,30 173,23 187.08 173,20 186,93 173,19 174,25 161,38 174,18 161,37
12  2,2-Dimethylbutane 176,82 163.66 186,75 172,67 186,53 172,65 186,38 172,63 173,73 160,86 173,66 160.86
13 2,3-Dimethylbutane 177,15 163,99 187,10 173,02 186.87 173,00 186,73 172,98 174,05 161,19 173.99 161,18
14 n-Heptane 205,42 190,38 216,96 200,87 218,70 200,84 216,63 200,82 201,84 187.13 201,76 187,12
15 nOctane 233,28 | 216,37 | 246,38 | 22828 | 24610 | 228,26 | 24591 228,23 | 229,22 | 212,67 | 22913 | 212,66
16 nNonane 261,18 | 242,40 | 27585 | 265,74 | 275563 | 265,71 | 27532 | 255,69 | 256,64 | 238,25 | 256,54 | 238,24
17 nDecane 289,06 268,39 305.29 283,16 304,94 283,13 304,71 28311 284,03 263,80 283,92 263,79
18 Ethylene 59,72 55,96 63,06 59,04 63.00 59,04 62,96 59,03 58,68 55,01 58,66 55,00
19 Propylene 87,10 81,46 91,98 85,94 91,88 85,93 91,82 85,83 85.58 80,07 85,65 80,06
20  1-Butene 114,98 107.46 121,42 113,38 121,29 113,36 12121 113,36 112,98 105.63 112,94 105,62
21  cis-2-Butene 114,69 107.18 121,12 113,08 120,99 113,06 120,91 113,05 112,70 106,34 112,66 105,34
22 trans-2-Butene 114,54 107,02 120,96 1129 120,83 112,90 120,75 112,89 112,55 105,19 112,51 105,19
23  2-Methylpropene 114,27 106,76 120,67 112,63 120,55 112,62 12047 112,61 112,29 104,93 112,25 104,93
24 1-Pentene 142,85 133,46 150,86 140,80 150.70 140,79 150,89 140,77 140.37 131,18 140,32 131,17
25 Propadiene 82,21 78,46 86,79 82,76 86,73 82.76 86,69 82,76 80,79 77,12 80,78 77.12
28 1,2-Butadiene 109,75 104,12 115,87 109,84 115,78 109,83 115,72 109,83 107.85 102,34 107,83 102,34
27 1,3-Butadiene 107,51 101,87 113,561 107,47 113,42 107,47 113.36 107.46 105,65 100,13 106,62 100,13
28 Acetylene 55,04 53,16 58,08 56,07 58,06 56,08 58,05 56,08 54,09 52,25 54,09 52,26
29 Cyclopentane 140,50 131,11 148,40 138,34 148,22 138,31 148,10 138.28 138,05 128,86 138,00 128,85
30 Methylcyclopentane 168,00 156,73 177,43 165,37 177,23 165,34 177.10 165,31 165,08 164,04 165,01 154,03
31 Ethyleyclopentane 195,90 182,74 206,89 192,81 206.65 192,78 208,50 192,75 192.48 179,81 192,41 179,60
32 Cyclohexane ) 167,31 156,03 176,70 164,64 176,50 164,60 176,36 164,58 164,39 153,36 164,33 153,35
33  Methylcyclohexane 194,72 181,66 205,64 191,87 20541 191,63 205,26 191,51 191,32 178.45 191,25 178,44
34 Ethylcyclohexane 222,75 207,72 235,25 219,16 234,98 21913 234,81 219,10 218,87 204,16 218,79 204,15
35 Benzene 139,69 134,05 147,45 141,42 147,36 141,41 147,29 141,40 137,27 131,76 137.24 131.75
36 Toluene 167,05 159,63 176.35 168,31 176,22 168,29 176,13 168.28 164,16 156,80 164,12 156,80
37 Ethylbenzene 194,95 185,55 205,81 195,76 205,65 195,74 205,55 195,73 191,67 182.38 191,52 182,37
38 oXylene 194,49 | 185,09 | 20532 | 195,27 | 20517 | 19526 | 20506 | 19524 | 191,12 { 181,93 | 191,07 | 181,92
39 Methanol 32,36 28,60 34,20 30.18 34,13 30,17 34,09 30,16 31.78 28,11 31,76 28,10
40 Moethanethiol 52,45 48,70 55,40 51,37 55,33 51,37 55,30 51,37 51,54 47,86 51,52 47,86
41 Hydrogen 12,102 10,223 12,788 10,777 12,767 10,784 12,752 10,788 11,889 10,050 11,882 10,052
42  Water 1,88 0 2,01 0 1,98 0 1,96 0 1,84 4] 1,83 0
43  Hydrogen sulfide 23,78 21.91 25,12 23,10 25,09 23,1 25,07 23,1 23,37 21,53 23,36 21,53
44  Ammonia 16,22 13,40 17,16 14,14 17.11 14,14 17,08 14,13 15,93 13,17 15,91 13,17
45 Hydrogen cyanide 28,41 27,47 29,98 28,97 29,97 28,98 29,96 28,98 27,92 27,00 27,9 27,00
46  Carbon monoxide 11,96 11,96 12,62 12,62 12,62 12,62 12,63 12,63 11,76 11,76 11,76 11,76
47  Carbonyl sulfide 23,18 23,18 24,45 24,45 24,48 24,46 24,46 24,46 22,79 22,79 22,79 22,79
48  Carbon disulfide 46,70 46,70 49,26 49,26 49,27 49,27 49,28 49,28 45,91 45,91 45,91 45,91
NOTES

1 The reference pressure for bath combustion and metering is 101,325 kPa in all cases.

2 The column headings “1/t, °C” refer to the reference temperatures for combustion and metering, respectively.

1) The non-zero calorific value of water vapour is derived formally from the dafinition of superior calorific value, which requires condensation to the liquid state
of all water vapour in the products of combustion. Thus, any water vapour present in an otherwise dry gas contributes its latent heat of vaporization to the
superior calorific value of the mixture. (See annex F for a fuller explanation.) e
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Annex A
(normative)

Symbols and units

Meaning

Atomic indices for the generalized molecular species C,H,O.N,S,

Gas law deviation coefficient (b=1 -2 )
Summation factor

Second virial coefficient

Third virial coefficient

Molar isobaric heat capacity

Relative density

Molar enthalpy

Calorific value on a molar basis
Calorific value on a mass basis
Calorific value on a volumetric basis

> )

j=1

molar enthalpy of vaporization of water
Molar mass

Number of determinations in a set of values
Number of components in a mixture
Pressure (absolute)

gth virial coefficient

Molar gas constant

Celsius temperature

Thermodynamic (absolute) temperature
Volume

Wobbe index

Mole fraction

Volume fraction

General {unspecified) physical property
Compression factor

Density

Stoichiometric coefficient

Acentric factor

IS 14504 ; 1998
ISO 6976 : 1995

Unit

m>mol ™’

mB-mol™ 2
—1 -

J-mot™ K™!

J-mot™!

kJ-mol™"
MJ-kg™"
MJ-m~?

kJ-mol ™"

kg-kmol ™’

17
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Subscripts
c
i

J
k
m

-

Superscripts

[}

*

Prefix

Value at the gas-liquid critical point
Identifier of a particular value in a set
Inferior {(calorific value)

Component identifier

Component identifier

Quantity per mole

Quantity divided by its value at the critical point
At saturation

Superior (calorific value)

For water vapour

For air

For the mixture

Combustion reference state
Metering reference state

For the ideal gas state

Non-normalized value

Denotes the repeatability or reproducibility of the physical property prefixed
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Annex B
(normative)

Values of auxiliary constants, etc.

B.1 Molar gas constant

The current recommended value of the molar gas
constant R is given in reference [15] in annex ‘M:

/
R = (8,314 510 £ 0,000 070) J-mol™ K™ . (B.1)

B.2 Critical constants and acentric
factors

Selected values for the critical temperature T, the
critical pressure p, and the acentric factor @, which
have been used in the derivation of many of the
compression factor values Z given in table 2 by means
of the Pitzer-Curl equation {see E.2), are given in
table B.1. The source of all values is reference [13]
in annex M.

B.3 Properties of dry air

The recommended molar composition of dry air is
given in table B.2. This is, collated from the work of
Jones 16! and Giacomo{17], and is as given in refer-
ence [13]. Note that many alternative sources, in-
cluding 1SO 26330111 give the volumetric composition
rather than the molar composition; the latter is more
appropriate for the direct calculation of mean molar
mass (molecular weight).

The resulting value for the molar mass of dry air
rounded to the fourth decimal place is

M,, = 28,962 6 kg-kmol™’ ...(B.2)
The value of the compression factor of dry air of
standard composition at each of the three commonly
used metering reference conditions should be
taken (13! as

Z,,(273,15 K, 101,325 kPa) = 0,999 41 ...(B.3)
7,,(288,15 K, 101,325 kPa) = 0,999 58 ... (B.4)
Z,,(293,15 K, 101,325 kPa) = 0,999 63 ... (B.5)

The real-gas density of air of standard composition to
which these values give rise are
pair (273,15 K, 101,325 kPa) = 1,292 923 kg-m™ >
...(B.6)
P4 (288,15 K, 101,325 kPa) = 1,225 410 kg-m~ >

... (B.7)
p4ir(293,15 K, 101,325 kPa) = 1,204 449 kg-m™ 3
...(B.8)

B.4 Enthalpy of vaporization of water

The standard molar enthalpy of vaporization of water
is required at each of the four commonly used com-
bustion reference conditions, in order to facilitate cal-
culations of the difference between the ideal-gas
superior calorific value and the ideal-gas inferior
calorific value {molar basis) for each .component. The
following values!13) have been used in the derivation
of the inferior calorific values given in table 3.

L°(273,15 K) = 45,074 kJ-mol ™" ...(B9)
L°(288,15 K) = 44,433 kJ-mol™’ .. .(B.10)
L°(293,15 K) = 44,224 kJ-mol™" ...(B11)
L°(298,15 K) = 44,016 kJ-mol™" ... (B.12)
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Table B.1 — Critical properties

Component Critical to:(nponturo Criticn:( :;murd Acentric factor

1 Moethane 190,555 4 598,8 0,011 5
2 Ethane 305,83 4 880 0,090 8
3 Propane 369,82 4 250 0,145 4
4 nButane 425,14 3784 0,1928
5 2-Methylpropane 408,13 3648 0,176 6
[} nPentane 469,69 3364 0,251 0
7 2-Methylbutane 460,39 3381 0,227 3
8 2,2-Dimethylpropane 433,75 3199 0,197 0
9 nHexane 506,4 3030 0,2957
10 2-Methylpentane 497,5 3010 0,279 1
" 3-Methyipentane 504,4 3120 0,275 0
12 2,2-Dimethytbutane 488,7 3080 0,231 0
13 2,3-Dimethylbutane 499.9 3130 0,247 3
14 nHeptane 5392 2740 0,350 6
15 nOctane 568.4 2 490 0,394 2
16 nNonane 594.4 2 280 0,443 7
17 nDecane 617.8 2 090 0,490 2
18 Ethylene 282,35 5 042 0,085 6
19 Propylene 364,85 4 601 0,147 7
20 1-Butene 419,53 4 023 0,187 4
21 cis-2-Butene 435,58 4220 0,204 4
22 trans-2-Butene : 428,63 4 050 02138
23 2-Methylpropene 417,90 4 000 0,189 8
24 1-Pentene 464,78 3526 0,245 0
25 Propadiene 393 6 470 0.149

26 1,2-Butadiene 443,7 4 500 0,339 4
27 1,3-Butadiene 425 4 330 0,181 4
28 Acetylene 308,33 . 6 139 0,184 1
29 Cyclopentane , 511,61 4 502 0,192 3
30 Maethylcyclopentane 532.73 3784 02395
31 Ethylcyclopentane 569,46 3397 0282 6
32 Cyciohexane 53,5 4074 0,214 4
a3 Methylcyclohexane 572,12 3471 0,233 3
34 Ethylcyclohexane 609 3 040 0,242 6
35 Benzene 562,16 4 898 02100
36 Toluene 691,80 4106 0,256 6
37 Ethylbenzene 617,20 3 606 0,301 1
38 o-Xylene 630,33 3734 0,313 6
39 Methanol 2,64 8 092 0,556

40 Methanethiol 470,0 | 7 230 0,183

# Hydrogen 33,2 1297 ' —-0,218
42 Water 647,14 22 064 : 0,328

43 Hydrogen sulfide T 373.2 8 940 0,109

4“4 Ammonia 405,5 11 350 0,260

45 Hydrogen cyanide 456,7 5390 X 0,388

4% Carbon monoxide 132,85 3494 0,063

4 Carbonyl sulfide 3788 6 349 0,096

48 Carbon disulfide 552 7 900 0,109

49 Helium 6,19 227 - 0,365
50 Neon 44,40 2 760 - 0,029
81 Argon 150.65 4 866 0,001

52 Nitrogen 126.2 3.390 0,039

53 Oxygen 154,58 5043 0,025

54 Carbon dioxide 304,20 . 7386 0,239

55 Suifur dioxide 430,8 7 884 0,256




Table B.2 — Molar composition of dry air

Species Mole fraction
Nitrogen 0,781 02
Oxygen 0,209 46
Argon 0,009 16
Carbon dioxide 0.000 33
Neon 0,000 018 2
Helium 0,000 005 2
Methane 0,000 001 5
Krypton 0,000 001 1
Hydrogen 0,000 000 5
Dinitrogen monoxide 0,000 000 3
Carbon monoxide 0,000 000 2
Xenon 0,000 000 1

IS 14504 ; 1998
ISO 6976 : 1995
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Annex C
(informative)

Conversion of volume fractions to mole fractions

If the composition is known in volume fractions at the metering reference conditions (#,,p,), the conversion to mole
fractions may be carried out using the equation

Y
Z:(t,
5=y Al ...{CNY
[ Y
j=1 Zi(‘?'p2) ]

for all j.
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Annex D
(informative)

Examples of calculations

Table D.1 gives calculations, presented in a simple
spreadsheet style, of the relative molecular mass, the
superior ideal molar calorific value and the com-
pression factor of a natural gas of a given compo-
sition, from basic physical property data, for the
“15/15 °C" reference conditions (ISO standard refer-
ence conditions). For the purposes of these example
calculations, numerical values of all quantities used
have been rounded to the fifth significant digit, and
used as such in any subseguent calculations. In re-
ality, alt calculations should be performed using the
full number of digits available on the calculator or
computer, and only rounded at the final line to the
correctly reported number of digits (see 9.3). Accord-
iIng to the methods described in this International
Standard, the various other physical properties of the
natural gas are calculated as follows,

NOTE 20  The entire calculation procedure for the calorific
value given in this annex is for the superior calorific value
only. Calculations of the inferior calorific value are entirely
analogous.

D.1 Calorific value on a molar basis
(clause B)

From table D.1, the superior calorific value on a molar
basis, Hg, of the ideal gas at 15 °C is, after rounding,
919,09 kJ-moal™".

This is alsc taken as the value of He, the calorific value
of the real gas, the enthalpic correction from ideal to
real gas being small enough to neglect (see note 13
to 6.2).

D.2 Calorific value on a mass basis
(clause 6)

In accordance with clause 6, the superior calorific
value on a mass basis, H¢, of the ideal gas is calcu-
lated from equation (5):

Hy(1,)

> ...(D.1)

HS(n) =

where, from table D.1,

HZ(15 °C) is 919,09 kJ-mol™;

M is 17,478 kg-kmol™ !

Thus

for1g o 919,09
H5(15 °C) = 17,478

= 52,586 MJ-kg™’
reported as 52,59 MJ.kg™'

Alternatively, ﬁg can be calculated from equation (7)

. N M,
fee =3 57

j=1

... (D.2)

(ﬁg)j(’1)

This calculation also gives a calorific value of
52,59 MJ-kg™ .

D.3 Calorific value on a volumetric basis
(clause 7)

In accordance with 7.1, the superior calorific value on
a volumetric basis, He, of the ideal gas is calculated
from equation (8):

HE[H.V (t.p)) = FE(1) Wp%; .. (D.3)
where from table D.1,
HZ(15 °C) is 919,09 kJ-mol™ ';
po is 101,325 kPa;
T, is 288,15 K;
R, the molar gas constant, IS

8,314 510 J-mol™ K~ ",
Thus
H2[15 °C, V(15 °C,101,325 kPa)]

_ 919,09 x 101,325
" 8,314 510 x 288,15

= 38,870 MJ-m~ %, reported as 38.87 MJ-m~ 3,
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Alternatively, ﬁg can be calculated from equation (9):

N

HS[n, V(t.p))] = Z"j"”jo [tV (12p,)]
j=1

... (D4

which also gives a value of 38,87 MJ-m™ 3,

The effect of the change from ideal to real gas is cal-
culated in accordance with the procedure described
in7.2

HS [0V (12.0,)]
Zix(t2.p2)

where Z.,,. the compression factor of the gas mix-
ture, is calculated from equation (3):

2
N
Zoix(tapy) =1 - ZXJ\/E

j=1

Hs[h.V(0.p0)] = ...(D5)

...(D.6)

From table D.1, the value of the sum of the mole
fraction summation factors is 0,047 85; hence

Z..x(16 °C,101,325 kPa) = 1 — (0,047 85)°
= 0,997 71, reported as 0,997 7
and the superior calorific value of the real gas is

Hg[15 °C,V(15 °C,101,325 kPa)]

_ 38,87
~ 0,997 71

= 38,959 MJ-m~ 3, reported as 38,96 MJ-m™°.

D.4 Relative density, density and Wobbe
index (clause 8)

D.4.1 Relative density

" In accordance with 8.1, the relative density of the
ideal gas is calculated from equation (11):

N M

d°=ijxM—j:

j=1 ar

...(D.7)

Using the data from table D.1 and the value for M,
of 28,962 6 kg-kmol™ ', we obtain

17,478
4= 28,962 6

= 0,603 47, reported as 0,603 5.

In accordance with 8.2, the relative density of the real
gas is calculated from equation (14):

24

do'Zair (t2.p)

... (D.8
Znix(t2.15)

d(tp)) =

where

Z, (15°C, 101,325 kPa) is 0,999 58 (see
table 2);

Z.x 150,997 71 (see clause D.3).
Thus
d(16 °C, 101,325 kPa)

0,603 47 x 0,999 58
- 0,997 71

= 0,604 60, reported as 0,604 6.

D.4.2 Density

In accordance with 8.1, the density of the ideal gas is
calculated from equation (12):

N
o P2
P (typy) = x-M; .. (D.9)
R T, ; /i)

Thus

17,478 x 101,325
01 oC,’] 1, = - :
p°(15 °C,101,325 kPa) 8,314 510 x 288,15

=0,739 18 kg-m”~ 3, reported as 0,739 2 kg-m™ 3

From 8.2, the density of the real gas is given by
equation (15):

p(tpy) = p°(t2.py)
e Zix(t2.p)
Thus
o 0,739 18
p(15 °C,101,326 kPa) = o=

= 0,740 BHQ-m' 3 reported as 0,740 9 kg-m~ 3,
D.4.3 Wobbe index

In accordance with 8.1, the Wobbe index of the ideal
gas is calculated from equation (13):
HS[n. V(rp))]

Je

WO[’w V(tap,)] = ...(D1D

Thus

38,870

v/ 0,603 47

W°[15 °C,V(15 °C,101,325 kPa)] =



= 50,036 MJ-m™ ° reported as 50,04 MJ.m™ 3

From 8.2, the Wobbe index of the real gas is given
by equation (16):

w [’ W V{t.p,) ] = 5{S_[I1_'K(f2_'{)2),]

Vlepy)

...(DAMY

Thus

W[15 °C, V(16 °C,101,325 kPa)] = 00929

= 50,104 MJ-m~ >, reported as 50,10 MJ.m~

Note that all the figures calculated in this annex are
identical to those given by the computer program de-
scribed in annex K, except that for W. However, if the
full number of digits is carried throughout the example
calculations leading to the value for W, then a correct
figure of 50,11 MJ-m 2 results, as in annex K.

D.5 Precision (clause 9)

Table D.2 gives repeatability calculations, presented in
a format similar to that of table D.1, for the same gas
mixture. Only the case where methane is analysed
(rather than calculated by difference) is considered. In
order to perform these calculations, values need to
be known for the repeatability, using non-normalized
mole fraction data, of each individual component. The
values used are given in the fifth column of
table D.2.

D.5.1 Repeatability of calorific value on a
molar basis

From table D.2, the repeatability AH.,, of the ideal-gas
superior calorific value of 919,09 kJ-mol™' s
+ 0,11 kJ-mol™ ! [see equation (19)].

D.5.2 Repeatability of calorific value on a
mass basis

To obtain the repeatability for the ideal gas on a mass
basis, the repeatability on a molar basis is divided by
the molar mass wvalue for the gas of
17,478 kg-kmol " .

o 0.11

mix T 17478
= 0,006 MJ-kg™ ', reported as + 0,01 MJ-kg™".

1S 14504 : 1998
ISO 6976 : 1995

The repeatability of the superior calorific value on a
mass basis of 52,59 MJ-kg™ " is + 0,01 MJ-kg™ .

D.5.3 Repeatability of calorific value on a
volumetric basis

To obtain the repeatability for the ideal gas on a volu-
metric basis, the repeatability on a molar basis is
multiplied by p,/R-T,.

mx 8314 510 x 288,15
= 0,005 MJ-m™3, reported as + 0,01 MJ-m~>

HC 0,11 x 101,325

The repeatability on the ideal-gas superior calorific
value on a volumetric basis of 38,87 MJm™° s

+ 0,01 MJ-m™>.

D.5.4 Repeatability of relative density,
density and Wobbe index

D.5.4.1 Relative density
The repeatability of the relative density (either ideal

or real) is calculated from equation (20):

AM
M

an

Ad =

where

AM, from tableD.2 [see equation (23)], s
+ 0,003 1 kg-kmol™;

M, is 28,962 6 kg-kmol '

Thus

0,003 1
A= 8967 6

= (0,000 11, reported as + 0,000 1.
The repeatability on the ideal relative density of

0,603 5 and on the real relative density of 0,604 6 is
+ 0,000 1.

D.5.4.2 Density

The repeatability of the density (either ideal or real) is
calculated from equation (21):
Ay o DM
P="RT
_ 0,003 1x 101,325
~ 8,314 510 x 288,15

= 0,000 13 reported as + 0,000 1 kg-m™*
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The repeatability on the ideal
0,739 2kgm~3 and on the real
0,740 9 kg:-m~%is + 0,000 1 kg-m™ 2.

density  of
density of

D.5.4.3 Wobbe index

The repeatability of the ideal Wobbe index is calcu-

= 50,04 (

0,0

172
0,000 1 )

1
38,87 ) (7;0,603 5

= 0,001 3 MJ-m™3, reported as + 0,01 MJ-m™ 2.

lated from equation (24): The repeateitasility on the ide_aal Wobbe Index of
50,04 MJd-m™ 7 is + 0,01 MJ-m™"~,
~ 2 2 2
AW® = W (A—fo— +(Ad2)
H° 2d
Table D.1 — Details of an example of a property calculation

Molar mass Su_p'erior Summation Mole m:::rf::tsi: :exr Mole fr'a ction x fral::nt?:l x
calorific value factor . calorific value i

Component ; Y . fraction mole . summation
M, (/)15 °C) Jb oM, X (D), factor
kg-kmol™! kJ-mol™! 101(,1352;CIQP3) . kg-kmol™’ kJ-moi~" 5/\.].\/};
Methane 16,043 891,56 0,044 7 0,924 7 14,835 0 824,43 G041 33
Ethane 30,070 1 562,14 0,092 2 0.0350 1,062 5 54,67 0,003 23
Propane 44,097 2 221,10 0,133 8 0,009 8 04322 21,77 0,001 31
n-Butane 58,123 2 879,76 0,187 1 0.002 2 0,127 9 6,34 0,000 M
2-Methylpropane 58,123 2 870,58 0178 9 0,003 4 0,197 6 9,76 0,000 61
n-Pentane 72,150 3 538,60 0,251 0 0,000 6 0,043 3 212 0,000 15
Nitrogen 28,0135 0 0,0173 08,0175 0,490 2 0 0,000 30
Carbon dioxide 44,010 0 0,074 8 0,006 8 0,299 3 0 0,000 51
Totals 1,000 0 17,478 919,09 0,047 85

Table D.2 — Details of an example of a precision calculation
. Molar mass cali:"i:‘)i:r:::ue Mole fraction ﬁ:ﬂ::;?rillai:!z:: — T 2
Component | M, (H2),(15 °C) mole fraction {87 [(H), = (H)uwl ) | [Ax"(M, — M)]?
kg-kmol™' kJ-mol™" X
Methane 16,043 891,56 0,924 7 0,001 532 0,001 779 0,000 004 83
Ethane 30,070 1 562,14 0,0350 0,000 086 0,003 058 0,000 001 17
Propane 44,097 2 221,10 0.000 8 0,000 032 0,001 736 0,000 000 73
n-Butane 58,123 2 879,76 0,002 2 0,000 010 0,000 384 0,000 000 17
2-Methylpropane 58,123 2 870,58 0,003 4 0,000 006 0,000 137 0,000 000 06
n-Pentane 72,150 3 538,60 0,000 6 0,000 004 0,000 110 0,000 000 05
Nitrogen 28,013 5 0 0,017 80 0,000 064 0,003 460 0.000 000 45
Carbon dioxide 44,010 0 0,006 8 0,000 052 0.002 284 0,000 001 90
Totals 1,000 0 0,012 948 0,000 009 36
Square roots of totals 01138 0.003 06
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Annex E
(informative)

Behaviour of ideal and real gases

E.1 Variation of ideal-gas enthalpy of
combustion with temperature

In 4.1, reference is made to the fact that the ideal-gas
(standard) enthalpy of combustion — Hg of any gas or
gas mixture varies in accordance with the tempera-
ture at which combustion is deemed to take place (i.e.
the combustion reference temperature). The variation
observed, although relatively small in magnitude, is
significant and must not be ignored. However, the
variation is generally complex, and in consequence it
is not practicable to provide formuiations which would
enable the user to determine Hg at any arbitrary
combustion reference temperature. Instead, values
of Hg for each distinct chemical component listed in
this International Standard are given in tabie 3 for each
of the commonly used combustion reference tem-
peratures of 298,15 K, 293,15 K, 288,15K and
273,15 K {25 °C, 20 °C, 15 °C and 0 °C, respectively).

The values listed have been derived as follows. Con-
sider the generalized combustion reaction for the
pure, supposedly gaseous, chemical component
(C,H,ON,S,) in which the atomic indices a to e are
non-negative integers (including zero} whose values
define the specific component in guestion (e.g. for
a=1,b=4 ¢c=d=¢e=0, the species is CH,), viz.

CHONS.(Q) + a+ 4 £ +¢)0y(0)

= aC0,(g) + -2 Hy0() + 4Ny (g) + ¢SO0,(g)

(B

Suppose that the standard enthalpy of combustion at
25 °C, — HZ (25 °C), for this reaction is available in
authoritative publications {as is indeed the case for all
components considered herein). The value of HS(r) at
some other temperature ¢, for this same component
J. 1s then given by the equation

or, equivalently,

[~ B0 = [~ (@), + 3wl o

k
... (E3)
where
% =25°C;
ke (f) s the ideal-gas molar enthalpy;

()¢ is the ideal-gas isobaric molar heat ca-
pacity of component k (except for product
water which is taken as the liquid). The
summation is taken over all components k
which appear in the combustion reaction
(@ maximum of 6 in the most general
casel;

v is the stoichiometric coefficient for com-
ponent k, taken as positive for reactants
{unity for the “object” component j) and
negative for products.

Thus, the calculation is reduced to having sufficient
knowledge of either 4° or, equivalently, ¢; as a func-
tion of temperature, for the “object” compaonent j and
the 5 “auxiliary” components O,, CO,, N, and SO, (in
the gas phase) and liquid water. Both quantities are
complex functions of temperature, most usually ex-
pressed in polynomial form, for all components.

Several types of polynomial expression have been
used over the years to represent the variation of #°
and ¢, with temperature. For the application con-
sidered here, the temperature range over which the
variation is required is rather small (a maximum of
25 K). Partially as a consequence of this, the entire
second term on the right-hand side of equations (E.2)
and (E.3} is very small by comparison with the first
term, and any reasonable formulation should produce
essentially identical results for H—g(t). Appropriate data
for calculating Hg (1) for specific temperatures may be
found for several of the present components (without
recourse to polynomial expressions) in the compila-
tions of Armstrong and Jobel?l and of Garvin et
al.18] (10} Corresponding polynomial expressions
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given by Passut and Dannerl18] or of a modified
~ Wilhoit-Harmens form119], 120], [27] are also available.
Where possible, calculations for Hg(r) were actually
performed by a variety of routes in order to confirm
their equivalence. No significant discrepancies were
revealed (that is, differences were generally in the
second decimal place, which is usually not significant
in terms of measurement accuracy and is retained in
table 3 only for interpolation).

For the purpose of deriving final values of Hg(20 °C),
HZ(15 °C) and HZ(0 °C) from Hg(25 °C), to list in
table 3, the favoured methods of calculation used data
from Garvin et al.[8], [10], Armstrong and Jobel7], or
the modified Wilhoit-Harmens polynomial [21], in that
order of preference. Further details of these calcu-
lations are given in reference [13] in annex M.

E.2 Corrections for non-ideality:
volumetric effects

The volume V., (ideal) occupied, at the metering ref-
erence conditions (1,,p,), by 1 mol of a gas which be-
haves in accordance with the so-called ideal gas law
(see 2.7) is given by the equation

R'Tz

V. (ideal) = B

... (E4

where T, is the absolute temperature, in kelvins,
equivalent to the Celsius temperature ,.

No actual gas, and certainly no real natural gas, pre-
cisely obeys the ideal gas law: accordingly, the vol-
ume V,_(real) occupied by 1 mol of a real gas is often
related to V,(ideal) through use of the quantity Z,
known as the compression factor, such that

V.. (real) = Z(T,,p,) Vi (ideal) ... (E5)

Z(Typy)RT,

Vo (real) = By

... (E.B)
The compression factor is generally a function of
temperature, pressure and gas composition; it may
be greater than or {more often) less than unity, but is
usually close to unity for “permanent” gaseous sub-
stances.

The theory of statistical mechanics provides both an
insight into the general dependence of Z on tempera-
ture, pressure and composition, and a means of eval-
uating it for a mixture of arbitrary composition, from
the known properties of the components of the mix-
ture.

The basic statistical mechanica!l expression for Z is an
infinite series of the following form:

28

v
Z(Tp) = ~——pR_;" (=)
B(r) C(I) o(T1)

where V, (real) has been abbreviated to V,, for clarity.
In this expression, the quantities B(T), C(T), .., Q(T)
are known as the second, third, . . . gth virial coeffi-
cients respectively. Each is a function of temperature
and composition, but is independent of pressure. The
term containing the second virial coefficient accounts
for the effect upon Z of two-body molecular inter-
actions {both like-molecule and unlike-molecule); like-
wise the term containing the third virial coefficient
accounts solely for the effects of three-body molecu-
lar interactions, and so on. At the pressures of interest
in this International Standard, three-body and higher
order interactions are unimportant; hence the virial
expansion may be truncated at the second term, with
no loss of accuracy.

Thus
B i
Zix = Z(T.p) = 1 +~ﬂvi7l .. .(E.9)
B (T
Zix =1 +~——«psz”f}(_T) .. .(E.10)

Equation (E.10) may be solved as a quadratic in Z,,,
if Bi(T) is known. The previous text of this sub-
clause is applicable to pure gases and mixtures alike.

Statistical mechanics also provides an expression for

B,x for a multicomponent mixture of arbitrary com-
position, as follows:

N N
Bmix(T) = szj'xk'Bjk(T)

where each summation is taken over all N com-
ponents of the mixture.

(M

In this expression, there are N like interaction (pure
component) terms of the form ,x]z-Bﬂ, and N(N — 1}/2
unlike (mixed) interaction terms of the form 2x.y-B,

{since the subscripts are theoretically reversible).

[t is not practicable to provide numerical values in this
International Standard for all B, (or, equivalently, 7)
and all By for each of the metering temperatures of
interest; this would require some 4 620 values, a
rather high proportion of which would have to he
based on some estimative or correlative technigque

NOTE 21 Calculated as



[N+—IﬁNT_—1)—] x 3

for N = 55, there being three commonly used values for T,.

It is clear, then, that a substantial reduction of the data
requirement in accordance with a well-understood
(and well-behaved) specific approximation is necess-
ary if Z,,, and hence V,(real), are to be readily calcu-
lable from equations (E.10) and (E.6). This is especially
the case if the method is to be amenable to manual
calculation.

One such specific approximation scheme rec-
ommended by some authorities(7] is to retain only the
N like interaction terms and the (N — 1) unlike inter-
action terms involving methane as one component
{i.e. terms of the form 2x,-x-By,. where the subscript
1 refers to methane). This formulation has the merit
of severely reducing the number of terms to be
evaluated, and the virial coefficients in those that re-
main are generally reasonably accessible; moreover,
the terms omitted, (i.e. all other 2x-x.-B; terms for
j.k # 1), can reasonably be treated as negligible in
many calculations because x;, x, < x, for all j, k

However, for the purpose of this International Stan-
dard, an alternative simplification scheme has been
preferred which has the advantage of retaining all
terms, the like-interaction terms being correctly rep-
resented and the uniike-interaction terms being rep-
resented in accordance with a specific approximation.
The simplification involved may be understood by
combining equations {E.9) and (E.11) (omitting T) as
follows:
Bmix
Zon =1+ v ...(E12)

N N
sz‘, kx-—— . (E1)
i k

then, making the approximation (for all j.k)
B | BiBa
Vin (V)i (Vi

(E.14)

Although having no formal basis in statistical mech-
anics, this approximation is usually reasonably accu-
rate for mixtures composed of molecules which are
not too dissimilar in size, shape and polarity.

Equation (E.13) then becomes

BBy,
—1+ZZX X SUAFAN .. .(E.15)

m

IS 14504 : 1998
ISO 6976 : 1995

~2)-(1-2%)...(E16)

N N
Zix=1— szj'xk'\/“
7x

T =1~ | > 5/t (A7)

where b; = 1 -2

This expression thus retains all the terms in the orig-
inal formulation for Z,, but uses only the values of
the pure component compression factors Z; to do so.
Equation (E.17) forms the basis for making corrections
for volumetric non-ideality that are both suitable for
manual calculations and of sufficient accuracy.

However, equation (E.17} cannot be used in an un-
critical way. It is known to have limitations for mix-
tures containing any of three components, namely
hydrogen, helium and carbon dioxide!4). In the first
two cases, this arises because Z;> 1 at metering ref-
erence conditions, so that /b is an unreal number
{as is also the case for neon). To overcome this, hy-
drogen, heltum and neon are assigned “pseudo”-val-
ues of /b and so formally leave equation (E.17)
unchanged. For carbon dioxide, there is no need to
make such special provisions, provided that its con-
centration is within the limit of 0,15 mole fraction
quoted in clause 1.

NOTE 22 Inreference [4] in annex M, which has formed
the basis of most subsequent standard documents in this
area, an individual treatment is used for any hydrogen
present. Specifically, hydrogen is removed from the sum-
mation and an extra term added to the overall expression.
However, it can be shown that this is not necessary, pro-
vided that the hydrogen content of the gas does not exceed
0,05 mole fraction.

Values for all Z; and \/E at the three metering refer-
ence temperatures of interest are given in table?2
{clause 10). A hierarchy of the means of obtaining
these values has been used as follows:

a)l Wherever possible, and most obviously for the
permanent gases, it is generally preferable to use
compression factors taken directly from exper-
iment, or at least from the fitting of high-quality
pressure, volume and temperature data to a good
interpolative equation of state. The values given
in table2 for such gases have generally been
taken from secondary compilations (identified in
reference [13] in annex M) which satisfy this cri-
terion.

b) For components which are not gaseous in the
pure state at the metering reference conditions,
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a different approach is required. That generally
adopted here is to estimate values for B(T), using
the Pitzer-Curl correlation[22], and to convert this
value to a "hypothetical” value for Z(T.p) using
the pure-gas analogue of equation (E.10). The
Pitzer-Curl correlation may be written as

B(T)p, ‘

0,330 - 04600 0,138 5 + 0,50w
T, Trz

~0.0121 +0.097w _ 0,007 3w
T T

r

...(E.18)

In this expression, the subscript ¢ identifies the
value at the gas-liquid critical point, the subscript
r identifies the value of a guantity divided by its
value at the critical point {i.e. a dimensioniess
“reduced” value), and w is the so-called acentric
factor. The values used for T, p, and w are given
in clause B.2. In converting values of B to values
of Z, the second term on the right-hand side of
equation (E.10) has been approximated as
p-B(T)|RT.

c) There are a few remaining components which fall
outside of the scope of methods a) or b). In par-
ticular, the original Pitzer-Curl correlation was de-
veloped to apply mostly to hydrocarbons and
simple non-polar species. It therefore should not
be applied to components such as water,
methanol, carbonyl sulfide, etc. A variety of
methods, which will not be elaborated here {but
which are discussed in reference [13] in
annex M), has been used to estimate hypothet-
icai compression factors for such components.
Fortunately, none of the components involved will
ever be present, in a natural gas or natural gas
substitute, in sufficient amounts that any error in
Z will propagate detectably into Z_..

d) Finally, the special cases of hydrogen, helium and
neon have already been mentioned just before
note 22. Note that the values listed for Z in
table 2 for these components are the true values:;
only the values for /b are the pseudo-values
referred to.

NOTE 23 In current US usage, as exemplified by GPA
Standard 2172-8613], the summation factor /b is effec-

77777 (1 — Z) Jp. The original definition of \/h
as 1 - Z is preferred and retained in this International
Standard.
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E.3 Corrections for non-ideality:
enthalpic effects

The ideal-gas molar superior calorific value Hg of
CH,ON,S,, effectively defined in clause 2 as the
negative of the standard enthalpy of combustion of
the generalized combustion reaction [equation (E.1)],
refers specifically to the ideal reaction; that is, not only
is the combustible component assumed to be in the
ideal-gas state, but so too are the reactant oxygen and
all of the products (except liquid water). A correction
to the enthalpy of combustion is therefore in principle
required, to account for the fact that combustion re-
actions cannot actually take place with all components
in the ideal-gas state. For a natural gas mixture, the
overall combustion process is represented by the
mole fraction sum of several equations of the same
form as equation (E.1), each having a different set of
values for the non-negative integers a,b,c,d,e.

For such a natural gas mixture, for the (initially separ-
ate) reactant oxygen and for the homogeneous prod-
uct mixture, the departure per mole [h(T,p) — h°(T)]
of the actual enthalpy from the value A°(T) in the
ideal-gas state at the same temperature, can be cal-
culated if a suitable equation of state is available. For
the binary molecular collision (low pressure} approxi-
mation it can be shownl?! that in each case, the
enthalpy departure is given by the equation

B(T.x) - T(QB—)X

h(T.p,x) — h°(T.x) dr
RT TV (Tpa)
.. (E19)
where
B(T.x) is the second virial coefficient for a

composition x;

V(T.p,x) is the molar volume, obtainable as the
positive solution of the quadratic

equation

RT B(T.x) :
ValTpx) ==~ 14+ - -2 —" o (E
m( PV) p |: VVm(T:P:—") (£.20)

The total enthalpy correction can then be formed as
the appropriately weighted sum (i.e. according to
stoichiometry) of the three such terms: the contn-
butions from the reactants have to be applied in the
opposite sense to that from the products

Making calculations of this sort is not impossible, but
nevertheless is not a practical proposition tor manual
calculations. Even with computer power availlable, 1t
is not a trivial task, largely because of the data re-



quirements for the general evaluation of B and its
temperature derivative. Fortunately it can be
shownl?], by sample calculation, that for natural gas
type mixtures under the conditions of interest, the
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total correction is negligibly small, typically being no
greater than 50 J-mol™' (approximately 0,005 %).
Enthalpic correction effects are considered no further
in this International Standard.
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Annex F
(informative)

Effects of water vapour on calorific value

F.1 General

Some calorimeters used for the direct measurement,
by combustion, of calorific value per unit volume
saturate the fuel gas with water vapour before com-
bustion (during metering), and will therefore measure,
and probably {but not necessarily) report, calorific val-
ues on an (assumed) saturated basis. Such values are
lower than those for the unsaturated (dry or partially
saturated) gas, in simple terms, because of the dis-
placement of fuel gas by water vapour in the metering
system.

Other instruments used for either the direct or indirect
determination of calorific value may not function in an
analogous way. For example:

— some direct combustion calorimeters burn the gas
on an “as received” basis (i.e. with its prevailing
water vapour content) and report the actual
calorific value, but on an (assumed) dry basis;

— some instruments dry the gas prior to calorific
value determination, and so measure and report a
dry gas value even though the gas may originally
have contained water vapour;

— instruments for component-analysis of gases (in
particular gas-chromatographs) usually analyse for
all important components with the single excep-
tion of water, and therefore a calculated calorific
value is reported on a dry basis, even though the
gas may actually contain water vapour.

Therefore, in order to make valid comparisons of gas
calorific values determined by different techniques, it
is necessary to take into account:

— the degree of saturation with water vapour of the
gas in its original state;

— the degree of saturation with water vapour of the
gas during the measurement procedure (i.e. after
metering);

— the operational characteristics of the measure-
ment instrument or procedure; and

— the degree of saturation with water vapour of the
gas referred to in the reported calorific value.

When all of these factors are known, it is possible to
refer all determinations of calorific value to a uniform
and consistent basis.

Although the main text of this International Standard
refers to calculations for the dry gas, it is suggested
that the most logical basis in general is the "as re-
ceived” basis, in which the calorific value is deter-
mined, and quoted, with any water vapour present
considered as just another component of the mixture,
and having a definite mole fraction. There are three
considerations to take into account in making calcu-
lations if this approach is adopted, especially if analy-
sis for water vapour does not form part of the primary
analytical -procedure (i.e. if its amount has to be in-
ferred by secondary means, such as hygrometric or
dew-point measurements).

F.2 Excluded volume effect

Water may be present in natural gas at a partial
pressure p,, of up to its saturation vapour pressure p,
at the reference conditions of the gas metering sys-
tem. The traditional way of viewing such water vapour
is to consider it as excluding a proportion p,,/p, of the
metering volume from the actual dry fuel gas, thereby
reducing the determined calorific value by this pro-
portion to the value

P2 — Pw

ﬁ(measured) — H(dry gas) x 2%

P ... (F.h

where H is the calorific value (either superior or in-
ferior) on a volumetric basis.

An entirely equivalent way of viewing this effect (for
purposes of calculation rather than measurement), but
preferable because it is more evident that H may now
represent the calorific value on either a molar, mass
or volumetric basis, is to proceed in terms of mole
fractions. Suppose a mole fraction analysis of the gas,
excluding any water vapour, is known (as is the as-
sumption for the main text of this International Stan-
dard). If the partial pressure of water vapour in the
sample is now somehow determined, its mole frac-



tion may be taken as p,,/p,. In order to retain the sum
of the mole fraction of the entire mixture as unity, the
mole fraction of each component must be normalized
by multiplication by the factor (p, — p,,)/Ip,. Thus, since
the calculated calorific value is a summation of linear
terms in component mole fractions, the calculated
calorific value is simply reduced by this proportion
(except for secondary effects referred to in clauses
F.3 and F.4), just as is seen from the previous view-
point.

This primary effect can be important, as the following
example shows. Suppose we wish to calculate the
calorific value on a saturated-gas basis from a dry-gas
analysis, perhaps in order to make a meaningful
comparison between the analytically dry-gas calorific
value and that determined by a calorimeter which
saturates the same gas during metering. Suppose
also that the dry-gas volumetric calorific value is
38,00 MJ-m™* at combustion and metering reference
conditions of 15 °C, 101,325 kPa. At 15 °C, the satu-
ration vapour pressure is 1,705 kPa, and the mole
fraction of water in natural gas saturated with water
at the reference conditions is

1,705

M=W=O'O16 83

... (F.2)

Thus, the saturated-gas calorific value (ignoring the
secondary effects discussed in clauses F.3 and F.4) is
less than the dry-gas calorific. valus by (1 — 0,016 83),
ie.

H, =38,00 x 0,983 17 = 37,36 MJ-m™° ... (F.3)

With differences in calorific values of up to 1,68 %,
depending on the amount of water vapour present, it
is obviously very important to consider the way in
which water vapour is accounted for by a measure-
ment or analysis technigue. An especially tricky situ-
ation can arise for a gas containing water vapour as a
known component at below its saturation vapour
pressure. In this case, the dry-gas, as received and
saturated-gas calorific values are all calculable, all dif-
ferent and all capable of being confused with one an-
other.

F.3 Latent heat (enthalpic) effect

A secondary effect of the presence of water vapour
in a sample gas is ignored in clause F.2. The latent
heat of vaporization of the water produced by the
combustion of hydrocarbons is a significant factor in
the determination of the calorific value of those
hydrocarbons and, consequently, the state of that
water is precisely defined in 2.1 and 2.2.
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In the case of the superior calorific value (2.1), it is
required that all the water produced by the com-
bustion reaction is condensed to the liquid state at the
reference temperature for combustion, . This re-
quirement may be impractical, but it does provide a
theoretical basis for the calculation of superior calorific
value for a dry natural gas. However, the presence of
water vapour in the gas volume prior to combustion
presents a problem of how to treat the state of that
water after combustion:

a) is it to be assumed, however impractical, that this
water remains gaseous after combustion, thus
having no effect on the heat of combustion; or

b) is it to be assumed that this water is also con-
densed to the liquid state at the reference tem-
perature for combustion, ¢, thereby enhancing the
heat of combustion by the released latent heat of
vaporization of water?

It is suggested that the most logically consistent
treatment of the superior calorific value is to assume
that all water, both that contained in the gas volume
prior to combustion and that produced by combustion,
is condensed to the liquid state at the reference
temperature for combustion, 1. Therefore, the water
vapour contained in the gas volume is to be treated
as a component of the natural gas at a particular mole
fraction and having a calorific value derived from the
latent heat of vaporization of water; in other words
there is another x-H; term in the summation, for wa-
ter. That is why the superior calorific values for water
vapour given in tables 3, 4 and 5 are not zero. Such
treatment results in only a small enhancement of
calorific value; assuming saturation with water vapour,
the enhancement is independent of gas composition
and is only dependent on the gas volume (metering)
temperature. On a volumetric basis, the enhancement
for a saturated gas is

— for metering at 0°C, an enhancement of
0,01 MJ-m™2;

-— for metering at 15°C, an enhancement of
0,03 MJd-m™7;

—- for metering at 20°C, ar enhancement of
0,045 MJ-m 2.

For inferior calorific value, all water vapour remains in
the gas phase, and so there is no enthalpic effect of
this type to consider.

F.4 Compression factor effect

There is a third effect that is even more minor, but
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this should nevertheless be taken into account. The
presence of water vapour affects the compression
factor of the mixture, and thus alters the real-gas
calorific value on a volumetric basis by a calculable
amount. At 15 °C, Z is changed from dry to saturated
by only about 4 in 10 000 (0,998 1 to 0,997 7) for a
typical natural gas.

34

The main text of this International Standard refers only
to the treatment of dry natural gas, as this is rec-
ommended as the preferred state. In the event that
it is necessary to make calculations for natural gas
containing water vapour, however, the points men-
tioned above should be taken into account when de-
ciding upon a suitable approach.
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Annex G
(informative)

Summary, discussion and selection of the calorific value of methane

The enthalpy of combustion of methane is unarguably
the single most important physical property value
used in the determination of the calorific value of
natural gas. Not only is meathane the major component
of natural gas, but ultra-high purity methane is fre-
quently used as a calibration gas for recording
calorimeters routinely used to measure the calorific
value of natural gas.

The heat of combustion of methane was first deter-
mined in 1848, and since then eight studies have
been reported. However, only two sets of values of
the standard molar enthalpy of combustion at 25 °C
for methane of normal isotopic composition, derived
from measurements having claimed levels of accu-
racy and precision appropriate to present consider-
ations, are available in the scientific literature for
conversion to the quantities requiring to be listed in
this International Standard.

These two studies are those of Rossini (1931}(23] and
of Pittam and Pilcher (1972)124],

The values of the data points, in chronological order,
of these two studies are given below {Rossini's values
have been reworked by Armstrong and Jobe {7l in ac-
cordance with current molecular mass and tempera-
ture scale assignments, etc.).

Rossini Pittam and Pilcher
kJ-mol™ ' kJ-mol™'
— 891,823 - 890,36
- 890,633 — 891,23
- 890,013 — 890,62
— 890,503 - 890,24
— 890,340 — 890,61
— 890,061 - 891,17

In the analysis of his own data, Rossini rejected the
highest (first) value as an outlier, which gives a mean
of — 890,31 kd-mol™" + 0,27 kJ-mol” ' based on the
remaining five data points. Pittam and Pilcher used all
six of their data points to calculate a mean of
~ 890,71 kJ-mol” ' 4 0,41 kJ-mol™ . (The uncertainty
figures quoted represent one standard deviation.)

In reviewing the two studies, Armstrong and Jobe
concluded that, while they agreed with Rossini's

treatment of his own data in rejecting one point as an
outlier, if all the data points are taken together as a
single set, there is then no clear statistical evidence
that any data point{s) should be discarded. Armstrong
and Jobe also considered several technical and logis-
tical points which remain valid; these, together with
some further points, are as follows.

a) Impurity levels of the methane samples: the
sample Rossini used had a measured impurity
level of 1 210 ppm carbon monoxide, for which a
correction was made, while Pittam and Pilcher
used a sample containing less than 5 ppm im-
purities.

b) Determination of the completeness of reaction:
Rossini measured the water formation, the stan-
dard method at the time, while Pittam and Piicher
measured the carbon dioxide formation, today's
preferred method.

¢) Calibration techniques and traceability linkages:
Rossini calibrated his calorimeter using an elec-
trical heating method, with traceability to NBS
metrology standards, while Pittam and Pilcher
used the combustion of hydrogen for calibration
purposes, with traceability to Rossini's earlier
work on the combustion of hydrogen.

d) Correlation of the heats of formation of the alkane
series: an analysis of several heats of formation
(derived from heats of combustion} of the lower
n-alkane homologous series favours the more
uniform values, with respect to the CH, in-
crement, of Pittam and Pilcher and may suggest
a value for methane which is between the values
of the two studies.

e) "Sealing” of the calorimeters: Rossini used oil
films to “seal” his calorimeter for each individual
experiment {re-assembling the calorimeter each
time), whereas Pittam and Pilcher claim to have
“sealed” their calorimeter for the duration of the
test series, but in fact removed a platinum resist-
ance thermemeter after each experiment and re-
placed it with a mercury thermoregulator, with the
consequent possibility of water loss.
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f) Re-assembly of the calorimeter: Rossini re-
assembled his calorimeter prior to each exper-
iment, filling it with a weighed quantity of water,
and referred his calibration and combustion to a
standard mass of water, whereas Pittam and
Pilcher calibrated their calorimeter during a series
of experiments and then used that energy equiv-
alent throughout their work, even after the
calorimeter had been dismantled, modified and
re-assembled, the justification for the continued
use of the same energy equivalent apparently be-
ing the same mass of water used to refill the
calorimeter.

Ultimately, it is difficult, if not impossible, to analyse
these various points and to quantify their effects on
the data sets in order to decide which of the two
should be used or, if both sets of data are to be used,
to decide upon weighting factors to use for the indi-
vidual data points.

Therefore, for the purpose of this International Stan-
dard, it has been decided to attribute equal weight
importance to each data set, retaining all data points,
which results in a standard enthalpy of combustion for
methane at  25°C  of  —890,63 kJ-mol'
+ 0,53 kJ-mol~ ", with just one data point not within
two standard deviations of the mean. This viewpoint
is in accordance with the conclusion reached by
Garvin in the final report 121 of the project for which
the earlier Armstrong and Jobe report!7l was an in-
terim publication.

NOTE 24 - Pittam and Pilcher's fourth data point is unfor-
tunately misprinted as — 890,34 in reference [7] in
annex M; conseguently the global mean value given in ref-
erences [7] and [13] is in error by 0,02 kJ-mol

For convenience, a self-consistent set of resulting
calorific values for methane for all of the conditions
considered in this Internationa! Standard is given in
tables G.1 to G.3.

Table G.1 — Calorific value of methane: molar basis
{95 % confidence limit of approximately + 1,0 kJ-mol” )

Type of calorific value °C kJ-mol™ '
Superior 25 890,63
Superior 20 891,09
Superior 15 891,56
Superior 0 892,97

Inferior 25 802,60
Inferior 20 802,65
Inferior 15 802,69
inferior 0 802,82

Table G.2 — Calorific value of methane: mass basis
(95 % confidence limit of approximately + 0,06 MJ-kg™ ')

Type of calorific value °C MJ-kg ™'
Superior 25 B5,516
Superior 20 55,545
Superior 15 55,674
Superior 0 55,662

Inferior 25 50,029
Inferior 20 50,032
Inferior 15 50,035
Inferior 0 50,043
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Description MJ-m ™3
ldeal Gas, Superior, Combustion at 25 °C, Metering at 0 °C 39,735
Ideal Gas, Superior, Combustion at 15 °C, Metering' at 0 °C 39,777
Ideal Gas, Superior, Combustion at 15 °C, Metering at 15 °C 37,706
|deal Gas, Superior, Combustion at 0 °C, Metering at 0 °C 39,840
ldeal Gas, Superior, Combustion at 20 °C, Metering at 20 °C 37,044
Ideal Gas, Superior, Combustion at 25 °C, Metering at 20 °C 37.024
Ideal Gas, Inferior, Combustion at 25 °C, Metering at 0 °C 35,808
|deal Gas, inferior, Combustion at 15 °C, Metering at 0 °C 35,812
Ideal Gas, Inferior, Combustion at 15 °C, Metering at 15 °C 33,948
Ideal Gas, Inferior, Combustion at 0 °C, Metering at 0 °C 35,818
Ideal Gas, Inferior, Combustion at 20 °C, Metering at 20 °C 33,367
Ideal Gas, Inferior, Combustion at 25 °C, Metering at 20 °C 33,365
Real Gas, Superior, Combustion at 25 °C, Metering at 0 °C 39,831
Real Gas, Superior, Combustion at 15 °C, Metering at 0 °C’ 39,872
Real Gas, Superior, Combustion at 15 °C, Metering at 15 °C 37.782
Real Gas, Superior, Combustion at 0 °C, Metering at 0 °C 39,936
Real Gas, Superior, Combustion at 20 °C, Metering at 20 °C 37,1186
Real Gas, Superior, Combustion at 25 °C, Metering at 20 °C 37.095
Real Gas, Inferior, Combustion at 25 °C, Metering at 0 °C 35,894
Real Gas, Inferior, Combu}stion»at 15 °C, Metering at 0 °C 35,898
Real Gas, Inferior, Combustion at 15 °C, Metering at 15 °C 34,016
Real Gas, Inferior, Combustion at ¢ °C, Metering at 0 °C 35,904 |
Real Gas, Inferior, Combustion at 20 “C, Metering at 20 °C |
Real gas, Inferior, Combustion at 25 °C, Metering at 20 °C 33,428
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Annex H
(informative)

Derivation of equations relating to precision

Equations (18), (19}, (22}, (23} and (24) were derived
as follows.

H.1 Methane by difference

The fundamental equation given in the main text for
the calculation of ideal calorific value (either molar or
volumetric) from molar composition is

N

Hr?ﬁix = Z'le-ljo

j=1

oHTD

In the case where all components except methane
are analysed, the méthane concentration beihg calcu-
lated by difference, there are actually N — 1 indepen-
dent composition variables x;, and equation (H.1) may
be rewritten as:

N
Q ¢}
Howe = x0°Hy + D _x:H, L (H2)
j=2
where
HS. s the ideal-gas calorific value of the mix-
ture;
X is the mole fraction of methane, given by
N
x1 = 1 - ZXJ
i=2
where
X; is the mole fraction of component j,

HY s the ideal-gas calorific value of methane;

H® is the ideal-gas calorific value of com-
ponent j.
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Equation (H.2) may be re-arranged, in order to remove
the dependent variable .v;, as follows:

N N

Hyw= |1~ Z":j HY + Z—fo,o . (H3)
j=2 | j=2
N

How = HY + > (HY ~ HY) (M4

i=2

For each term in the summation we may form the
partial derivative as follows:

oH, r?wix

Ox;

7

= H® — H? . (H5)

X E X,

Hence the contribution of the repeatability Ax; of x; to
the repeatability of H,, is given by:
A(Hp); = Ax (H — HY) . (H.B)

When all N—1 such terms are combined in

guadrature, we obtain equation (18):

172
N

AHr?ux = Z [ij"(H;) - H?)]z
i=2

. (HT7)

H.2 Methane by analysis

When all components including methane are analy-
sed, there are N independent compaosition variables
x, but these do not in general sum to unity as re-
quired for input to equation (H.1). In this case,
equation {H.1) may be rewritten as

N

Z"}" H

=1
HO =2t L HE)
xj'
=1




where
x5
X = N’ for all j. ... (H9)
P
j=1

For each term in equation (H.8), we may form the
partial derivative as follows:

N
Zx~‘=H9
J J
a11r‘i"1lx _ f{;) j=1
Zmix = - .(H.10)
ox: N 2
! 4 # X Zx_; = *
im1 Z"!
=)
or
v} {¢]
OHim _ i Hix L(HT)
6xj K
X #X
where
N
K=Y % . .(H12)
j=1

Hence, ignoring the factor K, which is always close to
unity for acceptable experimental results, the contri-
bution of the repeatability Ax; of x| to the repeatability
of HZ,, is given by the equation

mix
(AHmlx) j"(l-ljo - Hr?'\ix) L. (H13)

When all N such terms are combined in quadrature,
we obtain equation {19):
142

AHL, = Z[Ax - H2)]? L (HA%

j=1
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Note that the component repeatabllmes Ax are those
of the non-normalized mole fractions x even though

n,‘,’nx itseif 1s caiculated using the normanzed mole
fractlonSx

This expression may be recast in an alternative form.
Equation {H.13) may be rewritten as

(AHmtx) ij" I:HI‘O('I - X_,) — ZX,{HE{} ... (H.15)

k#j

When all N such terms are combined in quadrature
and re-arranged we obtain:

LxH AxL?

.(H.16)

AHS. = \/ [(1 = x)-H}- Ax
i=1

»

Note that the component repeatabilities in this ex-
pression are again those of the non-normalized mole
fractions, although the moie fractions themselves are
normalized values.

Equations (22) and (23} were derived using arguments
similar to those which led to equations (H.7) and
(H.14}, respectively.

Equation (24) is obtained by combining in quadrature
the relative repeatabilities of the appropriate factors in
the defining expression for the ideal Wobbe index, as

follows:
2 12
2
AHC 12
AWS mx |y | Ad T (HA7)
WO Hr?ux dUZ .

which is mathematically identical to the equation

12
2
AW® N AHr?mx ( Ad )2
Wo = H,(:"x + 54 L (HAB)Y
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Annex J
(informative)

Approximate conversion factors between reference states

To obtain the value of a property at the reference condition given in row b) from a known value in the same units
at the reference condition given in row a), multiply by the factor indicated in table J.1, J.2. or J.3. To carry out the
reverse conversion, divide by the factor indicated. Conversions for properties of the ideal gas are expected to be
accurate within + 0,01 % for all valid compositions. For the real-gas veolumetric properties (compression factor,
density, relative density) the expected accuracy is + 0,02 %, and for the real-gas combustion properties (calorific

values, Wobhbe index} + 0,1 %.

Table J.1 — Conversion factors for calorific values

Combustion (°C)

a) 25 25 15

to to to

b) 15 0 0
Superior calorific value on a molar basis 1,001 0 1,002 6 1,001 6
Inferior calorific value on a molar basis 1,000 1 1,000 3 1,000 2
Superior calorific value on a mass basis 1,001 0 1,002 6 1,001 6
inferior calorific value on a mass basis 1,000 1 1,000 3 1,000 2

Table J.2 — Conversion factors for densities, relative densities and compression factor

Metering (°C)

a) 20 20 15

to to to

b) 15 0 0
Ideal density 1,017 4 1,073 2 1,054 9
Ideal relative density 1,000 0 1,000 0 1,000 0
Compression facth 0,999 9 0,999 5 0,999 6
Real density 1,017 5 1,073 8 1,085 3
Real relative density 1,000 1 1,000 3 1,000 2
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Table J.3 — Conversion factors for calorific values and Wobbe index
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Combustion (°C) + metering (°C)
a) | 25+20 | 25+20 | 25420 | 25420 | 2540 | 2540 | 2540 | 15+15 ] 15+ 15 | 15+ 15
to to to to to to to to to to

b) | 25+0 | 15+15 | 1540 | 040 | 15415 | 1540 | 040 | 15+0 | 040 | 0+0
deat superior calorific | 10732 | 10184 | 10743 | 10760 | 09489 | 1,0010 | 1,0026 | 10549 | 10566 | 1.001 6
value on a volume basis
Ideal inferior calorific value | 4 4935 | 40175 | 1,0733 | 1,0735 | 0,9481 | 1.0001 | 1.0003 | 1.0549 | 10851 | 1.0002
on a volume basis
Ideal Wobbe index 1,0732 | 1,0184 | 1,0743 | 1,0760 | 09489 | 1,0010 | 1,0026 | 1,0549 | 1,0666 | 1,001 6
Real superior calorific
P s | 10738 | 10185 | 1,0749 | 1.0766 | 09486 | 1,0010 | 10026 | 10853 | 1,087 0 | 1,001 6
Real inferior calorific value
Peal inferior colon 1,0738 | 1,0176 | 1,0739 | 1,074 1 | 09477 [ 1,0001 | 1,0003 | 10553 | 1,055 6 | 1.000 2
Real Wobbe index 1,0736 | 1,0185 | 1,0747 | 1,0764 | 0,9487 | 10010 | 1,0026 | 1,0652 | 1.056 9 | 1,001 6
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Annex K
(informative)

Computer implementation of recommended methods

A validated computer program implementing the preferred procedures and recommendations described in this
International Standard is available from ISO member bodies and ISO Central Secretariat.

The program will normally be supplied on 3 1/2 in double-sided high-density diskettes, but other formats (e.g.
5 1/4 in disk) are possible. A specification and the price per copy of executable code is available upon request.

The program has primarily been written for use with |IBM-compatible personal computers. Programming was car-
ried out on an IBM-compatible PC operating under MS-DOS 3.10 rewvision 3.13; the programming language is
GW-BASIC 3.217 revision 3.2b. The resulting source code combust.ach has been converted to executable code

using the Microsoft Quickbasic compiler 2.02 version 1.20.

As indicated above, combust.exe implements the procedures and recommendations of this International Standard.
The quantities calculated for monitor display and (optional) printing are as follows:

Superior {gross) calorific value — Molar basis kd-mol ™"
Inferior (net) calorific value — Molar basis kJ-mol ™
Superior (gross) calorific value — Mass basis MJ-kg™’
Inferior (net) calorific value — Mass basis MJ-kg™'
Superior (gross) calorific value — Volume basis MJ.m™3
Inferior {net) calorific value — Volume basis MJ-m™

Mean molecular weight

Compression (compressibility) factor

Relative density (specific gravity)

Density kg-m~
Wobbe index MJ-m 2

3

The user may choose to calculate the above properties for either the ideal or real gas, and either the "as
analysed” (dry) or water-saturated gas, for any of the following sets of reference conditions:

Metering at 0 °C and combustion at 25 °C
Metering at 0 °C and combustion at 15 °C
Metering and combustion both at 0 °C
Metering and combustion both at 15 °C
Metering and combustion both at 20 *C
Metering at 20 °C and combustion at 25 °C

where in all cases the reference pressure is 101,325 kPa. Advice is available within the program on the appropriate
choice of reference conditions.

NOTES

25 Calorific values on a volume basis, in British Thermal units per cubic foot at 60/60 °F may also be calculated from the
values in megajoules per cubic metre at 15/15 °C for a variety of reference pressures, but the method used for these calcu
lations does not form part of this international Standard.
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26 In addition, the program calculates the following properties, but again the method used is not specified in this International
Standard

Lower ﬂammability limitinairat25°C % (VW)
Upper flammability limit in air at 25 °C % (VW)
Stoichiometric air requirement by volume

Once combust.exe is loaded, all input information is solicited in a suitably user-friendly manner. Apart from option
selections, all that the user has to provide is the composition, by mole percent or mole fraction, and a sample
identification code. There are several built-in error traps which, without crashing the program, identify faulty input,
such as the failure of the input mole fractions to sum to unity or a methane mole fraction below the lower allow-
able limit of 0,5. Invalid inputs for option selections are also signalled.

One usetul option is the capability of directing output to a printer. With this hard-copy option (but not with the
monitor display} comes the additional option of listing the sample composition together with the numerical results.
This capability hightights an important technical point concerning calculations for saturated gases. Such calculations
are carried out in accordance with the principle that, if a “saturated” option is selected, the composition of the
sample gas is (after validity checks) normalized to a new composition which reflects the presence of water vapour
(at the appropriate saturation vapour pressure) as an additional component of the mixture, present at a definite
male fraction value. The program then calculates the properties of the saturated mixture for this revised compo-
sition. Consequently, the composition listed on a printout for a saturated gas is not the same as the original
“dry” input composition, and the superior calorific value reported takes into account the heat released by
condensation of both the water vapour formed during combustion and that present in the saturated mixture. (See
annex F.)

A typical retyped printout is shown in the table K.1. This, in fact, is for a real, dry gas of the composition used for
the example calculations given in annex D, and with the same reference conditions {15)15 °C) as therein.

NOTE 27  Although the program combust.exe and the associated files species.dat, molwt.dat, zz-00.dat, zz-15.dat, zz-20.dat,
cv-00.dat, cv-15.dat, cv-20.dat, cv-25.dat, water.dat, stoic.dat, lower.dat, upper.dat and refcons.txt will be made available in
good faith, thefe is no implied warranty for their use in contractual or other commercial applications, and no guarantee that they
are all error-free. However, they have undergone testing by several experts and contain no known errors at the time of going
to press.
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Table K.1 — Example of a retyped printout

Results for mixture/sample
Composition {mol/mol)
Methane
Ethane
Propane
n-Butane
2-Methylpropane
n-Pentane
Nitrogen
Carbon dioxide

Combustion at 15 °C, Metering at 15 °C and 101,325 kPa

For the REAL DRY gas

Superior calorific value — Molar basis
Inferior calorific value — Molar basis
Superior calorific value — Molar basis
Inferior calorific value — Molar basis
Superior calorific value — Volumetric basis
Inferior calorific value — Volumetric basis
Mean molecular weight

Compression factor

Relative density

Density

Wobbe index

Stoichiometric air-to-gas requirement
Lower flammability limit in air at 25 °C
Upper flammability limit in air at 25 °C
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=0,924 70
= 0,035 00
= 0,009 80
= 0,002 20
= 0,003 40
= 0,000 60
=0,017 50
= 0,006 80

919,09 kJ-mol™’
829,1 kJ-mol™’
52,59 MJ-kg™"
47,44 MJ-kg™'
38,96 MJ-m™~3

35,15 MJ-m~3
17.478

0,997 7

0,604 6

0,740 9 kg-m™ 3
50,11 MJ-m~3

9,85 by volume

4.8 % (V/V) (gas/mix)
15,1 % (V/V} (gas/mix)

14 September 1994
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Calorific values on a molar basis for 60 °F reference temperature

Table L.1 — Calorific values for components of natural gas at 60 °F for the ideal gas on a molar basis
All values of Hg (60 °F) and H)’ (60 °F) have been obtained by a specified calculation from Hg (25 °C) (see clause E.1)

ideal calorific value on a molar basis, A°
Component kJ-mol™ " at 60 °F

Superior Inferior

1 Methane 891,51 802,69
2 Ethane 1 562,08 1428,83
3 Propane 2 220,99 2 043,35
4 nButane 2 879,63 2 657,58
5 2-Methylpropane 2 870,45 2 648,40
6 n-Pentane 3 538,44 3271,98
7 2-Methylbutane 3 531,62 3 265,06
8 2,2-Dimethylipropane 3 517,27 3 250,81
9 nHexane 4 198,06 3887,19
10 2-Methylpentane 4 190,43 3 879,57
1 3-Methylpentane 4 193,03 3 882,17
- 12 2,2-Dimethylbutane 4 180,64 3 869,78
13 2.3-Dimethylbutane 4 188,41 3 877,55
14 nHeptane 4 856,97 4 501,69
15 nOctane 5 515,77 5 116,08
16 nNonane 6 175,56 5 731,46
17 nDecane 6 834,61 6 346,11
18 Ethylene 1412,06 132324
19 Propylene 2 059,35 1926,12
20 1-Butene 271859 2 540,96
21 cis-2-Butene 2711,8 25342
22 trans-2-Butene 2708,2 2 530,5
23 2-Methylpropene 27019 25243
24 1-Pentene 337762 3 155,67
25 Propadiene 1943,91 1 855,09
26 1,2-Butadiene 2 595,05 2 461,82
27 1,3-Butadiene 2 542,03 2 408,80
28 Acetylene 1301.,35 1 266,94
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Ideal calorific value on a molar basis, A°
Component kJ-mol™ " at 60 °F
Superior Inferior

29 Cyclopentane 3 322,04 3 100,00

30 Methylcyclopentane 3 972,29 3 705,83

31 Ethylcyclopentane 4 631,75 4 320,89

32 Cyclohexane 3 955,85 3 689,39

33 Methylcyclohexane 4 603,90 4 293,03

34 Ethylcyclohexane 5 266,73 4 911,46

35 Benzene 3302,78 3 169,55

36 Toluene 3 949,70 3772,07

37 Ethylbenzene 4 609,40 4 387,35

38 o-Xylene 4 598,51 4 376,46

39 Methanol- 765,03 676,21

40 Methanethiol 1 240,23 115141

41 Hydrogen 286,13 241,72

42 Water) 44,410 0

43 Hydrogen sulfide 562,36 517,95

4 Ammonia 383,47, 316,86

45 Hydrogen cyanide 671,7 6495

46 Carbon monoxide 282,91 282,91

47 Carbonyl sulfide 548,15 548,15

48 Carbony! disuifide 1 104,33 1104,33
1) The non-zero calorific value of water vapour is derived formally from the definition of superior calorific value, which re-
quires condensation to the liquid state of all water vapour in the products of combustion. Thus, any water vapour present
in an otherwise dry gas contributes its latent heat of vaporization to the superior calorific value of the mixture. (See annex
F for a fuller explanation.)

Values of H® (60 °F), the calorific value on a mass basis, either superior or inferior, may be calculated from the
calorific value on a molar basis H° using the methods given in clause 6.

Values of H° (B0 °F), the calorific value on a volumetric basis, either superior or inferior, may be calculated from
the calorific value on a molar basis using the methods described in clause 7.
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