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ABSTRACT

This booklet gilves tabulations of numerical walues of a Bet of
thermophysical constants and properties for over 530 pure wmolecular specles
typlcally found i{n natural gas or in related fluld mixtures, such as those
encountered in natural gas processing, the production of substitute
{synthetic) natural gas, and in gas characterisation. Source references,
means of derivation and contextual commentary, often given rather skimpily in
documents of rhis sort, are given here in some detall. The complete set of
values has been prepared as a collaborative effort by the Thermodynamics
Research Committee of G.E.R.G., and 1s Intended to form a sort of iunformal
European standard. An {ntroductory abbreviated version of thils document was
published 1n the preceedings of the 1986 International Gas Research
Conference held in Toronto, but space limitations prevented the publication
there of this full version.

RESUME

Ce livret donne les tableaux des données numériques d'un ensemble des
congtantes et propri&tés thermophysiques de plus de 50 espdces moléculaires
purs gque l'on trouve typiquement dans le gaz naturel ou dans les mélanges
fluides apparentés, tels que ceux recontrés dans le traitement du gaz
naturel, la productlien de gaz naturel de substitution (gaz de synth@se), et
dans la caracr2rization des gaz. Les sources des péférences, les moyens de
dérivation et les commentaires sur le contexte qui, dans les documents de ce
genre sont donnés souvent d'ume fagon plutdt bréve, sont fournis en dérails

dans ce livret. L’ensemble complet des donneg résulte d'un travail de
collaborarion du comité de recherche “propriétés thermodyramiques” du
G.E.R.G. er a wvacation 2 constituer une sorte de norme eurcpéenne. Une

verslon d'introduction abrégée de ce document fut publife dans la rapport du
Congrgs Intetrnational de la Recherche Gazldre 1986 qui eu lieu 2@ Toronto,
mais les limitations d'espace enp2chdrent la publication de la version
compl2te dans ce rapport.
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FOREWORD

The Groupe Européen de Recherches Gazikres or, as it 1s more
colloguially known, GERG, 1z an assoclation of European gas utilities which
meets for the purposes of exchanging information on research toples of common
Interest and of contributing sets of research results intoc a common pool for
mutual bepefit. Currently the membership of G.E.R.G. comprises A.R.G.B.
(Belgium), Gaz de France (France), Ruhrgas (Federal Republic of Germany),
Italgas (Italy), the VEG-Gasinstituvut (Netherlands) and British Gas {United
Ringdom) as the officlal national members, but with strong ilnvolvement in
technical activities of the group from Distrigaz (Belgivm}, S.N.A.M. {Italy)
and Gasunle (Netherlands). G.E.R.G. activicies date from 1961, becoming
formalised in 1965.

The Thermodynamles Research Committee, moTre preclsely the G.E.R.G.
Committee on the Thermodynawmlc Properties of Natural Gases, was formed within
this framework 1n 1971 with the aim of co-erdinating approaches to common
problems Invelving the application of thermophysical knowledge. Relevant
topics for study arlse from many areas of gas lndustry operations. Some
aspects of the Commirtee'’s past and continuing work have been discussed
elzewhere !. The chairmanship of the G.E.R.G. Thermodynamics Committee is
held by British Gas.

The present document clearly owes its orlgin ko the natural wish {and
need) within any such group to carry out 1lts tasks on a uniform and agreed
basls, a2 most fundamental aspect of which concerns pure component
thermophysical constants and properties. In that sense the total compilation
forms a sort of lnternal, informal European gas industries standard; wider
currency would have obvious benefics.



INTRODUCTION

Because of the prospect of increasing internztional trade (custody
transfer) of netural gas amongst the G.E.R.G. member countrles, as well as
for other reasons relating to the mutual interests of the European gas
industries, it is important that there be a subatantial (preferably complete)
measure of agreement about how best to determine the relevant thermophysical
properties of pipeline quality gas and other fluids. Specislised
instruments, notably recording calorimeters, play their part in this, but
increasingly it is a compositional analysis (made invariably by gaa
chromatography) that is the more readily and generally availlahle, and from
which the mixture properties must be Inferred. The negative aapect of this
is the consequeant need to have an international standerd calculationzl method
(recipe} of acceptable accuracy for the prediction of each property of
interest from composition, but on the positive alde it does open up the
possibllity that - given enough thermodynamically consistent recipes - a
whole range of otherwise more or less inaccessible properties can be
predicted 2,

Even given such reclpes, there {8 one further and most fundamental
aspect, viz. what are the best values for the thermophysical coostants (e.g.
critical temperatures and pressures), or variable properties at fixed
conditiens (e.g. compressibllity factors), of the Individual components, that
are in gome way to be combined by the recipes? Thatvis the question which is
addregsged here.

This bowklet presents a compilation of such pure compomnent constants and
propertieg prepared as a collaborative effort by the G.E.R.G. Thermodynamics
Research Committee. Previously, no such compilation enjoyed widespread
currency within Europe, although to some extent the present set of values
supersedes a much more restricted set Eublished at the 1973 World Gas
Conference {held in Nice) by Loremz 126, In general, each country's gas
industry formerly used its own “preferred” values, a situaticon which was
alided, abetted and obscured by the fact that the legal "standard”
metrological condi{tion at which some properties are defined (nmotably
calorific wvalues) varies from country to country; these standard condirions
have not generally changed, but values referring to the different conditicns
have now been made mutually consistent.
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SUMMARY OF CONTENTS

The physical constants snd properties glven for each distinet molecular
species are as follows:

Table l: Simple Physical Propertles

Relative Molecular Mass (Molecular Welght}

Wormal {(Atmospheric) Meltiung Temperature {or Triple Point
Temperature and Pressure)

Normal (atmogpheric) Bodiling Tewmperature {or Sublimarion
Temperature)

Table 2: Critical Properties

Critical Tewmperature

Critical Pressute

Cricical Denslity

Critical Molar Volume

Crirical Compressibility Factor
Pitzer's Acentric Factor

Tabkle 3: Standard Volumetric Propercies

Compressibility Factor {a) 0°C, 1.01325 bar
(b) 15°C, 1.01325 bar
Second Virial Coefficient at 15°C
Tdeal Relative Density
Real-Gas Relative Density (a) 0°C, 1.01325 bar
{b) 15°C, 1.01325 bar

Table 4: Enthzlples of Formaticn and Combustion

Standard Enthalpy of Formatiom at 25°C
Standard Enthalpy of Combustion (a) 25°C

{b) 15°C
Real-Gas Enthalpy of Combustion (a) 25°C, 1.01325 bar
{molar basis} {b) 15°C, 1.01325 bar

{c) ©°C, 1.01325 bar
Table 5: Calorifie Values

Ideal Gas Gross Calovific Value (a) 25/0°C
{volume basis) {b) 15/0°C
{e) 15/15°¢C

Real-Cas Gross Calorific Value (a) 25/0°C, 1.01325 bar

{volume basis) (b} 15/0°C, 1.01325 bar
(e) 15/15°C, 1.01325 bar
{mass basls) (d) 25°C, 1.01325% bar

Table 6: Flammability Data

Lower Flammability Limi: in Alr
Upper Flammability Limit in Adr
Minimum Autolpgnition Temperature.



This compllation interprets the phrase “components of natural gas and
cognate flulds” in & liberal fashlom. Many of the over 50 species for which
congbante are given would never be found in natural gas proper, but can be
important trace components of, for example, a substitute (synthetie)} natural
gas process stream, or are perhaps used in natural gas processing or
characterisation.

For each property a derivation and/or source reference 1s given. Most
of the source references are in fact themselves Internationally respected
data compllaticns of one sort or another; without at this point “"decoding”
the varlous organisatlonal acronyms, let us just stress that It has not been
our Intenticn to compete with or repeat work carrfed out by, for example,
API, CODATA, DIPPR, ESDU, GPA, IS0, IUPAC, NBS, NFL, PPD5 or TRC {to "name"
just some!), simply to selecr the “best” from thelr compilations wherever
appropriate.

Considerable contextual commentary, often glven rather skimplly in
documents of this sort, 1s given teo accompany the compilation. This is
particularly s In discussions of derived, as opposed to selected, values; a
speclal effort has been made to assure internal (thermodynamic) consistency
of all values. One particular document with which we especially hope to
achleve external consistency is the forthcowming revision of Internacionzl
Standard 150 6976 3, which is concerned with the caleulation frouw composition
of caleorific wvalue and related quantities. v

Units are metric, generally Syst®me International {5I), throughout.
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SOURCE LITERATURE

The gource lirerature for each numerical value in the tabulations
{except for those wvalues which are derived from other tabulated walues by
some method prescribed elsewhere 1n the commentary) 1s ildentiffed by a 3-
letter gquasi-mnemonic or acronym. The Intentlon Is that mest of these will
soon become more readily familiar to the user than would an equivalent set of
reference numbers - which would also gserve to "confuse” the tables. However,
the alphaberically-ordered tabular references do also have code numbers
{starring at 10l) in order that they can be referred te In the normal way in
the mailn text.

There 1is one slight exception to the "3-lecter identifier™ rule. This
is for the case of the very frequent citatlons to values taken from the
highly respected tabulatlioos published by the Thermedynamles HResearch Center
at Texas A & M Unlversity. Because these tabulations are the subject of
regular updates, a 2-digit number fdencifying the date of the table referred
to is appended to the basic "TRC” code, i.e. TRC.85 refers to information
published in 1985 as part of either the TRC Thermodynamic Tables
{Hydrocarbonsg) or the very closely allied TRC Thermodynamic Tables (Non-
Hydrocarbons) 143,

0f course, it is ecften the case that any one of geveral “"good guality”
{secondary) sources could be used with equal correctpess to refer to the
selected value of a particular quantity. In such cases the chuaice of
citation has been made somewhat arbitrarily, but nevertheless with a view to
international wvisibilicty and respect — although that again introduces an
element of subjective judgement. There is no abscolute "pecking order™. The
usual tendency 1s to ¢ire a more property-specific or compound-specific
secondary compllacien or review in preference to a more general compllation.
Citation to primary literature, especilally if this has not been subjected to
independent critical evaluwation and/er does not come from a scientist or
laboratory of established high reputatlon, is used sparingly.



IMPLIED ACCURACY

It {s difficult (and impracticably costly in space) to glve a worthwhile
accuracy statement for each individual figure listed in the tabulations.
Instead of attempting this, the general intention {i.e. the guiding
principle) is that the uncertainty in any value should be in the last quoted
digit; thus, the penultimate digit (after rounding)} should be significant.
However, the usual (though not Invariable) practice adopted is to quote
values from a source to the same number of digirs as the source {gome carve ls
needed here if a conversion of units has to be performed on the source value
before its inclusion In a table).

Usuaily principle and practice corcegpond well (in general, 1f the
authors of source literature have guoted “"responsibly”™ by retaining one semi-
redundant diglt, perhaps as an aid to interpolation).

It is, nevertheless, not universally the case in the present tabulatlons
that practice matches principle. For example, in Table 2 the third decimal
place for the acentric factor is not always significant, nor, in Table 4, is
the first decimal place for the standard enthalpy of combustion. On the
other hand, some flgures, though relatively few, are accurate within 1 of
the last digit quoted. In some ways we all inevitably fall wictim to
foformal conventions (tradition!) about how many flgures to quote for any
particular property, regardless of the accuracy of lgdividual values of rthat

property.

In any event, Wwe reirerate that the general intention is for the
uncertalnty to be between 1 and 9 in the final digit, but we know that that
intention is sometimes compromised in the tables, usually for a good reason,
The final piece of advice must be, 1f knowing the absolute accuracy really
matters, consult - as a first step - the cited source {though that will not
necessarlily solve your problem).
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TABLE 1l: SIMPLE PHYSICAL PROPERTIES

{a) RELATIVE MOLECULAR MASS

The values given for relative melecular mass (molecular welght) MW are
based on the 1983 IUPAC atomlc welght recommendations “. Artomic weights
taken from this source for the CHONS elements are reproduced, together with
their uncertainties, 1o Table 1{a}).

Each pure species molecular welght was first calculated as a complete
summatlion of atomic weights over all constituent atoms of the moulecule. The
values listed are obtalned from these by rounding at the third decimal place
for species containing carbon and/or sulphur, and at the fourth decimal place
for others.

The molecular welght of dry air, also rounded at the fourth decimal
place, is based on the composition given in Table 1{b). This compositien is
collated from the work of Jones ® and of Giacomo ®. Note rhat it s the
molar composition; most sources, including IS0 2533 7, give the volumegric
composition which, although only marginally different, 1s mot strictly
appropriate for direct rcalculation of mean molecular weight. A more
important consideration, perhaps {in practical terms), 1s the known
variabllity of the concentration of carbon diexide in the atmosphere. The
concentration gquoted may be considered as a minimumvappropriate to the
overall outside atwospheirs, but substantial variations may be cbserved from
place to place and, most particularly, In a laboratory enviromment. It is
usual to assume that any carbon dioxide present In excess of the figure
quoted displaces an equlvalent amount of oxygen from the atmosphere; thus If
a local concentration X of carbon dioxide is known, then the mean molecular
welight M may be recaleculated as

M = 28.9625 + 12.011 (X - 0.00033) .- (1.1}

(b) NORMAL (ATMOSPHERIC) MELTING AND BOILING TEMFERATURES

Heither the meltlng point nor the boiling polnt of a substance can
properly be thought of as a fundamental descriptor of the fluld phase which
would normally be used in recipes for the calculation of mixture properties.
Wevertheless 1t seems worthwhile to list these commonly obserwved
characteristic properties.

The melting points given are, in general, actually the freezing points
in air at a total pressure of 1 standard atmosphere (101.325 kFa = 1.01325
bar). 4n interesting exception to this is for cyclohexane; this has been
shown fo be a rare case for which the solubility of air io the Iiguid is
sufficlently great to cause gignificant error {~0.2 K). The value given is
therefore one found for air-free cyclohexane

Other exceptions are for rhe very low (& 100 K) freezing flulds,
compounds whilch sublime at atmospheriec pressure, and a few others which seewm
to lack a well-documented normal melting point. For all of these the triple
point temperatures are given. Triple point temperatures are usually well
within 0.1 K of the normal meltlng temperatures. Where available the triple
polint pressure is also glven.



Both melting and boiling point rtemperatures are generally given on the
1968 International Practical Temperature Scale (IPTS5-68) 121, as 1z used by
all modern preferred scurces. The relatively few values taken from source
literature pre-dating 1968 have not been subjected to any correction; they
ate quoted 2% given, and will thus be in accovrdance with IPTS-48. 1In the
range 1004530 K the difference batween the two scales 1s everywhere less than
0.04 ¥.

Temperatures of flxed (defining) points or secondary reference polnts on
IFT53-68 are quoted to 3 decimal places. All others (except for helium) are
quoted to no more than Z decimal places, though a few are believed to be
better known rhan +0.01 K. A variety of source literature has been used, but
the TRC tabulations !"% represent the most useful general source.

There is one final, fairly topical, point which is worth mentioning in an
attempt to disarm any possible confuslon. This 1s to emphasise that the
boiling temperatures given in Table 1 are all normal atmospheric boiling
temperatures. That is, they refer to a beiling pressure of 1.01325 bar, not
to the new thermodynamlc standard state pressure, recommended by IUPAC and
CoDATA ¥ of | bar. Bolling temperatures referring to a pressure of 1 bar
have been termed "hbaric” boiling remperatures 9, but It 15 not yet clear if
this terminology will be gemerally adopted; nor 1s it clear whether the baric
bolling point will eventually supplant the atmospheric boiling pelnt in
general usage. The difference between the two Is not always Insignificant;
for example, for water the baric boiling temperature {om IPT5-68) is

372.776 K compared, of course, with the atmospheric boiling temperature of
373.150 XK. {An inreresting side issue heres {s rthat the absolure
therrodynamie temperature of the atmospheric boiling point is 373.12% K (i.e.
99.975°¢, not 100 exacrly) ¥ 10.3

In principle the same considerations apply to melting points. Here,
however, the difference between the baric and atmospherie melting
temperatures is Invariably negligible at the precision level used in Table
1.

{c) THE GAS CONSTANT

The current recommended value of the gas constant R is il
R = 8.31441 + 0.00026 J mol~) K1 e (1.2)

It s expected that thils value will shertly be revised to 8.31448
J mol™l k1. Although use of thls latter value is fairly widespread, ir has
not yet been formally adopted by the Commission on Data for Sclence and
Technology (CODATA} or the Internacional Union of Pure and Applied Chemistry
{IDPAC)*. Given the latter value, the ideal gas molar volume v;ol at a
pressure of 1.01323 bar is

0.0224140 m3 at 273.15 K,
0.0236449 wd at 288.15 K, and
0.0244655 wd ar 298.15 K.

* Note added: More recent information 1s that the value most likely to be
adopted by CODATA and IUPAC s now 8.31451 J mel~l ¥},
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TABLE 2: CRITICAL PROPERTIES

(a) CRITICAL TEMPERATURE, PRESSURE AND DERSITY

The paramerers of the gas-liguld critical point are fundamental
requirements of almost all corresponding-states treatments of flulid-phase
thermedynamice. Experimental observations of the critical point almost
Invariably document the critical temperature TC and critical pressure PC (the
most commonly used reduction parameters in corresponding—states theoty), less
often the critical demsity DC or critical molar volume V(.

Here TC, PC and DC are taken as the three primary observed values for
which source literature 1s cited. From these are derived the critical molar
vglume, glven by

VC = MW/DC e (2.1)
and rthe eritical compressibilicy factor ZC, glven by
20 = MW.BC/R.TC.DC e (2023

where R 1s the gas comstant. Thus, for each species listed in Table 2 all
five of the paramerers of the ecritical point are Internally conslstent
{though of courge VC and ZC are rounded ar an apprdbriate number of
significant figures). ZC is sometimes used as a third reduction parameter in
"extended" correspending-states treatments of thermodynamics 12 and vC is
likewise used 1n corresponding-states treatments of tramsport propectles
{viscosity and thermal conductivity) 13,

{b) THE ACENTRIC FACTOR AND RIEDEL PARAMETER

A more commonly used third parameter in corresponding-states
thermodynamic formulations and correlations 1s the Pitzer acentric facror W
This is defined by

W = ~log(PS/PCir.p.7p¢ ~ ! (L

where PS5 15 the saturation vapour pressure at temperature T. Thls seemingly
strange definition was devised semli-empirically 14 45 a means of assuring (a)
that the cruclal role of wapour pressure In determining the extent of
deviation from 2-parameter "conformality” for any particular species 1is
recognised, and (b} that simple spherical meolecules, most particularly argom,
which are described well by Z-paraweter corresponding—states, have a near-
zero third parameter. More complex and/or non—spherical (acentric) specles
have posltive acentric factors (except for the guantum gases - hydrogen,
helium, neon - which have negative values) of a magnitude which generally
increases with molecular complexity.

The major sources of values for TC, PC and T are TRC tables 145 for
hydrocarbons and an NPL compilation 132 for non-hydrocarbons, although for
gome specles other, more specific, gources have been chosen. For W, the NPL
compilation is again the almost iovarlable source for mon—hydrecarbons, and
consistency with the selected TC and PG, in terms of which W is defined, is
thereby assured. For hydrocarbons the usual source 1s a compilation
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published some years ago by Passut and Danner 133 and based on the then—
current TRC preferred wvalues of TC and PC; in prineciple, as has been
emphasised by Chappelear !5, values of W should be revised whenever the
correaponding TC and/or PC are revised. We have, however, retalned the
original acentric factors (though quoring te four decimal places is both
optimigtic and gemerally unnecegszary)} con the rather tenucus ground that the
TRC TC and PC values have generally changed only marginally, if at all, in
the period since Passut and Danner's work. For most species, the second
decimal place is the last digit at which one would expect to find general
agreement between independently derived values of W; correspondingly, this
is probably the last digic which might be expected to exert significant
influence on the derived value of a single-phase fluid propercy.

Yet another "third parameter” sometimes used in corvesponding-states
type correlations Is the Riedel Parameter A. This may be calculated from
the expression 137

4 = 0.9076 [1 + {(TB/TC).lnPC/ {1 ~ (TB/TC)}}] o {2.4)

where TB 1s the normal atmospheric boiling temperature {in absolute units)
and PC is In atm {(nor dar). Values of A may eagily be derived from the data
given in Tables 1 and 2, but are not listed in Table Z because of space
limitations. A simpler calculational method is to use the relationship

A = 4.93W + 5.808 L e(2.5)

4 useful collection of wvalues of & has been given by Jaeschke 16, although
these do not conform exactly with either of the above two equations.
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TABLE 3; STANDARD VOLUMETRIC PROPERTIES

(a) REFERENCE CONDITIONS

Two “basis state” conditions are of usual interest to the European gas
industries for volumetric gas phase measurements, mamely 0°C (273.15 K)/
1.0t325 bar, and 15°C (288.15 K}/1.01325 bar. These are sometimes referred
to as the "normwal” snd "standard”™ state conditions respectively, but this
rerminolegy seems somewhat confusing and is best avoided {or at least made
clear in the context of use). Each is "standard”™ in the sense that it
appears in the relevant naticnal regulatory documents for at least one
European countty; yet neither is "standard”™ in the sense of being the base
condition to which thermochemists and others most often refer relevant
quantities 1?, namely 23°C (298.15 K}/1.01325 bar {or, more recently,

1 bar). In any event, the quantities considered in this section refer to the
two conditions given above, and ne others.

(b} RELATIVE DERSITY (SPECIFIC GRAVITY} AND DENSITY

The ideal relative density RD® listed for each species in Table 3 is
calculated simply as

RD® = MW/MW(alr) o (3.1)
As used 1n this document the term Ideal relative density is actually defined
as the ratic of the density of the sample, consldered as an 1deal gas, to
that of air, also considered as an ideal gas at the sgame remperature and
pressure. With thig definition, the ifdeal relative density becomes simply
equal te the ratlo of the molecular weight of the sample to the molecular
welght of dry air (28.9625) as 1in eqn.{3.1).

Gecaglonally, however 18 19 jdeal relative density is defined
differently, as the ratioc of the deasity of the sample, consldered as an
ideal gas, to that of real alr at the same temperature and pressure. In chis
definition the value is equal to the ratio of molecular weights multiplied by
the compressibility facter of alr, threugh which value it 1s a function of
temperature and pressure. That definitica 1g not used here.

In any event, whichever of the above definitiong 1s used, the real-gas
relative densities at the two base states are given by

RD(O} MW/¥W{alr) x Z(air,0)/Z(0) e (3.2)

RD{15) MW/MW(air) x Z{alr,15)/Z(15} s (3.3)

where all compressibility factor values refer to a pressure of 1.01325 bar.
Values For RD(0) and RP{15) are given in Table 3. Note that many of these
values are for the hypothetical gas, through the use of a hypothetical gas-
phase compresslbility factor of a species not actually gaseous at the given

base conditions.

Not listed, for space reasoms, In Table 3 are the corresponding ideal
and real actual mass densities. These are given {in kg nr3), using obvious
notation, by

D°(0Y = MW.P/R.Ti e {3247

D°(15) = MW.P/R.T2 ee (3.5)
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D{0) = D°(0)/Z(0) - (3.6}

D{15) = D°(15)/Z({15) ve (3.7}

where T1 = 273.15 K, T2 = 288,15 K and P = 101.325 kPa. Note again that such
definitions do mot automatically prevent one from calculating hyperhetical -
spurious - gas-phase densities for specles which are actually liquid at the

relevant condition.

(c) COMPRESSIBILITY FACTORS AND SECOND VIRIAL COEFFICIENTS

In order to pbtain values for the real-gas densities and relative
dengities for individual species and, by appropriate combination of
these 3 19 for specified mixtures, #t is obviously necessary to know the
compressibllity factor for each (possibly hypothetical) gas at each relevant
conditlon. They are also needed for the calculation of calerific value from
the IS0 6976 recipe 3 (which 1s baged on an old IGT methed 29). Inm this
sense they are the most basic propertles listed in Table 3.

Wherever possible, most obvicusly for the "permanent” gases, It 1s of
course preferable to use compressibility factors taken directly from
experiment, or at least from the fitting of high-quality PVI-data to a good
interpolative equatlon of state. The values glven in Table 3 have generally
been taken from secondary compllatiena, notably that of Armstrong and
Jobe 103, which satisfy this criterion.

However, for specles which are not actually gaseous at the conditions of
interest a different approach is needed. In each such case a hypothetical
value of Z has been calculated as the solutlon of the truncated virial
equation

PV .1 /R-T = Z =1+ B.P/Z.R.T e (3.8)

where B i8 the second virial coefficlent and other terms have their obvious
gignificance. B is a function of T but not of P. Values of B can be
obtained either from PVT-data taken at pressures below the saturatlen wvapour
pressuTte, or from gome form of generalised correlation.

For most hydrocarbens in this "non-pasecus™ category the latter approach
was adopted. From the several correlations available 217135 14 , we In fact
chose a slmpiified version of the wldest corresponding-stares type
correlation, the Pitzer—Curl eguation 135, The reason for this cheice, and
for the way in which we chose to simplify it was the observation that, of all
the varicus means of calculating Z tested, this gave marginally the best
values for those similar specles for which mere direct wvalues of Z are
otherwise available.
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The Pitzer-Curl expression for B 1s
B.PC/R.TC = (0.1445 + 0.073W) - (0.330 — 0.46W)/T_
- {0.1385 + 0.50W)/T. 2 - (0.0121 + 0.097w}/T?
- 0.00734/1 .8 .o (3.9)

where T, = T/TC, T being either 273.15 K or 288.15 K Ffor the present
application. Values for TC, FC and W are given in Table 2. For the
caleulacion of 2 values from Pltzer—-Curl B values so obtained, & linearised
approximation of eqn.(3.8) was used, 1.e. the second term on the right hand
side was taken slmply as BP/RT. (In fact, L1f the full (un-linearised)
expresaion (3.8) Is used, a large negative value of B Is reached for
hydrocarbons above C;, beyond which there is no real solution for Z.}

The Pitzer—Curl correlation is, in principle, only applicable to non-
poelar hydrocarbons. Thus for non-hydrocarbons other metheds of estimating B
should be found. Our maln resort in these cases was to rough interpolation
or extrapolation of second virial coefficlents listed in ref.l10.

Values of Z (atr 273.15 K/1.01325 bar and 288.15 K/1.01325 bar) and B
(for reasons of space at 288.15 K only) are listed in Table 3 for all
specles.
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TABLE 4: ENTHALPIES OF FORMATION AND COMEUSTION

(a) STANDARD ENTHALPIES OF FORMATION AND COMBUSTION

The two fundamental quantities given in Table & are {1) the atandard
molar enthalpy of formation of the species from its elements at 25°C
AeH®(25), and {2) the standard molar enthalpy of combustion of the specles at
2§°C ﬂcH°(25), in accordance with the generalised combustien equation

C,lO NS, (B) + (@ + bfd - c/2 +e) 02 (g)
= a CO2 (g) + b/2 Ha0o (&) + d/2 N2 (g) + e 802 {g) e {44))

The thermedynamiec (or thermochemical) standard state of a pure gas is
that of the hypothetical ideal gas at a pressure of 1 bar (new IUPAC standard
state} or 1.01325 bar (old IUPAC =tandard state) 17 In fact the standard
enthalples of formation and combustion are independent of pressure {because
of ideality), and are equal to the real-gas enthalpies at zert pressure and
the same temperature,

For both ﬁfH°(25) and &CH°(25), the wvalues in Table 4 are comsequently
always for the specles In the hypothetical ideal gas state, even when the
thermodynamically stable state for a species is a condensed phase.
Additiomally all the other reactants and products ig formation and combustion
reactions are taken to be in the ldeal-gas state, except for carbon (as
graphite) in formation reactions, and water (as liquid) as a product in
combustion reactlens (but still In the gas phase elsewhera).

The two quantities AgH®(25) and 6CH°(25) are unambipgeously related to
each other for each species by the expressions (with the temperature
assignment omitted for clarity) -

AgH® = =A H® + a.ApH"(C02,g) + B/Z.AGN"(H20,8) + e.AgH7(S502,8) ve (4.2)
= -A_H® + a.AH°(C02,8) + b/2.4 H'(H2,g) + e A H”(S02,8) e (4.3)

Since ﬁcH° 15 always negative (or zero) and afHD is most often negative,
a great deal of care with signs is necessary when bandiing equarions of this
sort.

In Table 4 all of the values given for ApH"(25) and 4 H°(25) are
conslstent with ecach other In accordance with the above equations, using the
CODATA recommended values 109 of A H®(COz,g) (=393.51 kJ mol™t), A_H°(Hz,g)
(-285.83}) and AfH°(502,g) (-296.815. The values given have been taken from a
variety of sources, most notably from the TRC compilatisn 145 and from the
recent bcH° re—evaluatlions by Garvin et al 1% yor cases where self-
conslstent pairs of values could not be found in the literature, a favoured
value {efther AH® or A H") was taken and the "conjugate” value calculated
from it by the present author 18) yp accordance with the above equations.
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The temaining standard enthalpies of cembustion A
Table 4 are related to the corcesponding wvalues of ALH
with the expresslons

H°(15) given in

9(25) in accordance

8 H°(15) = A H"(25) + Ei vy [H;(zs) - H;(ls)] oo {4.4)
o 25 a
=a sy +§ Jigvier . de e (6.5)

where Hi is the ideal-gas enthalpy and C? A is the ifdeal-gas heat capacity at
constant presgsure of apecies 1 (except far product water which is taken as
the liquld}. The summation is taken over all specles 1 in the combustion
reactlon, egn. {4.1); v; is the stoichlometric coefficient of species i,
belng taken as pesitive for reactants (unity for the "object” specles) and
negative for products. For brevity we designate the whole of the second rerm
on the the right-hand side of eqn. (4.4) and (4.5) as AH®.

#H® {5 always very small in comparison with £CH°, to which 1t can clearly be
considered as a correctionm term. TFor the purposes of Table &4, wvalues of
4,H°(15) have either been taken directly from the work of Garvin et al 11“
or have been derived, wvia AH®, by the present authox 120 Only brief
outlines of such derivations are given here.

For a few gases AH° was calculated using B®(25) — H®{15) data given in
Arustrong and Jobe 9% for "auxiliary” species such as 0y, Hy, CO, €D, and
Hy0. For most (but not all) other cases caleculations are able to be made
using the polynomial C-(T)} fits given by Passut and Danner 2z, However, as a
preferred alternative we used for all remaining cases a computer program
which can caleculate the ideal-gas enthalpy at any temperature in the range
100-1000 K {at leasc), for any species of present loterest, by use of a
polynomial expression generally of the Wilholt-Harmens form 27 2%, buc
incorporating improvements which have not yet been publiecly documented.
Checks agaionst the Garvin et al data llH, Armstrong and Jobe datza 103
values of AH® calculated using Fassut and Danner polynomlals 22 4iq nct
reveal any significant discrepancles.

and

(b) REAL-GAS ENTHALPIES OF COMBUSTION

The real-gas enthalpy of combustion of any specles 1s related to the ideal-
gas [standard} enthalpy of combustion at the same temperature T
by

AH(T) = 8 H(D) + ]y vy [H{(T) - H(T,B")] o (4.6)

=4 BNT) + Ei v, [Hi(T,O) - Hi(T.P°)] ve (4.7)

where Hi(T P} is the real-gas enthalpy of specles 1 at temperature T and
pressure P ; P (=1.01325 bar) i1s the pressure of the real-gas reference
state, The summarion 1s taken over all specles 1 in the combustlion reaction
equ. {4.1), except for {liquid} water. As before, the stolchicmetric
coefiiclents vy are taken to be positive for reactants, negative for
products. For brevity we deslgnate the whole of the second term on the
right-hand side side of eqo. (4.6} and (4.7) as &H.
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As was the case for AM°, values of & are very swall {but non—
negligible) in comparlson with ECH°. Values of M have been derived for t =
0,15 and 25°C at the U.5. National Bureau of Standards (NBS) 103 llu 125 ¢,
several of those species of interest here which are actually gaseous at the
relevant conditions. Values of ﬂcH(T) derived from ﬂtHn(T) using these
values of EH(T) are given in Table 4. For specles not considered fin the NBS
documents, values of & have been derived by the prEEEhn author by use of the
LRS equation of state 25, This relatively new cublc equation of state is a
development of the popular Redlich-Kwong-~Scave equation 26 yhich irself is
quite rellable for the calculation of gas—phase enthalples. The LRS equation
of state characterises each molecular species by means of a pair of
empirically determined constants (in additicon to TC and PC) which are
obtained by optimlsing the fit to as much of the complete vapour pressure
curve, from the triple point to the critical point, as 1s reliably available.
Not all of these characreristic constants have yet been reported in the open
literature. The LR5 equation of state is similar in many respects to that
devised independently by Machias

As 4 final remfinder that one of the trickiest aspects of the
manipulation of enthalpic data, such as that contained in Table 4 and/for
mentioned above, 1s the matter of slgns, note that all data columns in
Table 4 carry z negative heading. -
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TABLE 5: CALORIFIC VALUES

{a) VOLUME-BASED GROSS CALORIFIC VALUES

The wvolume-based calorific value (C.¥.) of a fuel gas i{s defined as the
amsunt of heat released by complete combustion in air, at constant
{specified) pressure, of a volumetrically-defined amount of gas, with the
products of combustlon being rerurned to the game (specified) temperature asg
that of the reactants prier to combustion.

If all of the water of combustlon Is condensed to the ligquid phaze {a
practical impossibility), then the C.V. =0 defined Is the gross, superior,
upper, higher or total calorifie wvalue; if all of the water of combustion
remains In the vapour phase, then the C.V. is the net, inferior or lower
calorific value. All C.Vs listed in this compilatlen are gross. (An
inceresting oddity resulting from the defianition of gross C.V. is that the
contribution of any gas—phase water (humldity} to the gross C.V. of a gas
mixture is non-zero, i.e. water vapour has a small but non-negligible gross
calorific value devivable from its enthalpy of vaporisation (latent heat) at
an appropriate temperature, despite being Incombustible 2)

The calorific value of a gaseous fuel can be referred to any one of a
remarkable variety of so~called "standard” {or base)} conditions, each of

which has two deterwinants, viz.

(1) the temperature {and pressure) at which combustion is deemed to
take place, and

{2) the temperature {and pressure) at which the paseous fuel is deemed
to be metered.

There is rveazlly no legical reason why the temperatures referred to In
(1) and {2} have to be the same, and there are 3 failrly obvicus cholces for
each, namely 0°C (273.15 KJ), 15°C (288.15 K) and 25°C (298.15 K).
Fortunately only a single pressure conditien (1.01325 bar) is currently in
use with {metric} calorific walues - although 1 bar appears to be a distinect
future possibility.

Since, however, the metric units of calorific wvalue are always the same
irrespective of the pair of conditions chosen for reference, considerable
confugion can be caused to the uninitiated uzer of C.¥. tabulations. The
current edition of IS0 6976 3, for example, quotes values (in kJ w3) for 4
of these "metric” temperature pairings, namely 25°C {combustion)/0°C
(metering), 15°/0°, 0°/0° and 15°/153° (it also quotes the old Imperial &0°F
condition, but that is of no relevance here}.

Fortunately, oot all of the 9 possible combinarions are actually im use.
Which eondit{ion Is used by the pas Industry of any particular country is in
fact determined, of course, by the national metrologlcal statutes of that
country. For instance, the U.K. uses 15/15, mch of continental Europe uses
25/0 and Japan uses 0/0.

In any event, largely for space reasons, Table 3 of thils compilation
includes values for just 3 conditions, namely 25/0Q, 15/0 and 15/15. For each
of the 3 condltlons, calorific values are glven for each specles in both the
(hypothetical} ideal gas state {(€V*} and, 1f the speciles actually is paseous
at the relevant reference conditlons, for the real-gas gtate (CV¥). The
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quantities CV® are those most often given in tabulations whose objective s
to facilitate the calculatlon of real-pas mixture calorific values from known
composition, often by a reclpe 3 1% 20 which, while gufficiently accurate, is
uot thermodynamically rigerous 28 103,

The values given In Table 5 have been derived enrirely from values given
in Tables 3 and & in accovdance with the following equatioms —

CV°(25/0) = -a H®(25) x P/R.T; e (5.1
cV (25/0) = ~3CH(25) x P/Z(T)).R.T} e (5.2)
Cvo(15/0) = -a B°(15) x P/R.T) «e (5.3)
CV {1570y = —ACH(ls) x P/2(T;).R.T] e (5.4)
CV°(15/15) = -A H°(15) x P/R.T; eo (5.5)
Cv (15/15) = —ACH(lﬁ} x P/Z(T2).R.Tp .- (5.6)

where P = 101,323 kPa, T1 = 273,15 K, T2 = 288.15 K. Used with B = 8.31448
J mel-! K‘l, these expressions convert AR In kI mol™l to CV in M w3,

Other data from Tables 3 and 4 allew the derivaticn by similar means for
at least some of the calorific walues for the condirions dencted by 25/15,
0/15, and 0/0 which for space reasons are excluded from Table S.

The important poiot about the values given 1n Table 3 Ig that for each
distinct chemical species the six calorific values listed form an internally
consigstent set, in the senses that

(1) the "enthalplc” part of the C.V. is always based directly on, or by
traceable derivatlon from, the single selected value of 6CH°(25)
given In Table 4, and

(2} the "volumetric” part of the real-gas C.V. is always based on a
value of the cowmpressibility factor Z which 1s derived either from
direct experiment, or from an established funcricmal form
applicable at each temperature of interest fe.g. the Pitzer—Curl
equation 135y,

In ovder to avoid any possible confusion it should be stressed again
that all of the values listed are gas-phase (hypothetical or real) calorific
values. HNo liquid phase calorific values are glven.

(b} VYOLUME-BASED NET CALORIFIC VALUES

Although net calorific values are not listed in this compllation they may
eagily be derived from the corresponding pgrogs calorific wvalues by the

following expressions

CV°(net) = CV°(groses) x [(QCH°(T) - f-AvH°(T)){ﬂcH°(T)] o (5.7)

C¥(net) = CV{gross) x {(acu(r) - f.ﬂvH(T))/ﬁcH(T)] cr (5.8)
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where ﬂvH°(T) is rhe {standard) enthalpy of vaporisation of 1liquid water to
the ideal gas state at the “combustion” reference temperature T, A H(T) 1s
the enthalpy of vaporisatlon of liquid water to the real-gas state (latent
heat) at the same temperature, and f (= -b/2} is the (negative)
stolchiometrie coefficlent of the product water in the combustion equation
{see previous section). Note thar AH is a negative quantity, AR positive.

{c) MASS-BASED GROSS CALORLIFIC VALUES

It is sometimes useful to have available the calorific value per unit
mass, rather than volume, of a fluid. For gaseous substances, rthese may be
easlly derived by dividing (-} the appropriate molar enthalpy of combustion
from Table 4 by the molar mass {numerically equal to the molscular welght,
but attributed units of kg mol™l) from Table 1. Clearly, several such
quantities could be listed; we pive just one, namely the real-gas gross
calorific value  per unit mass {(MJ kgl), at 298.15 K (25°C) and 1.01325
bar, given by

Q = -4 H(25) /M e (5.9)

Mass-based calerific values are, in principle, somewhat simpler rhan
volume-based C.Vs becaugse there 1s no potential confusion about the
reference state for volume measuvement. Unfortunately it is much easler, on
a routine basis, to meter gaseous fuels by volume than by mass.

Mevertheless for some applications, for example in the determination of the
gas-phase energy contained in a bulk liquefied natural gas cargo, mass—hased
C.Vg are undoubtedly of greater direct utility.
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TABLE 6: FLAMMABILITY DATA

{a} FLAMMABILITY LIMITS IN AIR

No fuel—-gas or gas mixture will burn when mixed homogeneously with air
unless the relative amount of Ffuel to total mixture is within certain limits
which are characteristic of the fuel. The lower limit of flammability LL {s
defined as the smallest proportion of fuel-gas to total fuel-ailr mixture in
which combustion, ence inltlated, will propagate througheour the mixture;
gimilarly the upper limit of flammability LU is the greatest proportion of
fuel-gas to total fuel-alr mixture in which combustion will propagate.

Although the flammabilirty limite are {mportant characteristic
properties of a pure gas, no successful “"first-principles” derivation (as
opposed to a correlatlion) of any has ever been made. Thus the limits should
be determined experimentally. For varlous reasong 29, it is not easy to
determine the "true" flammability limits. Consequently if there is any
experimental doubt about a precise limit, then that which implies the widest
range of flammability inm air is usually quoted for reasons of safety-
consciousness. That view is generally adopted here. An exception to this,
however, is the Iinterim {at least} exclusion of some recent data 30 which
suggest rather wider limits for methane (4.4 to 16.5% by volume) and
ethylene than have hitherto been reported and supported independently. The
new values have been excluded not oaly for this reason, but alsc because the
apparatus used Is of a form not previcusly used in such studies, so that
there rtemains a possibility that the values are somewhat arcefactual. In
addition the criterion of flammability adopted is unusual. It should be
appreciared that c¢lose to the limits, particularly the upper, 1t may often be
rather difficult te inflame the gas.

Table 6 gives values for both the upper and lewer flammabiliry limits as
percent by volume of the rtotal gas plus nominally dry alr mixture. Several
sources have been uged, mostly notably the Nabert—5chin 130 5nd gspy 112
compllations. All wvalues are intended to refer to 2 temperature of 25°C and
to a total pressure of 1 atm., but some have actually been determlned at
other conditions.

Mipor variatioms of temperature around ambient have no significant
effect upon flammability limits, bur for large temperature variations the
consequences may be important. The general effect {s for an increase in
temperature to widen the limits of flammability. The depression of the lower
limit and elevation of the upper hoth appear to be roughly proportional to
the increase in temperature. For the alkanes and alkenes the dependence on
temperature Is In accord with the wmodified Burgess-Wheeler law, viz.

L) = L(25) [1 £ 7.2 107 (e-29)] ce (6.1)

where L{t) is the flammability limir at a Celsius temperature t and L{25) is
the limit for t = 25°C. The positive slgn is used for LU and the negative

sign for LL 152,

Likewlge the norwmal varlations of atmospheric pressure do not
appreciably affect the flammability limirs. Reduction of pressure
slgnificantly below atmospheric brings about an elevation of the lower limit
and depression of the upper limit, until at a suitably low pressure the
limits colncide; below this limit no flame can propagate. The limiting
pressure is about 100 torr {~1.3 104 Pa) for methane and about 50 torr for a
gas wixture comprising ~80% methane and ~20% ethane 2%
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Large Increases in pressure sbove gmbient also have significant effects,
but there 1s no clear general trend. The extent of the effect, however, can
be very marked, e.g. the upper limit of flammebility for methane rises falrly
linearly from 15% st 1l atm to about 35% at 75 atm, although there is little
effect on the lower limit 2%

The effect on flammability limits of atmospheric humidity is thought to
be simply that of replacement by water vapour of oxygen that would otherwise
be available to support combustion. BSince there 1s always sufficlent oxygen
available at the lower limit, no noticeable effect upen this limit occurs.
The upper limit, however, will of necessity be lowered slightly 1f the air
for combustion is damp. For methane the lowering of the upper limir brought
about by the replacement of dry air by saturated air is abour % 2%

(b} MINIMUM AUTOIGRITION TEMPERATURE

Table 6 alsc lists for each specles the lowest temperature for which
spontaneous Ignition may cccur in the gas or vapouT phase - at any fuel/air
ratio. This is called the minimum autoignition temperature. 1t Is a purely
ewpirical property. Most of the values listed are taken from the Stull *42
and Nabert-Schon 130 compilations. One important exception is the value for
methane 133, which at 874 K (601°C) is some 60 K higher than that given in
most compilationms. It appears, however, that the lower wvalues (arcund 540°C)
are not based upen experiment; the value quoted here ¥ 15 the lowest
experimentally observed value.
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CONCLUDING REMARKS

No compllatien of this sort is ever as cooplete as elther the authore or
the users would wish; there is always "one more specles” which should not
have been excluded, and we are well aware of several more properties which
could usefully have been included. The only defence {r to assert that
clearly there must be & gquite restrictive limitation if the objective is to
glve widespread currency to a freely available set of data in a "hard-copy”
format.

It should almost go wlthout saying that the real seolution, particularly
for the compiler whoe is much concerned with the problem of maintaining
currency wlthout the necessity for constant reprinting, I{s the computerised
databank. But there is apparently much peace of mind to be had, even for the
confirmed computevr-user, by ownership of a "hard~copy” set of basic data,
especlally 1f rhese are "recommended" or "approved” by an idenrifiable
authority such as, in this lostance, the G.E.R.G. Thermodynamles Commitres
hopas to find itself consldered.



24

REFERENCES

(a) TEXTUAL

1 A. Melvin
Thermodynamic Toplcs In the GERG Thermodynamics
Committee (1971-1986)
Proc. lst Int. Congress on Hatural Gas Quality, Groningen, p.852
Elsevier Sci. Pub. Co., Amsterdam (1986).

2 C.J.P. Cowper, P.A. Wallis & B.R.A. Wybrow
Analysis of Natural Gas for the Purpose of Calculatiung Physical
Froperties
Proc. lst Int. Congress oo Narural Gas (Quality, Groningen, p.481
Elgsevier S5c¢i. Pub. Co., Awmsterdam {1986).

3 Internaticnal Standard IS0 6976 {lst edition, 1983)
Natural Gas — Caleculatlon of Calorific Value, Density and Relative
Density.

4 ¥.E. Holden & R.L. Martin {IUPAC Ccoammission on Atomic Weights and
Isotoplc Abundances) v
Atomle Welghts of the Elements 1983
Pure Appl. Chem. 56 (6) 6533 (1984).

5 F.E. Jones
J. Res. NBS 83 (5) 419 {(1978).

& P, Giacoms
Metrologia 18 33 {1982).

7 International Standard IS0 2533 (lst edition, 1975)
Standard Atmosphere, p.3.

g A4 Systematic Approach to the Preparation of Thermodynamic Tazbles
CODATA Bull. No.47 (May 1982), p.l0.

9 R.D. Freeman
High Temp. Sci. 16 279 (1983)
J. Chem. Eng. Data 29 (2) 105 (1984)
J. Chem. Educ. 62 {8) 681 (1985).

10 L.A. Guildoer & R.E. Edsinger
J. Res. NBS B0& (5-6) 703 {(1976).

11 E.R. Cohen & B.N. Tayler
J. Phys. Chem. Ref. Data 2 (4} 663 (1973).

12 T.W. Leland 3jr & P.S. Chappelear
Ind. Eng. Chem. 60 (7) 15 (1968).

13 J.F. Ely & H.J.M. Hanley
Ind. Eng. Chem. Fundamentals 20 (4) 323 (1981)
Ind. Eng. Chem. Fundamentals 22 (1) 90 (1983).

14 K.S. Pitzer, D.Z. Lippman, R.F. Curl jr, C.M. Hugging & D.E, Petersen
J. Amer. Chem. Soc. 77 (13) 3433 (19535).



15

16

17

18

19

20

21

22

23

24

23

26

27

28

29

25

P.5. Chappelear
Fluid Phase Equil. 9 319 (1982).

M. Jaeszchke
Gaswirme Int. 28 {5} 278 (1979).

J.D. Cox (IUPAC Comumission 1.2 on Thermodynamics)

Notation for States and Processes, Significance of the Word "Standard”
in Chemical Thermodynamics, and Remarks on Commonly Tabulated Forms
of Thermodynamic Functions {Recommendatioms 1981)

Pure Appl. Chem. 54 (6} 1239 (1982)

J. Chem. Thermo. 14 (%) 805 (1982).

See also H. Carmichael
J. Chem. Educ. 53 (11) 695 (1976).

D.R. Roe (editor)
British Gas Data Book, wol.l, seccion 3.1
British Gas Corp. (1%74).

J. Wrobel & F. Wright
Calorific Values and Relative Densities — Caleulatien from Composition
IGE Technical Menograph IGE/TM/1 (Comm.l080), 13 pp. (1578).
C
D. MecA. Mason & B.E. Eakin
Calculation of Heating Value and Specific Gravity of Fuel Gases
IGT Res. Bull. We.32, 18pp. (Dec 1961).

K.R. Hall
Unpublished (?) correlation described briefly in ref.ll4.

C.A. Passut & R.P. Danner
Ind. Eng. Chem. Proc. Des. Dev. 11 (4) 543 (1972).

R.C. Wilhoit
TRC Current Data News 3 {(2) 2 (1975).

A. Harmens

Proc. NPL Conf. "Chemical Thermodynamic Data on Fluids and Fluid
Mixtures: Their Estimatiom, Correlation and Use" (Sep 1978),
IPC Sci. Technol. Press (1979), p.112.

R.M. Gibbons & A.P. Laughton
J. Chem. Soc. Faraday Trans. II 80 (9) 1019 (1984).

5. Spave
Chem. Eng. Sel. 27 1197 (1972).

P.M. Mathias
Ind. Eng. Chem. Proc. Des. Dev. 22 (3} 385 (1983).

K.R. Hall, L. Yarborough, R. Lindsay, J. Kilmer & W. Fling

Calculatien of Gross Heating Value for a Standard Gas from Compositional
Analysis

Proc. lst Int. Congress on Natural Gas Quality, Gronlngen, p.95

Elsevier Sci. Fub. Co., Amsterdam (1986).

H.F. Coward & G.W. Jones

Limits of Flammablliry of Gases and Vapors
U.5. Dept. of the Interior, USBM Bull.503
U.5. Govt, Print. Office (1952).



26

30

(b}

101

102

103

104

105

106

1a7

108

108

110

111

W. Berthold, D. Conrad, T. Grewer, H. Grosse-Wortmann,
T. Redecker & H. Schacke
Chem.-Ing.-Tech. 56 (2) 126 (1984}.

TABLAR
AFH Yalue of ﬁfH or b H" calculated by the present auther so as to
ba coonslstent with the referenced value of A, H® or ﬂfH glven
in the adjacent column.
ANG 8. Anpus, B. Armstrong, K.M. De Reuck et al
Internarional Thermodynamic Tables of the Fluid State, IUPFAC
Commission on Thermodynamlics and Thermochemistry, “"Carbon
Dioxlde™
Pergamon Press, O=xford (1973).
ARM G.T. Armstrong & T.L. Jobe jr
Heating Values of Natural Gas and its Components
U.5. Dept. of Commerce, WBSIR 82-2401 (May 1982).
AWU H.C. Anderson & W.R.K. Wu
Properties of Compounds in Ceal-Carbonjzation Products
V.5. Dept. of the Intericr, USBM Bull.&06
U.5. Govt. Print. Office (1%63).
BED R.E. Bedford, G. Bonnier, H. Maas & F. Pavese
Metrologia 20 145 (1984).
BOP J. Bonhoure & R. Pello
Metrologia 19 21 (1983).
EUR D. Burgess & M. Hertzberg
ISA Trans. 14 (2) 12% (1973).
CAR G.F. Carruth & R. Kobayashi
J. Chem. Eng. Data 18 {(2) L15 (1973).
cop CODATA Task Group — Recommended Key Values for Thermodynamics,
1977
J. Chem. Thermo. 10 (10) 903 (1§78)
CODATA Bull. No.28 (Apr 1978).
DYS J.H. Dymond & E.B. Smirth
The Virial Coefficients of Pure Gases and Mixtures — 4 Critical
Compilation
Clarendon Press, Oxford (1980).
EDM Yalue calculated by use of the Edmister approximation formula

(W.C. Edmister, Petrol. Refimer 37 (4) 173 (1938}))
= 3/7 . TB/(TC-TB) . lag PC - 1

where PC i3 in arm.



112

113

114

115

116

117

118

119

125

EXT

GAR

GAZ

GOO

HED

HUM

IPT

K5H

LEV

LNG

J. Walton

Fire Hazard Properties: Flash Polnts, Flammability Limits and
Autolgnition Temperatures

ESDU Data Xtem No.82030 (1982, with amendments to Oct 19853).

Rough value estimated by the present author based en crude
graphical extrapolatien In temperature of virial coefficient
data glven in ref. 110.

D. Garvin, E.S. Domalskl, R.C. Wilhoit, G.R. Seomayajulu &
K.N. Marsh
Physical Properties of Pure Components of Matural Gas
Proc. lst Int. Congress om Natural Gas Quality, Gronlngen, p.59
Elsevier Sci. Pub. Co., Amsterdam {1986).

Encyclopedle des Gaz
L*Air Liquide / Elsevier Sci. Pub. Cec., Amsterdam (1976).

R.D. Goodwin
J. Phys. Chem. Ref. Data 14 (4) 84% (1983).

L. Haar & J.5. Gallagher

J. Phys, Chem. Ref. Data 7 (3) 635 (1978).

¥.P. Henry & R.P. Damner ’

Ind. Eng. Chem. Proc. Des. Dev. 17 (3) 373 (1978).

J. Hilsenrath, C.W. Beckett, W.5. Benedict, L. Fano,
H.J. Hoge, J.F., Masi, R.L. RMuttall, Y.5. Touloukian &
BH.¥. Woolley

Tables of Thermodynawic and Transport Properties of Air, Argon,
Carbon Dioxide, Carbon Monexide, Hydrogen, Witrogen,
Oxygen, and Steam

Pergamon Press, Oxford (1960), originally published as NBS
Circ., No.564.

Derived by the present auther as described in main text.

The International Practical Temperature Scale of 1968
Amended Edition of 1973
Metrologla 12 7 (1978).

H. Kratzke
AIChE J. 31 (4) 693 (1985).

H. Kratzke, E. Spillner & 5. Muller
J. Chem. Thermo. 14 (12} 1175 (1982).

J.¥.H. Levelt Sengers, J. Straub, K. Watanabe & P.G. H111
J. Phys. Chem. Ref. Data 14 (1) 193 (1985).

D. Mann (editor)

LNG Measurement - A User's Manual for Custody Trangfer

U.S. Dept. of Commerce, NBSIR B3-3028 (lst edition, 1985},
section 1.3,




28

126

127

128

129

130

131

133

134

135

136

140

141

LNZ

MCC

MCY

MIL

NAB

NPL

PAD

PCF

PZC

ROB

R5M

REW

STS

STT

I1.M. Lorenz

Numerical Values of Properties of Combustible Gases and
Related Materlals

Paper No. IGU/E 17-73, 12th World Gas Conf. {Nice, 1973).

R.D. McCarry
Cryogenics 14 276 (1974).

B.D. McCarty
J. Phys. Chem. Ref. Data 2 (4) 923 (1971).

5.A. Miller
Acetylene, wvol.l
E. Benn, Londen (1963).

K.Nabert & G.5chin

Sicherheltstechnische Kennzahlen brennbarer Gase und Didmpfe

Deutscher Eichverlag CGmbH, Braunschwelg (2nd printing with
additions, 1978).

D.D. Wagman, W.H. Evans, V.B. Farker, R.H. Schumm, I. Halow,
5.M. Bailey, ¥.L. Churney & R.L. Huttall

J. Phys. Chew. Ref. Data ll supp.2 (1982).

D. Ambrose

VYapour-Liquid Critical Properties

NPL Report Chem. 107 (Feb 1980).

C.4. Pagsut & R.P. Danner
Ind. Eng. Chem. Proc. Des. Dev. 12 (3) 363 (1%73).

F. Pavese, G. Cagna & D. Ferri
Proc. 6th Int. Cryogenic Eng. Conf., Grenoble, p.281 (1976).

Calculated by the present author as described in the main
text, using the Pirzer-Curl equation {K.F.Fitzer & R.F.Curl jr,
J. Amer. Chem. Soc. 79 2369 (1957)).

D.B. Robinzon & N.H. Senturk
J. Chem. Thermo. 11 (5) 461 (1979).

R.C. Reid, J.M. Prausnitz & T.K. Sherwood
The Fropertles of Gases and Liguids
McGraw-#111 Book Co., Mew York (3rd ed., 1977).

C. Robloson & D.B. Smith
J. Hazard. Mater. 8 199 (1984).

P. Roberts, D.B. Smith & D.R. Ward
I. Chew. E. Symp. Ser. No.58, Chemical Process Hazards VLI,

p:157 {1980).

G.C. Srraty & R. Tsunmura
J. Chem. Phys. 64 (2) 859 (1976).

R.H. Stokes & R.P. Tomlins
J. Chem. Thermo. & 379 (1974}.



143

144

145

146

147

148

149

151

152

153

STU

5TV

SWS

TRC.mn

TS0

TWT

WIL

WIT

W5W

ToU

ZAB

ZWO

29

D.R.5tull
Fundamentals of Fire and Explosion
AIChE Monograph Series, vol.73 No.l0 (1977).

L.A.K. Btaveley, L.J. Lobo & J.C.G. Calado
Cryogenics 21 131 (1981)}.

D.R. Stull, E.F., Westrum jr & G.C. Sinke
The Chemlcal Thermodynamics of Organic Compounds
J. Wiley & S5ons, New York (1969).

TRC Thermodynamic Tables (Hydrocarbons), and/or

TRC Thermodynamic Tables (Non-Hydrocarbons)

Thermodynamlcs Research Center, Texas A & M Univ.,
College Station, Texas (l%mn identifiles the year of
publicarion of the specific table used).

Calculated by the present author using the Tsonopoulos
(modifi{ed Pitzer-Curl) correlation {C. Tsonopoulos,

AIChE J. 20 (2) 263 (1974)).

Y. Takezszki, K. Watanabe, Y. Tanaka & 4. Nagashima
Rev. Phys. Chem. Japan 49 (1) 3% (1979).

R.C. Wilhoir & B.J. Zwolinskl

J. Phys. Chem. Ref. Data 2 supp.l (1%73).

R.A. Wilsak & G. Thodos
J. Chem. Eng. Data 29 (3} 255 (1984).

G. Waddington, J.C. 8mith, K.D. Williamgon & D.W. Scott
J. Phys. Chem. 66 (6} 1074 (1962).

B-A. Younglove
J. Phys. Chem. Ref. Data 11 supp.l (1982).

M.G. Zabetakis

Flammability Characteristics of Combustible Gasea and Vapors
U.5. Dept. of the Interlor, USBM Bull.627?

U.S8. Govt. Print. Office (1965).

B.J. Zwolinski & R.C. Wilhoit
Handbook of Vapor Pressures and Heats of Vaporization
AP.I. pub. no. 101, Teras 4 & M Uniw. (1971},



0
ACKNOWLEDGEMENTS

Other current members of the G.E.R.G. Thermodynamics Research Committee are -

4. Melvin British Gas Corporation, U.K. {Chairman)
J. Caluwaerts A.R.G.B., Belgium

M. Jaeschke Ruhrgas AG, West Germany

J. Jelibeis Gaz de France, France

G.E.}H. Joosten N.V. Nederlandse Gasunle, Netherlands

G. Polgatti S.N.A.M. S.p.A, Italy

P. van Caneghem Distrigaz 5.4., Belglum

J.N. wvan Wezel VEG~Gasinstituut N.V¥., Netherlands

I thank thee all for their participatlon In the preparation of this document.
Any fnadverrent numerical errers are, however, my fault, not rtheirs. I would
be grateful to learn of amy correcticns which should be incorporated inte any
subsequent versieon of this decument.

I thank the British Gas Corporation for permission te publish this paper.



31

TABLE 1(a

ATOMIC WEIGHTS OF SELECTED ELEMENTS

Element Atomic Welght Uncertainty
(in last digir}

[ 12.011 1
H 1.00794 7
0 15.9994 3
N 14.0067 1
s 32.066 ]
TABLE 1(b)
MOLAR COMEOSITION OF DRY AIR

Specles Mole Percent

Nirrogen 78.102

Qxygen 20,946

Argon 0.916

Carbon Dioxide ¢.033 o

Heon 0.00182

Helium 0.00052

Methane 0.00015

Krypton 0.00011

Hydrogen G.00005

Nitrous Oxide 0.00003

Carbon Monoxide 0.00002

Xenon 0.00001

FOOTROTES FOR TAELES

Molar composition of dry air given in Table 1(b).
All propertiegs given for normazl hydrogen.

411 properrles given for hellum—4%.

Calculated wvalue for the hypothetical gas.
Specles liquid at this condition.

Specles pon—flammable.

Sublimation point.

Triple point.

Lawmbda poiat.

S tlm o Mmon oW



3z

OMZ L7 1 T SMS #LTH91 60" R 9 b ANTIOVING-£ 1 {c
OMZ 00" %RE SMS 96°9ET a0 YS g b ANTTAVLING-Z 1 9z
QMZ B BET SMS SETOLT £90° 0y Vi £ ANITAVION T4
T84l TI*E0E 18041 £6°401 RET 0L 01 ¢ ANALNRA-T ¥
TLMEL %2997 £9°04L 08 ZET g01°9¢ g v ANALOYA TAHLIH-2 L
7ital €0 %{T £9°04I 09491 80196 g % ANILNG-T~5UFIT iz
24 ML {8 0T £9°0uL BT HET #0179¢ ) b INELNE-Z-8T7 12
18*DHL 267992 T8"0¥L 3 08°/8 0T 9¢ g INZLNE-T [or4
ZVD  »000°0 T8 0¥l £¥ Cee Tg*DUL 3 16" iR 1804 49 £ ANAdOEd 61
Nnox T¥"651 ox 00 %01 ¥80° 87 v ANTHIE 81
64°0dL LTt iny 64 "L BETERT ERETIVI ZZ 01 HNVOHA-1 £1
64* UL C6TETY 64741 99" 617 BGZ 8TT 0r & INVNOR-U 91
14081 8 86E £ 0L 6L 7917 TET %11 8T 8 ANVIDO-U [
LETEL {6 TLE {4041 FAREA 2N %0Z°001 ST ¢ ANYIdaH-1 71
g4 0dl ET"1E€ GO DHL 19 %791 L1798 T 9 ANVLNETAHLIMIO-E 7 £1
CL OHL 11 GO DL 6LTELT ££1°98 LA ANYING1AHITRIG-Z 2 FA |
S04l [ A1 My 2°CCT L1798 %1 9 ANVINAATLHIZH-E 1
SLY04EL T CEE SGT L grBTT fi1798 %1 9 ANVINIATAHLEN-Z 01
L4708l 68°1%E £ 04l €8 LLT LLT1098 %1 9 INVYIH-U [
£groul 9 IRT S804l 854957 0812L FA S ANYIOUdTAHIERIA-Z 2 8
CH"OHL 66°00€ g 4L CITETT [0 A A . ANVINATIHLEN-Z 3
[ R kN < 60g S8 DUl ThERT (L1 B 43 i1 ¢ INVINAG-V 9
RN 9" 19¢ SETIUL ®OCETT £21°8S a1 % ANVIOIATAHLIN-2 g
CETIUL %9°Zi¢ GETIUL 6L vEl £CT1°8S o1 & ANY1ng-u %
W¥D  £000°0 Sg*oul {0 1£2 a3g 3 79e8 L6004y g £ ANVIOEd g€
515 1 [ 35030 58481 a3g 3 SET06 0L0°0E 9 z FNVHLA z
404 96911 ggd  99°TI1 Q=g 3 68906 £40° 91 P ANVHIEH 1
"2 =) ] s o Ps =
Be mwmm T Lo a=i & X s &8 0H 0 =
m @ Pom & ® o o HE3 5 W m
" =N l gEHe H gl =
s & 2 ELE S 1 5
R = e PR 8 EZE EE ag
= 5 = H = m 25
=] a = L) 1Ty
™ & B = =
H - - w M
= = w H SATIYAd0Ed TYIISAHd HTAWIS
o
=

T 318V



33

ALS
87041
ALS
ALS
d0d
ALS
AR

00D

O¥VH
H8* DAL

Z¥9

LS

CL91
00581%
L1
[XAYAS
06889
9GLLy
SE0S

0051

LL09
0RTEZ

o0ozs

D61BZT

800l
qiad
LdT
aig
qdg
Ld1
AOK

MEM
SMS
00D
SHS
OVH
28" 04L
Idl
qdag

OMZ
TIM

58" JUL
g 0dl
S84l
S8 "OUL

Onz
OMZ
G£T AL
GHZ
OMZ
5204l

TIH B

ETTESZ
£L9 %81
881°086
ka1 ¥
S6Z L8
0142
wiz'y

{£°61€
67722
%918
cR 86C
c8°6L7
EH A
1 B A
[6L°07

11°64T
131N

g6 LTh
SET6DY
gLE8E
T ESE

SETR0Y
BOTWLE
BRLSE
Z9°9Lt
896°%he
0% 72¢

SETEBI

hg "L
qag
IdI
aad
IdI
adqg
ADH

AOH L L LA

sALS 3
SHS
00D 3
SMS
ALS 3
4804l
aag
qad 3

P}

6 Jul
1IN

GBI
SETIEE
SBTO¥L
£8°08L

92l
29 041

118
59 0ul
072Ul
89°04L

AlLS 3

89°761

086°91¢
T9E“w§
981°£9
86£°L8
98 %7
{41z

27191
wEUwEl
£1789

16°66%
gy 6l
£97481
061°ELE
BEE'ET

817061
IR M TA

86" IYE
az 8Ll
61841
g9 8L L

EBT19T
9C " G4h1
g8 6LE
0Lt el
ZLT0ET
127641

097261

57967 8L
€90 %9
010" %%

BB6E°TE

P10 8T
gr6" 6L
6£1°0Z

LA the

ER1° 9L
940709
010°82
920 LT
SDEG Lt
780" ve
£510°8T
6810°¢C

6OT 8%
F4 1143

£91°901
£91°501
™Hi°Z6
H11°8Z

g1z Tl
88186
191" %8
281786
191" %8
RET 0L

HED® 9T

—

™~

o e T =

pC -

o1
o1

g1
Lg
FA
LAl
A
01

— o

—

=T - = I - +]

Bt =R - L )

vIvV

dAIXGIO BOR4TAS
ATIKOTO NOHEYD
NAZEXG
NIDOULIN

HODEY

NO3AN

WIIITHH

30THAINSIA NOHYVD
BIIR4ING TARCHAVD
AATXOROW ROTIVD
FAINVLD WADOHAAH
VINOWHY

AATHLIOS HEDOUARH
WHLVH

HIIEALH

TOTHLANVHI AN
TOHVHILIH

ANATAX -0
INTZNEITAHLA
HHANTOL
IHIZNHAY

INVXAHOTOANTARLE
ANVEAHOTDADTAHLIEN
ANVEIHOTORD
ANYLNAdOTIADTAHLE
ANVINIIOTIADTARLIN
ANV INALOTIRD

ANAHLE

19

£s
49
14
05
&%

8y

9%
1%
kA4
£y
144
iy

oY
13

8E
LE
9t
193

e
(2%
43
113
ot
6¢

24



34

G¥d  #I81°0 TLE°0 12 Bt JdL 13-4 g7 0dl £ ey 8404l STy ANFATAYING-€ T f4

avd %6te-Q L0920 612 Sdd FAF4 avd 0°gy ava L euy ANATAVIAA-Z 9%
Wa3a 6Ri*0 L4270 o1 sd4 ine sd¥ £T%5 g% DHl E6E ARIIaVa0dd s
avd 0swZto 0iZ"0 56T 3 - B FANA HE UL 97 aE ¥§°08L  BLT9Y ARNTINAL-T ¥z
avd gBeBI*Q §iT°0 314 £ 04l €7 f£4704HL 0°0% £4°DUL DETLTY ANTJ0Ud TARLIR~2 £Z
avd BETZ"0 GLzZ 0 LT BT F -39 9ET £4°04dlL S 0% {47041 €978V ANALAg-7-FUEd] ZZ
avd vw0Z2"0 2i2°0 B Lee FAARtL N owe £400ul [Ara £4°0U1  BETSER ANALNG-2-8F2 12
avd #¢81°Q PN A1) BTHET HETIUL LA %A w8 " UL £2 0% vg OUL  ESTalY aNZINg-1 02
avd  Jiv1°0 S{T70 2 18T 8" 4L (A4 w8 DUL 10" 5% e AL ST YSE ANELOEd 61
a¥d  9580° 0 T8I 0 T 1E1 ¥§* DUl w1E w4 JUlL FA- MY yg-Jdl SE€°T8I ARIHLA 81
avd Zo6%"0 #9270 £7019 78" 0ML EEe w8 " 041 £°0F 78" 4L 8779 ANYIHEQ-1 i1
avd  LeR%0 GSZ°0 g Z6¢ BEDAL - ZEX 8 UL 8 I% #8091 7 HGE INVHOR-U 51
avd  Z%6E°0 65270 LagA: 1 w8 L [A%4 8T ML 647 %9 04l  #'8%% ANVID0-u g1
avd 90SE°"0 $9770 [ g OUlL FASA w8 OUL 7oL B8 " 4L £ 6ES ZNYI1ddH-1 71
avd €ivZ*0 §92°0 9ri5E i AL T%T 78 HL £ 1€ PR 0¥L 6" 6BY ANYIAETAHIANIA~E 2 [
avd  01¢e 0 FA XA T"65E »8"DEL o%t %8 OHL gTOt 8" UL iragy ANVLNYTAHIERIA-Z ‘T 1
ava Q5séie o £4¢°0 {799 28 DEL cEe 8" UL Z-1t 78" L %406 HHYINAJ TAHLIN-£ 11
avd  16{2°0 £9Z°0 L7999 B8 " JHL cLE w5 UL -0t 8" OHL CTiGYy BNYINAdTAHIEH-T a1
a¥d  {G6T°0 9970 67698 v L tEd ¥8* 04l £ 0t 3" Jul %905 BNVXEH-u B
avd QL6170 6%Z°0 T L0t Lt her i 1 HETOEL 66 TR YETOUL  S/CEER ANVAOEd TAHLANIA-Z “ 2 g
avd  £igeTo 0LE0 £TS0E ¥g* Ul 9€C #8904l 18 EE %804l 6L09% BNVIOETAHLER-T £
avd 015Z°0 89¢°0 011 vaA (4% vy B9 LE V&4 89°69% INVINAJ-U 9
avd 9%iT1'D £8¢'0 0*g9Z LTt NN 12¢ w8 0dL a8y 9t #8081l £1°g0% ANYJOYATAHIER-T S
a¥d  BZ61"0 £22°0 6457 ¥8 U1 BIT HSE Y8 LiE WSH  $T1°SZ% ANVLilg-u Y
avd  #5%1°0D 18270 ZrE0T 90Ul L1z L2 RN Y 052y 28 041l Z8°69C ANYA0Ed €
avd g0&e0°0 #8I*0 8% Hg 04l £02 78T 34L og- gy R 04l  £89°S0¢ HNYHLIE I
O3ZH <1106°0 28270 LTS JOH  T°%91 JOH  BBHLY 00K S56°06T ANVHLIH 1
= o =] 2] o %] = o = 2]
w. b & m oo & -z m ﬁ = N e o] H o = &
T o 5 O [=R=N L = A T o " oA
H 14 O - [ [ [a] = [a] m o=~ [a] WI
w == = m & W [x] 1) w0 w w0 @ O
=} o m oo Muuu? =] H oo = v = HW
it Moo wom e [l 14 = - r = I W
m <] o 2] m ] L)
w — 3 =
() . =
= g ~ &
£ . & g <
= g =] A 5311934044 TVIIIIND
-t W iR b
1

Z T19VL



a5

TdN
T1dNH
TdN
TdN
14N
TdN
148

TdN
€0
TdH
TdN
TdN
TdN
TdN
TdR

TdN
TdN

avd

9670
6eZ°0
§Z00
§£0°0
T00°0
670°0-
C9E°0-

50770
860°0
£500
8REO
08z 0
§0T°0
gIE"0
81z 0~

€510
9550

9t1E 0
1I0E" 0
99520
00Tz 0

9zZvito
CEETO
w9170
9870
S6LLT0
£I61°0

9810

S1L"0
69C°0
it o
BBZ 0
68Z°0
£67°0
ZIE"D
10£°0

86270
LT 0
162°0
L6170
Lit A
Y8Z2°0
62T°0
S0E*D

89270
%ZZ'0

£97°0
E97°0
#3970
69Z°0

6970
89¢°0
¥LTQ
69270
TLTT0
L0

0LT°0

B4y
£749¢
9°60F
8 0iE
g 81t
8657

[AEAN!

TdN
TdN
DNV
TdN
TdN
LI
TN
14N

‘TR
a0y
o0o
TdN
TdN
TdN
ART
TdN

TdN
TdN

&AL
6f*04L
&4 ML
64041

£9° 04l
£9° 04
SLtOEL
£9° 04
£9° 0488
oML

£9* 0L

£1E
§Ts
oy
gy
£1¢
T°62Z¢
hay
0L

ony
Sy
Y0E
Se1
[ 4
k123
it
1t

[43%
Tie

887
[ %14
€162
408

052
8142
79¢
79z
0ie

1€2

TdN
DNV
ONV
TN
TdN
LI
TdN
1IN

TdN
03
Q0D
TdR
TdN
TdH
Al
TdN

TdH
TdN

647041
6t DAL
TSN
B{TOEL

29704l
£97D¥L
Fder:
19 D¥L
£9* D4
$7" 0L

£9° 041

69°LE
%¥g°'8s
987 €L
£R0S
6°CE
99" gy
gLz
[4 A

06l
67°E9
w6 vt

6°ES

SETT

768
97072
26721

[ 42
26708

hE*LE
90°9¢
90" 1%
867 8%

0L
L %¢E
B0y
{6°EE
Y8 LE
[Avi S

BE* 19

TdN
TdN
DNV
TdN
"1dN
1IM
TdN
14N

TdH
€0
o0
TdN
TdN
"1dN
AT
TdN

TdN
TdN

&AL
&4 L
6724l
64 "34L

L9 L
497041
CivJdEL
{9 J4L
{9041
S¢tL

£9°08L

£6 781

g'otEY
07 %0t
BGHE1
279271
§9°051
on°yy
61°6

499
88/t
SBrIET
£°95%
$Tsoy
FAR A%
Y1 Li%9
FAR %S

0 0%
79 T18

£E°0E9
0z L19
08" 16%
91°29%

609
[ASr¥1Y
§TEGS
99695
Y aNA%Y
197118

£€°80F

HIv

JAIX0TIC WIHATGS
ATIX0IA HORUWD
NIIRXQ
NI20ULIN

HODRY

NOAN

WATT3H

HOTHATNSIO NOHYVD
HAIHLING TANCEEVD
ATIXOHOR NOHAVD
FIIHNYED RASCHIRH
VINOHWY

FITHLINS NADOUUAH
HALYM

NZDO3AAH

TOTHLANVHLIN
TONVHLEN

ANFTAX-0
ANIZHIATRHLE
INENTOL
INAZNEE

ANVEIHOTOAYTRAHALA
ENVYXIHOTIADTAHLENW
ANVXAHOTIRD
ANVINAAOTIADIRHLE
ANYINAJOTOADTAHLEAN
ANVINZAOTOAD

BNAHLE

119
%<
£s
149
1€
0<
&%

g%
e
9%
gy
4y
€
7y
1t%

oy
6E

9t
13
Sk
113

st
LtE
43
T&
o198
14

8



36

= . [~ - R < I i ]

PUON

Ieq GZETO*T 0,51 &

£€76°1
6E6"T
0%l

15672
66" 1
0002
£00°2
966°1
a9t 1
ehi60

60%°8
£8Z°9
516"y
£66°E
§1Z°¢
S6T°E
AT ARN
LA
BEZ"E
109*2
£29°2
B C
Ti0'E
88/0'Z
QEPC T
£9%0° 1

@
=3
uwy
uwy

.
(=]

S¥D VY

ALIENAC

JAILVIHEA

Lo 24808 04006000

3JON

IB8q SZTET0"T “D.0 @

ZE6° 1
66" 1
Ty 1

085*g
ez
£10°z
c102Z
002
gy 1
254670

ETETT
077 4
ZIL"%
391" %
297°¢
anzte
T1L'¢
s
hELTE
ov9°z
FAY A
T1L°E
%602
56072
Bhec 1
w01
69550

BVO VY

ALISNEQ

AATIVIHI

99871
398" 1
£E8E° T

918 ¢
TLE6°T
ZLEB T
ZLE6°T
TLER'T
[ TA% A1
89896°0

LZ16° %
YRIY Y
T9%6°¢€
g6SY L
G5i6'T
€ei6t?
S616°2
¥4 4
$6L6°L
Z16%" L
716% "2
[A8-) A4
6900°%
6900°¢
SZI5'T
780”1
6£5¢°D

ALISHAT

IAIIVIEY

TVadl

JZd
JZd
0Zd

524
DZd
3Zd
J2d
2Zd
Wav
WaY

JZd
JZd
0Zd
2Zd
v
JZd
v
Wav
JzZd

EBLERES 1Y

190 g™/ 3.51 @

LNAIDIA430D

T¥IdIA QNODES-

224
3Zd
0zZ4a

224
32d
JZd
DZd
224

ERIESEREY]

g Lol oo el =.o

230N

1£6°0
£96°0
£86°0

6%6°0
{60
8960
£96°0
04670
?86°0
9L66°0

%8970
0T 0
7080
99870
ST6°0
86" 0
L1670
?16°0
£16°0
5670
8760
{670
8960
058670

ALITTATSSTILROD

1Bq STEI0°T

224
JZd
JZd

JZd
J2d
adzd
224
a7d
wy

3Zd
s
0Zd
J2d

¥Zd

DZd

EENEEES -0

P S R o R

aeq SZLI0°T

ALTTISISEIYANOD

anRIIavIngG-£ ‘1
ANATAVING-Z'1
ANTIAV40ud

INAINAd-1
ANZJOHdTAHLIAN-T
ANELE-Z-Fuell
ANJLNE-T-5T
ANZLOE-T
ANZdOUd

ANIHLE

ANVDIA-U
ANVNON-U

ANVIIO-U

ANV14FH-U
ANVINAIAHIANIO-£ T
ANVIASIAHLENIO-Z 7
ANVINTITARLIH-
ANVINIATAHIER-Z
BNVEIH-U
ANYAOEdTAHLANIO-Z T
INVINETAHIEN-Z
ANVINZd-U

ANVIOUA TAHLIR-Z

ANy 1g-u

ANYAOUd

ANVHLA

INVHLEN

iz
9T
sz

14

s
1z
jora
61
81

e s D

SEILY3d0Ed DTALIWNTOA TIVONVLIS

£ ATEYL



17

y

q

i =}

L=

LL s 5o

0000° T
8577
€LZ8 1
£601°1
1£96°0
B6LE° 1
196970
TBET"0

tEL*L
JA0) A
74960
£z0°1
£65°0
881" 1
85970
£5650°0

66971
89Z°1

185"y
[ A4
109°¢
1162

00y
£IB't
#91°¢
898" ¢
E1E
955"

C06°0

y

y

= =

= 8.5 .5

Fa -

0000°1

%97 ¢
682671
ts0T 1
T1£96°0
6661
06965°0
0BET"0

LY A4
{01z
2L96°0
15071
L6570
8811
869°0
ZS690°0

#0271
oLy 1

L6ty
6Ly
SHLTE
996°¢

620°%
£96°¢
A
6I0" Y
0zt
885°¢

{060

0000 1T
nziz e
615" T
gvot1t1
Ti9670
€648 1T
£969°0
Z8E10

0679°¢
£vi0 ¢
149670
T€E6°0
08850
#9171
0ZZ9'0
08630°0

1199°1
£E901°1

21599°¢
£599°¢
7181°¢
146972

SH{BC
Z06E" L
6506°¢
068t
650672
A A A

0668°0

Sad
OZd
Sid
IX3
OVH
ZNT

>ad
Q5L

OZd
DEd
oZd
iy

JZd
JZd
JZd
3Zd
0Z4
JZd

JEd

1°01
BRY

£ TET

781

el

aT9%
L61Yy
0442
£191

L9TR
6697
9£61
BE6L
0981
Brel

Tl

TIH
ZN1
WHY
WEY
v
Wa¥Y
S50
Wiy

x4
Jzd
TIH
Ix3d
O¥H
ZNT

J24
asl

JZd
azd
JZd

2zd
224
2zd
Jzd
324
2Zd

Ikl

=25 s £

£ £ oo oo

856660
64670
BR66°0
166670
L666°0
66670
€000 1
S000° 1

Z96°0
L8670
S666°0
z16°0
886°0
06670
S¥6°0
9000°1

116°0
Zi870

%080
£€28°0
£88°0
9Z6°0

%¥I8°0
2988°0
#1670
9i8°0
12670
L6 0

€660

1IR
ZNT

L¥3
prLs
1IH
1xa
O¥H
ZN1

JZd
[SIN

0Zd
s
JZd

JZd
J2d
J2d
Jid
324
JZ4

LML

A~ =8

= = = I g )

T¥666°0

9460
£EEET0
066670
S666°0
0666°0
S000° 1
S000° 1

<60
8670
£666°0
188°0
$86°0
06670
0£6°0
9000°1

24670
€LL°0

LELTD
®54°0
6¥8°0
60670

GLLt0
g58°0
{680
80
T06" D
CE6"0

1660

:94

AJIX0IQ ¥IHATNS
HATXOIO NOWHVD
NADAXO
NIDOHWLIN

RODWY

NOEN

WOI1T3H

JATHAINSTA NOHEVD
BATHATINS “LANQEEVD
HITXONOH NO®EYVD
JTINVRD NIOOHRQRH
YINOHWY

AITHAINS NIDOMAAH
HALVH

HIZDO0UAAH

TOIBLINYHLIH
TONYHLENW

HNATXE-O
AHAZHAETAHLIE
ANANTOL
HNIZNEE

ANVXEHOTIADTAHLE
ANVXIROTOAD TARLER
HNVXAHOTIAD
ANYINZdOTIAYIARLE
HNVINZJOTADTARLIN
ANVINAAOTIRD

ANAHLYE

139
k29
£s
[A3
1
s
&

gy
44
a4
oY
9
£t
A4
h

0%
[13

13
43
9€
9



38

DN

DN
ON1
ONT
DN
ONT

CRUERER )]

¥

e e I ]

230N

(-T0m [ / 329 $ZE10° 1

T9%sT

T°9%61

g h0LT

61242
571907
BSEIRT

0" %8
0°E8BY
6°£TZZ
£7%951

00" t68

‘2.0 B

NOILSNEKOD J0
LATYHINE SVD TVdE-

1°Z%se
19657
0 y%61

0 zoiz
T R0LZ
671142
9 8142
276502
£ ZTHT

g omg o ot e e e

1°£18¢E

o wt

¥ 087
S 68T
0122
12951
65168

#10H
‘D051 B
NOILSNAWOD 40

AdTVHINZ S¥D TVEd-

(=190 M/ 28q €ZE10°1

L70%5T
[0 Y 344
T E¥6T

£°00(Z
£°90L7
676077
8912
0°8S0EZ
6171141

o ol o e 0F e o et o

P HISE

L4

18987
T8
T°61Z2
270981

99" 068

310N
‘0,57 B
ROILSNIHCD A0

LATVHINA S¥O T¥ad-

1-T98 M / 3B $ZL10°1

asuazeysy

01-Z%se
2176652
267 ER6I

SLTLLEE
0°20L7
£°8042
6°114T

0478142

€7 6507

112141

06" %E89
2875419
1079165
g1°258%
09" 881y
LB 081y
7T ESTY
797061y
¥ZTB6TY
[3AFA 33
§9°TESE
0%°8Lst
80487
9L°6L8C
01°12¢7
B1°Z961
857168

NOILSNTHOD 40

AJTVHING THVOINYLS~

1-19% 4 / 2,61 3

HAV
HIY
HAV

Hav
£ oul
£8°0UL
£8 L

HAV

Hv¥o

v

FE* UL
¥8 "L
hg 4L
bt hel- 1A

ERLCEERES

L1°0%8T
6L°E65T
TI*ER6T

Y SLEE
' 00Lt
2°90L%
0°01£2

78*91LT

70'8507

8L 1191

{£°6289
SIt1L19
08 116¢
£h eS8y
8T 581y
AT AN )
06'681%
ZETLBTY
S6T#6TY
T9°%15¢E
£8°875¢
LETSESE
0Z7898T
0% L4182
L1761Z2
69°09¢1
59068

NOTISOEKOD d0
ATVAING TAVINYLISZ-

1=19% [ / D.5Z 3

Lat A
#8041
8041

£8° 04l
£8° 041
£8704L
£8 ML
€8 UL

Hav¥

HI¥Y

Y8 Odl
¥8*0ul
€8 O4L
%8 0dl

HAEY

Hav
98 24l
SR JEL
g8 04l
GBIl
o8 4L
£8704L
S8 4L
€804l
og"J4L
€808l
CR DL

atuaIajay

®Z°60T1-
9z 2971~
76°061-

871t
| FA
011
LA
®5°0
000z~
g 28—

94 6%Z
LA 144
SLTR0Z
8L {81
6ST9LT
gE' w8l
26 TLT
setvil
76°991
76°£91
0L €51
9L'9%1
667 %€T
6L7621
89° %01
8°E8

(A 71

3,57 @

ROTIVHEOL 20
AJTVHLINE

r=Tow £ /

TIVINYIS-

INTTOVINE—C ' 1 LT
ANATAVINE-C 1 az
ENAIAYI0Ed 4

ANEINTAI-T L
ANZFOHdTAHLT-Z £z
ANdLNg--g-8sueI] ZZ
INALE9-Z-BT> 12
ANELAE-T oz
INAZ0Hd a1

ANAHLA 81
ANVDEg-U {1
ANVNON-U 91
ANYLOO-U <1
ANVLITA-U L2
ANVINETARIIHTA-£ £1
ANVINETARLANIAO-T ‘¢ A
ANVINSd TAHLAH- 11
ANVINZdTAHLEH-Z 01
ENYXAH- 6
ANVIOHETAHITHIA-2 2 8
ANYINIIAHLAH-Z {
ANVINAd-U 9
ANVAONdTAHLAN-T [
ANVINE-U i

INVIOUd £

ANVHL z

ANVHIIH 1

NOILSOdROD NV NOLIIVWHOA 40 SHIJTVHINI

¥ ATIVL



kL

HiH
HOH

WIH

]

- ot ol =

= o ol Al al ot

CcCooocooo

°8%¢
£8°¢8Z

STYBE
07£9¢

£9°98¢

67101

ot

et w o

R R ]

oD oo O

P14
h6°28¢

v EBE
%799

717982

€' 0%Z1

# 10T

-t

e

TR s

cCooOoooo

£ BYs
T0°€8Z

g'ZBE
07798

£greg?

LA IXA

1101

uvo
HH
HIH
avo

avo

CcCoOoDoooQ

ZET 0T
ST 8RS
16" T8I
L'1L9
167£8¢€
gE*T95
£EL vy
§1°982

gT°0%7T
60799/

%9865y
£6° 6099
18°6%6¢
5R"¢0LE

96°997¢
60409y
20 956E
S6°TE9Y
9r ZL6L
AT ZTEE

LETTOET

HEV
HIY
HIV
HIVY
HEY
HIV
aoo
aocd

HAVY
Tim

HAY
HAY
HIAV
v

99" JHL
99° 04l
uvd
99" 04l
G904l
avo

v

Lo o e e R e 0§

6% v0T1
XA 1Y
86° 787
ST 1L
18728f
10°¢9¢%
AL
£8°58¢

6E°HETT
60° %94

1£°965y
S17209%
68" In6L
£y T10EE

SD"E9Z8
%9 009%
96 756¢E
197 8T9Y
Y% 696K
65°6TCE

S0 TO0ET

aod
aoo

SN
Ef: 1)
and
SHN
Qoo
SHN
aod

T8 O4L
TiM

#8041
¥8° 08l
wETIUL

HAV

HIV
HAV
HIY
HAV
HAV
HAV

HI¥

18°96¢
167 E6E

oSO D

e LTT-
60T IYT
£S5 0TI
1"GE€T-
65y
£9°02
7187142
0

6527
807107

80" 61—
€668~
00~ 05-
98- 78—

{9121
BLOHET
80 €71
167921
09907
11 4L

0z BaZ~

HAIXOIC WIHATINS
JATXOTA HOTAVD
HIDAXO

NADOWLIN

RODWY

NOAN

WNTT13H

JAIEAINSIA NOBEYD
JITHITING TAROTEVD
FAIXONOR ROBYEVO
FITHYED NEDOUIAH
VINOWHY

HAGTHLTNS NADCITAR
qALYM

HIDOPAAH

TOTHLINVHIEH
TONVHIIH

ANITLL-0
ANIZNIETAHLY
ANENTOL
dREZNED

ANVXHHOTDADTRAHLE
ANVXEHROTDIADTAHLEN
INVXEHOTIRD
ANVINASOTIADTARLA
INVINAQOTIADTAHLAN
ANVINALOTILD

INAHLE

sE
k43
£<
F44
119
0%
&%

8%
44
9y
&Y
by
£y
iy

[0
6€

g€
43
9¢

#E
£e
[43
1t
0t
62

8L



230N R e e e e R

2,67 8 (- Bl MM/ anva

40

iBq CZEI0°T

L6'9Y
S6° Ly
058y

[A%a:1
£e ey
oE*BY
[A M 1
168y
0£°0¢

1£8y

L6y
056y
e 0%
06" 1S

oty
-
")
s¥o-Tv@d A

JTATHOTYD S50UD

af ol of ol o w el ol el

108 o e

"0.61 3

Ieq GZETO'T

L1011
0" %11
9°€8

LoL1T
£°811
9°B11
811
788

1109

g gs1

%°571

0zr9tt

#9756

£979%
£8L7LE

pPaIalay
2,51 § worasnquony (f)

ot ug

N L]
af ot et ol e o el ot o el wf e

EFL
ERLT
S¥I-TVHY

BERE R
uorlsngqmoe] {(z)
peisiay
g0 MW/ anTva

J14TE0TYD S504D

8
18
2,62 @ ucrIsnqmony (1)

3,0
2,6
‘0.0 D

1gq CZEIO'1
1Bq SZETI0° T

167401
SL°60T
17°28

ggrivl
LT H1T
RS 9Tl
69 %11
867411
01748

2L°6%

907682
61197
[T A ¥4
Ty a0z
STt
8 941
"L
€T LLT
GG LLT
91 BY1
9L 6YT
99°6vT
0%t 1Z1
64121
96 €6
£0°99

paIalay
2,61 @ uorasnquoly (g)

.51 8

[4 AN
LTSRN
EL798

0L 081
[ 1A
£ 071
66°0Z1
627121
BB 16
00°£9

%6 70E
£ereiz
01"9%Z
0L°91%
L8981
ES* 981
80" [81
967981
0E° 81
£6°951
[ATFAN |
{8451
£0°8Z1
avr ezl
60766

69°69

gLL768

EFEREN
nofIsNqme)y ()

a 9
ST @

2.
Do

SE'ElT
Zi°sT11
69°98

BS*0GT
£9°027
[y At
167021
127121
T8 ' T1h
96779

TL90E
£E"842
16°5%2
#6912
£4°981
ge° 981
£6°981
287981
971 £81
0gr9s1
LA
L TAFAS
967421
A TA
10766
£9°69

9tL7BE

LEREEES
uor3snquo) {1)

0.0 @
J.57 @

SVD TvaaI

¢ B W/ SATVA

JI4I¥0TY) SSO0ED

INRIAQVIAE-€' T
ANATAVINT-Z* 1
ANAIAVO0Nd

ANALNAI-T
ANAJOFdTAHLIR-F
ANR1NG-Z-SUEI]
ANALNE-Z-5T2
ANALOE-T
INI20Ud

ANAHLE

ANVOIq-u
ANVNON-U

ANVLIO-U

ANVLAAH-U
ANVLNETARLIRIA-E 2
ANVLNETAHIENIA-Z 2
ANVINAATAHIAK-£
ANVINTATAHLIH-F
ANVXAH-U
ANVAORATAHIARIG-2°C
FRVINGIAHIIN-T
ANVINTd-L
ANVIOUdTAHLIN-T
ANYLOE-i

ANVAOE

ANVHIE

ANVHIIH

Lz
9z
sz

et O M A D P O

SEATVA JTATHOTVD

& ATdVL



41

!

o ol o

al ot af w et

LT B R R = o

£1°6
0101

[A A4
65791

6Lt Ivl

94752

L676%

R

al et ot e o

oo oOD0

6y tL
£6*11

%91
£0°%T

26021

Loes

AN

o ot

af ot et ol

o el my e e W

cooOooog

[ X3 4
£9-Z1

LECLT
etz

864721

ot =

o e o ag

o 5% el ot mt ot

oCDoOooooO0

£e v
%921

LA
[ A4

FL T A

[ e g e I i [ v B

oL 9y
BI“EZ
96711
482
7291
81° €2
881

[412 A

1Y aAS
9L LE

677 %61
SETR61
S0t 491
69°6L1

CLtZeT
27961
e~ £91
06" 561
107891
0S 0%T

R0t gs

cCooCoooo

{276y
LA 14
[ANFA
{6°6L
| AGFA!
60°6Z
261
494721

L1399
L1 %E

L1602
297507
221941
9t i1

86" 9EL
197502
05941
9902
§TLLT
F4AN: L3

S50 8¢

OO0 000

gz 6%
FA A 14
£9721
96° 61
8041
L0782
96°1

[ATAN AN

0t "6%
60" HE

907502
£5°602
EI'941
6T LNT

187 %LE
977 s0z
9e° 641
05°902
o1 Lt
a1 et

S0° 8¢

IJIX0IQ ¥NH4TIAS
JAIX0Ia NOTIVD
RAIAXC
RIDOULIN

NOI¥

HOEN

WAT1dH

JATHAINSIO NOHYYD
JATHATINS TANCHEYD
JAIXONON NOHAYD
IAINVAD HASOHIAH
VINGHNY

HATHLTAS NADOAALH
WALV

NZIOUAAH

TOTHLENVHLEA
TONYHLEH

INTTEX-C
IRIZNITTAHLE
INFNTOL
HNTZNEE

INVXAHOTOAD TARLT
ANVYTHOTIADTAHLAN
ARVXIHOTOAD
HRVINIdOTIADTAHLE
ANVINIGOTIADTAHLEN
ANVINIJOTIRD

ENAHLZ

33
¥4
€5
[A9
15
0s
&%

j:19
£
9t
1%

k13
£t
(43
11
ot
62

87



42

g¥N

nis
nLs
NnLs
nrs
nis
nLs
av

CrVERERE]

210N

¥/ ZBNIVAAdWIL

889

89S
e/
865
86¢
859
82/
269

By
By
6L%
£y
699
8.9
1439
igs
g6y
tos
£69
91¢
[ ¥4
19¢
£
1574
%18

HIWINTH

NOILINDIGLOW

g¥N
asd
asa

83
ZVo
V3
Z¥o
v
HYN
gvz

asuazaysy

L
=
L BE

.

L=l =R B B g W BT B P e T B B e B T RV
AN - R N S S S AR A

-

A %/ ¥IV NI LIMWIT
ALTTIEVHWY1L ¥3dan

HYN
as3
gvz

asg
IVa
Vo
V5
U¥N
g¥H
vz

20Us133IY

WY e e
L= B I N -

R I B I R

A ¥ / WIV NI IINI1

ot -

.

ERr
0] pe e e - -

F & v o+ e e oa

.

e e e e e e IR B o e I o]

ALITIGVHHYLL H3AMUT

ZNFIAVINE-£*1
ARATAVING-Z 1
ANATAVdOHA

ENBINARI-T
ANAIOd TAHLIH-Z
ENIINE-Z~SUEI]
ANEINE~Z-BFD
ENALAE~T
ENAJO¥d

ANANLA

ANYOFIq-U

ANYNON-U

ANVID0-u

ANVIAEH-U
ANVINGTAHLARIC-E ‘T
ANVINTTARLANIO-Z 2
ANVINEZTAHLAN-E
ANVINZATAHIZW-Z
ANYXER-
ANVACUdTARLARIO-Z 2
ANYINTTAHLAN-Z
ANVINZI-U
ANVIOBITAHLAN-Z
INVLNE-U

ANVaoud

INVHLIE

ANVHIEN

LT
9z
L4

¥T
tZ
ZZ
1%
0T
b1
81

Lo B TR ST BN - o =)

YIVQ ALTTIEVHAVL

9 T19VL



43

4z

H¥N
gYN
g¥N
B¥YN

vz

s

nLs
B¥N
nLs
nis

NLS
vz
nLs
nrs
nLs
nLs

avN

EEROCREGR

£9¢

a8
808
£06
19

859

LEL
toL
£5L
1L

114
AY
814
£ES
1¢5
#t9

BLS

H¥N

gVN
avN
asa
as3

g¥N

cCoOoCoco oo

. . -
-

F ot O
.

L= =]
R g= - T N VRPN
—

£
v m

HOIXOIA HNHJAINS
IAIXOTa HOEHYD
RIDAXO

NFIOULIN

RODHY

NOZAN

WIITdH

JATHATNSIA NOHEVD
BEQIH4INS TANOEEYD
HUTXCOHOW NOHEYD
JATNVAD NIDOHAEH
VINOHNY

HITHATAS HADGEIAH
HILVM

Liclul: i pe:]

TOTHIANVHIZH
TONVHLEN

ANITRE-O
ENEZNAETARLA
ANANTOL
ANIZNAE

ANVEEHOTOADTAHLE
INVXEHOTIAD TARLEN
ANVXAROTOAD
IRVINAJOTIADTARLA
ANVINEAOTIADTAHLIN
INYINAAOTIRD

INAHLZ

119
139
1319
149
s

6%

a8y
44
9%
Sy
kd
£y
43
1%

oy
12

8E
iE
SE
SE

k3
£€E
4
183
o]
T4

8¢



& British Gas Corporation, 1986





