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A New Equation of State and Tables of Thermodynamic Properties for 
Methane Covering the Range from the Melting Line to 625 K 

at Pressures up to 1000 MPa3 
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This work reviews the data on thermodynamic properties of methane which were 
available up to the middle of 1991 and presents a new equation of state in the form 
of a fundamental equation explicitrin the Helmholtz free energy. A new strategy for 
optimizing the structure of empirical thermodynamic correlation equations was used 
to determine the functional form of the equation. The Helmholtz function contain­
ing 40 fitted coefficients was fitted to selected experimental data of the following 
properties: (a) thermal properties of the single phase (ppT) and (b) of the liquid­
vapor saturation curve (psP'p") including the Maxwell criterion, (c) speed of 
sound w, (d) isochoric heat capacity elf, ( e) isobaric heat capacity cp , (f) difference 
of enthalpy 6.h, and (g) second virial coefficient B. Independent equations are also 
included for the vapor pressure, the saturated liquid and vapor densities, the iso­
baric ideal gas heat capacity and the melting pressure as functions of temperature. 
Tables for the thermodynamic properties of methane from 90 K to 620 K for pres­
sures up to 1000 MPa are presented. For the density, uncertainties of ± 0.03% for 
pressures below 12 MPa and temperatures below 350 K and ± 0.03% to ± 0.15% 
for higher pressures and temperatures are estimated. For the speed of sound, the 
uncertainty ranges from ± 0.03% to ± 0.3% depending on temperature and pres­
sure. Heat capacities may be generally calculated within an uncertainty of ± 1 %. To 
verify the accuracy of the new formulation, the calculated property values are com­
pared with selected experimental results and existing equations of state for 
methane. 

The new equation of state corresponds to the new International Temperature 
Scale of 1990 (ITS-90) and is extrapolable up to pressures of 20000 MPa. 

Key words: correlation; data evaluation; equation of state; fundamental equation; methane; melting line; 
vapor-liquid coexistence curve; property table; thermal and caloric properties; metastable states. 
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Nomenclature 

Symbol Description 

a Adjustable coefficient 
A Specific Helmholtz energy 
B Second virial coefficient 
C Third virial coefficient 
C Adjustable coefficient 
cp Specific isobaric heat capacity 
Cv Specific isochoric heat capacity 
Co Specific heat capacity along the saturated 

liquid line 
g Specific Gibbs energy 
h Specific enthalpy 
Ahv Specific enthalpy of vaporization 
i ,j Serial numbers 
J Maximum value for the serial number j 
M Number of data, Molar mass 
m Serial number 
n Adjustable coefficient 
p Pressure 
s Specific entropy 
T Absolute temperature 

Adjustable coefficient 
u Specific internal energy, 

Adjustable coefficient (u = edT) 
w Speed of sound 
x Any thermodynamic property 
z Compression factor [z = p/(pRT)] 

Greek 

a,l3;y,~ Adjustable coefficients 
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')'W Precorrelated value for w data 
(_o( = cp/cv) 

A Difference in a quantity 
8 Reduced density (8 = pIPe) 
8t Isothermal throttling coefficient 
a Partial differential 
~p Precorrelated value for cp data 
o Adjustable coefficient 
ec Converted coefficient (0C = 01Te) 
{} Transformed temperature ({) = 1 - T ITe) 
j..t. Joule-Thomson coefficient 
p Mass density 
(T Standard deviation 
7 Inverse reduced temperature (T = TeIT) 
¢ Dimensionless Helmholtz energy [<I> = A/(RT)] 
x: Weighted sum of squares 

Superscripts 

Ideal gas property 
Residual 
Saturated liquid state 
Saturated vapor state 
Denotes a vector 

Subscripts 

b At the boiling point 
c At the critical point 
corr Corrected 
expt Experimental 
iJ Indices 
m Denotes the melting pressure, 

Index for experimental data 
nl Nonlinear 

Reference state 
oR Initial state values for the Hugoniot CUIve 

measurements 
opt Optimated 
orig Original 
s Denotes the vapor pressure on the liquid­

vapor saturation curve 
At the triple point 

(T Along the saturation curve 

Physical constants for methane 

M Molar mass M = (16.0428 ± 0.0013) g/mol, 
cf. Ref. 209 

Rm Molar gas constant 
Rm = (R31451 ± 0.00021) JJ(mol K), 
cf. Ref. 210 

R Specific gas constant 
R = Rm/M = 0.5182705 kJ/(kg K) 

Tc Critical temperature Tc = 190.564 K 
pc Critical pressure pc = 4.5922 MPa 
Pc Critical density pc = 162.66 kg/m3 

Tt Triple point temperature Tt = 90.6941 K 
Pt Triple point pressure Pt = 0.011696 MPa 
Tb Normal boiling point temperature 

Tb = 111.668 K 
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To Reference temperature To = 298.15 K 
po Reference pressure po = 0.101325 MPa 
h~ Reference enthalpy in the ideal gas state. at 

To h~ = 0 kJ/kg 
s~ Reference entropy in the ideal gas state at 

To and po s~ = 0 kJ/(kg K) 

1. Introduction 
1.1. Background 

Methane is the major component of natural gas. In this 
context knowledge of the thermodynamic properties of 
methane is required for the processes of liquefaction, 
separation, storage, pumping and transport of natural 
gas, etc. Moreover, methane serves as an important raw 
material for the production of hydrogen, alcohols and 
many other products of the chemical industry. Due to in­
creasing efforts in the optimization of chemical plants, it 
is necessary to provide accurate thermodynamic proper­
ties of methane. Furthermore, since methane is the first 
compound of the group of the alkanes, it is often referred 
to as a reference fluid. 

In 1978, the International Union of Pure and Applied 
Chemistry (IUPAC) published a monograph l which 
reviewed most of the experimental data available up to 
1976 and presented extensive tables of the thermal and 
caloric properties of methane derived from an equation 
of state. Since 1976, many investigations of the thermody­
namic properties of methane have been carried out. A 
comparison of the new experimental data2

-6 with existing 
equations of state1,7-16 shows that none of these equations 
is able to represent the new measurements within their 
experimental uncertainties, cf. Sec. 6. In addition to the 
increasing amount of experimental data, the correlation 
techniques have been significantly improved during the 
last decade. Up to now, none of the existing equations of 

state for methane has been optimized with respect to its 
structure. This means that the terms in these equations 
have been determined subjectively by experience or by 
trial and error. In 1989, Setzmann and Wagner18 

presented a new strategy for optimizing the structure of 
empirical thermodynamic correlation equations. Based 
on a comprehensive functional expression for the consid­
ered physical dependence, which is called a 'bank of 
terms', the new procedure optimizes the structure and 
the length of the equation simultaneously. The application 
of this optimization procedure results in an equation which 
meets the quality desired for representing the experimental 
data with the lowest number of fitted coefficients. In 
combination with this optimization method we used sev­
eral thermodynamic properties for the determination of 
the new fundamental equation. The use of more than one 
thermodynamic property is called 'multi-property fitting' 
which is the state-of-the-art procedure for establishing ef­
fective wide-range equations of state. This technique was 
extensively applied when establishing our new fundamen­
tal equation for methane. 

1.2. Prior Correlations of Methane Properties and 
Need for a New Correlation 

A comprehensive evaluation of methane data was 
reported by Angus et at.J in 1978. This IUP AC mono­
graph reviewed the experimental data of methane which 
had been published prior to 1976. Since 1976, and espe­
cially during the last five years, many state-of-the-art 
experiments on the determination of the thermodynamic 
properties of methane have been carried out. The 
steadily increasing amount of data stimulated many 
authors to develop correlation equations for methane. 
Table 1 summarizes the equations of state for methane 
which have been developed since 1970. All of these wide-

TABLE 1. Available correlations for methane 

Authors Year Temperature Pressure Structure of Number of Data used in 
range!K range/MPa the equation coefficients the correlation 

Bender' 1970 90.66-623 0-50 Extended BWRa 20 ppT,psp'p" 
Goodwin8 1974 90.68-500 0-50 Nonanalytic 23 ppT,p.p'p" 
McCarty9 1974 90.68-400 0-40 Extended BWR 32 ppT,psp'p",c lI 

Angus et aU (IUPAC) 197R 90.nR-£i2:1:i 0-1000 Extended BWR 32 ppT,Psp'p",c lI 

Sytchev et al. lo 1979 90.68-1000 0-100 Double power expansion 54 ppT,psp'p", 
in T and p B,C,cv 

Ely & Hanleyll 1981 90.68-500 0-260 Extended BWR 32 ppT,Psp'p",c lI 

Sievers & Scbulz12 1984 90.68-625 0-50 Extended BWR (Bender) 20 ppT.p.p'p",B 
Erickson & Leland13 1986 90.68-500 0-260 Damping function for 4+32 ppT,psp'p", 

the critical region in c",cP'w 
combination with the 
Eq. of Ely and Hanleyll 

Younglove & Ely14 1987 90.68-600 0-200 Modified BWR 32 
Kurumov et al.ls 1988 187-208 4.4-7 Revised and extended 12 ppT,w 

scaling law 
Friend et al.16 1989 91-600 0-100 Developed for oxygen 32 ppT,psp'p", 

by Schmidt and Wagner206 c",cP'w 

8Benedict-Webb-Rubin. 
bDetails on selected data will be given by Ely (to be published). 
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range equations of state are based mainly on the ppT 
data (pressure p, density p, temperature T) published by 
Goodwin and prydz,8.19 Dou~lin et al.,21) and Cheng.2J 

Recent experimental investigations of the p pT properties 
of methane measured by Kleinrahm and Wagner,2 
Kleinrahm et al.,3,4 Handel et al.,s Pieperbeck et al.,22 and 
Achte.rmann et al.23 indicMe. that the olc1er experiment~l 
values of Goodwin8

,19 show systematic deviations - up to 
0.2% in density - from the new state-of-the-art p pT data. 
Therefore, all equations of state, which have been devel­
oped up to now, contain errors at least of up to ± 0.2% 
in density in a wide range of temperatures and pressures. 

In 1988, Kurumov et al. Is published a revised and 
extended scaling law equation which represents the 
thermodynamic properties of methane in the critical 
region. This non analytic function represents most of the 
experimental data in the critical region within the 
estimated experimental uncertainties. It gives correct 
limiting behavior at the critical point (weak divergence of 
theisochoric heM c:lp:lcity C v anti the redprocR] speec1 of 
sound w -1 , etc.), but the scaled equation is valid only in 
a very small region around the critical point and the 
agreement with experimental data deteriorates very 
rapidly as soon as the equation is extrapolated outside 
the near-critical region. Because of its small range of 
validity and its mathematically complex structure, the 
scaled equation is not very convenient for engineering ap­
plications. For our correlation, we decided to retain a 
completely analytic form of the fundamental equation 
which guarantees a fast and convenient evaluation of the 
equation. It will be shown later that our new fundamen­
tal equation represents the experimental data in the 
critical region at least as well as the scaling law equa-' 
tion of Kurumov et al., IS although our equation cannot 
reproduce the limiting behavior when approaching the 
critical point. 

The most recent equation of state for methane was 
developed by :Friend et al. 1G in 1989. 

Each of the existing equations of state for methane has 
several of the following disadvantages: (a) not able to 
represent the nata within the experimental uncertainties, 
(b) only valid in a restricted temperature or pressure 
range, ( c) not able to represent the properties in the 
enlarged critical region, (d) a rather complicated struc­
ture, (e) not corresponding to the current International 
Temperature Scale of 1990 (ITS-90).24 Therefore, we 
developed a new equation of state which is capable of 
repre~enting the thermoc1yn~mic sl1rf~ce of meth~ne in 
the range from 90.69 K:s: T:s: 625 K at pressures up to 
1000 MPa within the uncertainty of the available data. 

, .3. Organization of the Paper 

In Sec. 2, we discuss the available experimental 
information on the thermal and caloric properties of 
methane in the fluid region, on the melting line, and on 
the liquid-vapor saturation curve. The selected data 
which were used to develop the new fundamental 
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equation, the auxiliary equations for the saturation line, 
and the melting pressure equation are discussed in this 
section. In addition to the fundamental equation, we de­
veloped supplementary equations for the vapor pressure 
ps, the saturated liquid density p', the saturated vapor 
density pIt, the melting pressure pm, and the ideal gas heat 
c~pacity c:which ~re given in Sec. 3. Section 4 contain~ a 
description of the techniques used when developing the 
fundamental equation (multi-property-fitting, optimiza­
tion procedure). The structure and the coefficients of the 
new Helmholtz function are presented in Sec. 5. Com­
parisons of properties calculated from the new equation 
of state for methane with the selected experimental data 
are given in Sec. 6. Finally, the uncertainties of the prop­
erties calculated with the new formulation are discussed 
and tables of the thermodynamic properties of methane 
are listed in the Appendix. 

2. Experimental Results 

A11 aV:lil~hle experimental information on the thermal 
and caloric properties, the triple point, the critical point, 
the normal boiling point, and the melting pressure has 
been reviewed in order to determine the most accurate 
data set for methane. Throughout this paper the word 
'data' is used to refer to experimental measurements. 

The literature review was based mainly on earlier data 
compilations of Angns et al.} Sytchev. et al.,10 anc1 Siever~ 
and Schulz.25 After our critical evaluation of all the data 
we concluded that the measurements before 1950 did not 
meet the present quality requirements. Therefore, this 
section includes all experimental investigations which 
have been carried out during the last· 40 years or older 
works which are of essential importance for the charac­
terization of the data situation of single properties. Ref­
erences of experimental results not mentioned can be 
found in Refs. 1, 10, 25 and in the work of Setzmann.26 

To condense the description of the data situation, the 
characteristic information on the single data sets is sum­
marized in the tables for the corresponding property. 
When the information could be found, these tables also 
cont~in v~l11e~ for the experimental11ncertaintie~ for such 
data which were used to establish the new equation of 
state or, at least, to check its quality by comparison with 
the corresponding data. Usually, these uncertainty values 
correspond to the values given by the experimentalists. 
Since we noticed, however, that a few authors had pub­
lished overly optimistic estimations of their experimental 
nncert~inties. we ~ometimes had to estimate more realis­
tic values of the corresponding experimental uncertain­
ties; these new uncertainty values which we ourselves 
changed are presented in parenthesis in the correspond­
ing tables. 

To simplify the evaluation process regarding the 
quality of the different data sets for the reader, for 
some properties the data have been classified into 
three groups. In these cases, the criterion for putting 
the single data sets into the corresponding group is 
clearly defined in these tables. 
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The new equation of state should correspond to the 
new International Temperature Scale of 1990 (ITS-90).24 
Therefore, all data which had been based on older tem­
perature scales (including IPTS-68) and which had been 
considered to be relevant for the development of the new 
equation of state or for any comparisons were converted 
to ITS-90. This means that all temperature values in this 
paperd c;orrespond to ITS-90. The conversion from 
IPTS-68 scale to ITS-90 scale was not carried out by 
interpolation within Table 6 of Ref. 24e but with a conver­
sion equation given in Table 1.6 of the Supplementary In­
formation for ITS-90.24a This conversion equation is 
accurate to within 1 mK above 273 K and 1.5 mK oelow 
273 K. In spite of this uncertainty, in some cases It was 
necessary to add an additional decimal to the converted 
temperatures in order to ensure that any recalculation 
from ITS-90 temperatures to the original IPTS-68, tem­
peratures produces the same figures as given in the orig­
inal source after rounding to the same number of 
decimals. 

2.1. Triple Point 

The triple point temperature and the triple point pres­
sure were measured by numerous workers. The most re­
cent sources of triple point data are listed in Table 2. The 
agreement between the results of Blanke,35 Bedford 
et al.,36 Pavese et al.,34;37 and Kleinrahm and Wagner2 is 
excellent. Based on our assessment of these works we se­
lected the following values for the temperature and pres­
sure of the triple poirit: 

Tt = (90.6941 ± 0.0025) K 
PI = (116.96 ± 0.02) X 102 Pa. (2.1) 

The uncertainty given for Tt includes an uncertainty in 
the temperature conversion of ± 0.0015 K. When taking 
into account the phase equilibrium condition, the solu­
tion of the new fundamental equation, Eq. (5.1), at 
90.6941 K yields a pressure of 116.96 x 102 Pa. The vapor 
pressure equation, Eq. (3.2), and the melting pressure 
equation, Eq. (3.7), have been constrained to the selected 
triple point parameters. 

2.2. Two-Phase Regions 
2.2.1. The Normal Boiling Point 

The temperature at which methane boils under a pres­
sure of 0.101325 MPa (1 atmosphere) has been measured 
extensively. Table 3 is n summary of reported experimen­
tal values for the boiling point temperature. The selected 
temperature from the work of Pavese et al.3O and Klein­
rahm and Wagner is 

Tb = (111.668 ± 0.0025) K, (2.2) 

dThe only exception are the ideal gas properties, obtained from statisti­
cal thermodynamics, which have been based on the universal thermo­
dynamic temperature scale. 

eln the temperature range considered here, the differences between 
ITS-90 and IPTS-68 range:! from + 14 mK to - 41 mK. 

TABLE 2. Summary of the experimental values for the triple point of 
methane3 

Source Year 

Lovejof7 1963 
Calado et al.2lI 1974 
Kidnay et al.29 1975 
Pavese et al.3O 1976 
Bonhoure & Pell03l 1978 
Inaba & MitsuP2 1978 
Bonhoure & Pell033 1980 
Pavese34 1981 
Blanke3S 1983 
Bhinke3s 1983 
Bedford et al.36 1984 
Pavese et al.37 1984 
Pavese et al.37 1984 
Kleinrahm & Wagner 1986 

T/K. 

90.6946 
90.6891 
90.6891 
90.6952 ± 0.0005 
9O.6952b 
90.6941 
90.6947b 

90.6947> 
90.6937 ± 0.00045<: 
90.6945 ± 0.00045b 

90.6945 ± 0.001 d 
90.69428 ± 0.00068<: 
90.69360 ± 0.OOO79b 

90.6941 ± 0.003 

p/(I02 Pa) 

116.9 
116.82 
116.96 ± 0.01 

116.96 ± 0.02 

116.96 ± 0.20 

3A11 temperatures were converted to ITS-90. In some cases it was 
necessary to give an additional figure when converting from IPTS-68 
to ITS-90. The uncertainties in the temperature values taken from the 
corresponding papers were not increased due to the uncertainty in the 
temperature conversion to ITS-90. 

IYfhe temperature of the triple point was originally determined on the 
IPTS-68 scale using the triple point of argon as the reference. 

c:'fhe measurement (IPTS-68 scale) of the triple point temperature of 
methane was based on the condensation point of oxygen. There is a 
systematic difference of 0.4 mK for measurements based on the the 
triple point of argon and those based upon the condensation point of 
oxygen. For details see Bedford et al.36 

dNo data; the value was selected by comparison of the existing mea­
surements and taking into account the quality requirements of the 
IPTS-68. 

TABLE 3. Summary of the experimental values for the normal boiling 
point of methane 

Source Year T/K. 

Olszewski38 1885 109.2 
Huntcc~Q 1906 110.2 
Henning & Stock40 1921 111.80 
Keyes et al.41 1922 111.53 
Young42 1928 111.5 
Brickwedde &. Scott43 1937 111.674:0.01 
Bloomer & Parent4S 1953 111.71 
Timrot & Pavlovich46 1959 111.77 
Clusius et al.47 1960 111.680 
Hestermann & White48 1961 111.43 
Lovejoy27 1963 111.6653 
Pavese et al.3O 1976 111.6679±O.001 
Kleinrahm & Wagner:! 1986 111.6675 ± 0.003 

where the uncertainty corresponds to the value given by 
Pavese et al. 30 (± 0.001 K) including the uncertainty of 
the temperature conversion (± 0.0015 K). 

When taking into account the phase equilibrium condi­
tion, the solution of the new fundamental equation for 
0.101325 MPa yields a temperature of 111.667 K. The va­
por-pressure equation, Eq. (3.2), has been constrained to 
the selected temperature of the normal boiling point. 
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2.2.2. Critical Point 

The results of recent determinations of the critical 
point parameters of methane are given in Table 4. Sum­
maries of earlier investigations concerned with the criti­
cal temperature Tc, the critical density Pc. and the critical 
pressure pc are given by Armstrong et al. 44 and Sytchev 
et al. 10 In 1984, Kleinrahm and Wagner2,82 described the 
development and the construction of a new apparatus to 
obtain accurate measurements of the saturated liquid 
and vapor densities of pure fluids together with the vapor 
pressure along the whole coexistence curve. The authors 
presented new experimental results for the saturation 
densities and the vapor pressure of methane and ex­
tracted the critical point parameters given in Table 4 
from their measurements. We took over their values with 
twu c;x\,,;c;pliun:s. The uncertainty in Tc was enlarged due to 
the uncertainty in the temperature conversion to ITS-90. 
The enlargement of the uncertainty in Pc was based on 
our experience with the evaluation of our recent p pT 
measurements on carbon dioxide,57a,57b where the 
parameters of the critical point were also extracted from 
the experimental densities of the saturated liquid and va­
por. 

Tc = (190.564 ± 0.012) K 
Pc = (4.5922 ± 0.002) MPa (2.3) 
Pc = (162.66 ± 0.2) kglm3 

TABLE 4. Summary of the experimental values for the critical point of 
m~th~np. 

Source Year TdK pdMPa pJ(kglm3
) 

Bloomer & Parent45 1953 190.593 4.6072 162.50 
Vennix49,50,51 1966 190.8 4.6265 162.50 
Grigor & SteeleS2 1968 190.8 4.62 162.60 
Ricci & Scafe53 1969 190.6 166.00 
Jansoone et al.54 1970 190.563 4.5947 162.80 
Goodwin55 1973 190.543 163.64 
Gielen et al.56 1973 190.568 4.5955 159.59 
Olson57 1975 163.0 
KIeinrahm & Wagner2 1986 190.5640 4.5992 162.66 

±O.O1 ±O.OO2 ±O.O5 

The values for the critical parameters given by Kleinrahm 
and Wagne~ were confirmed by Kurumov et al.15 in 1988. 
Kurumov et a1. presented a revised and extended scaling 
law equation for methane. When determining the con­
stants of their scaled equation of state. it was possible to 
treat the critical parameters as adjustable parameters. 
Since, however, a refit of the critical parameters led to 
values which were in very good agreement with the values 
given vy Kkinrahm and Wagner? Kurumov ec at.IS also 
accepted the critical parameters given in Eq. (2.3) for 
their equation. 

2.2.3. Melting Curve 

There are 11 sets of measurements of the pressure­
temperature relationship along the melting curve. 
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Table 5 summarizes the information on the available data 
sets which are classified into three groups. Group 1 cov­
ers the data having the smallest experimental uncertainty. 
Group 2 comprises data which do not differ by more than 
3% from the values of Group 1. Group 3 includes data 
which have larger systematic deviations from Group 1 
and Group 2 data which form the selected data. Table 6 
reports the uncertainties of the selected data used to es­
tablish the melting pressure equation, Eq. (3.7). 

TABLE 5. Summary of the experimental values for the melting pressures 
of methane 

Source 

Freeth & VerschoyleS8 

Clu:siu:s & Wt:igilIlI.JSIl 

Stryland et ai/tO 
Reeves et al.61 

Grace & Kennedy62 
Nunes Da Ponte & Staveley63 
Cheng21 

Prydz & Goodwin64 

Cheng et al.65 

Hazen et al.66 
Wieldraaijer et al.67 

Kortbeek et al.68 

Year Number Temperature Group 
of data range T/K 

1931 7 90.7-91.9 3 
1940 18 90.7-94.6 1 
1960 8 110.5-146.4 3 
1964 1 262.5 3 
1967 7a 210-390 3 
1976 4 110-120 2 
1972 7 111.2-261 1 
1972 13 91-96 1 
1975 8b 

1980 1 293.15 3 
1983 2c 342-367 2 
1986 5c 148-248 2 

aSince the experimental results were only published in graphical form, 
it is difficult to classify the data. 

bJ'hese data are identical with the data of Cheng; the additional point, 
the triple point pressure, is an extrapolated value. 

'The experimental results were only published in graphical form. Their 
numerical values were communicated to us by Kortbeek.'19 

TABLE 6. Selected melting pressure data 

Source Year Uncertainties 
3uT/mK 3up 

Clusius & Weigand59 1940 20 0.OO5...Q.01 MPa 
Nunc:5 Da ronte & StaveleY;~ 1976 0.1 MPa 
Cheng21 1972 0.5 MPa 
Prydz & Goodwin64 1972 6 0.4 x 1O-3p 
Wieldraaijer et al.67 1983 500 3 X 1O-2pB 

Kortbeek et 01.68,69 1986 30 10 MPa 

aEstimated 

2.2.4. Liquid-Vapor Saturation Curve 

Based on a detailed investigation of existing data along 
the saturation curve we concluded that the measure­
ments of Kleinrahm and Wagner2 represent the phase 
boundary of methane more accurately than previous 
measurements. Thus, new correlation equations for the 
vapor pressure ps, the saturated liquid density p', and the 
saturated vapor density p", given in Sec. 3, have been es­
tablished based only on the results of Kleinrahm and 
Wagner. Friend et al. 16 of the National Institute of Stan­
dards and Technology (NIST), who developed an equa­
tion of state for methane in 1989, came to the same 
conclusion. They strongly emphasized the use of the data 
of Kleinrahm and Wagner when establishing their corre­
lation equations for the vapor-liquid phase boundary. 
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2.2.4.1. Vapor Pressure 

The vapor pressure of methane has been measured ex­
tensively from the triple point to the critical point; within 
the last 100 years, more than 30 data sets have been pub­
lished. The most recent determinations of the vapor pres­
sure are given in Table 7. Since the residual part of the 
fundamental equation, Eq. (5.3), and the vapor pressure 
equation, Eq. (3.2), are based on the experimental vapor 
pressures of Kleinrahm and Wagner? only thi:s data :set 
was assigned to form the Group 1 data. Group 2 data 
contain experimental results which do not differ by more 
than ± 0.3% in pressure from the values of Grour;"1. The 
third group includes data which differ considerably in a 
systematic way from the selected data. A detailed com­
parison of the selected data set for the phase boundary 
with mea:surements of other experimentalists was. previ­
ously given by Kleinrahm and Wagner in Ref. 2. Figure 1 
illustrates the percentage deviations of the Group 1 and 
Group 2 data from values calculated from the vapor pres­
sure equation, Eq. (3.2). This comparison shows that the 
Group 2 data are clearly outside the total experimental 
uncertainties of Kleinrahm and Wagner's vapor pres­
sures; the numerical values of these uncertainties are 
given in Ref. 2. Kleinrahm and Wagner2 discussed that 
the effect of impurities on the vapor pressure may explain 
the disagreement between the data sets. 

TABLE 7. Summary of the experimental values for the vapor pressure of 
methane 

Source Year Number Temperature Group 
of data range T/K 

Bloomer & Parent45 1953 20 105-190.5 3 
Armstrong el al.44 1955 878 90.6-112 2 
Hestermans & White48 1961 18 109-190 3 
Van Itterbeek et al.7o 1963 22 123-189 3 
Van ltterbeek et al.71 1964 38 112-189 3 
Cutler & Morrison 72 1965 15 93~108 3 
Van DaeF3 1965 13 140-188 3 
Grigor74 1966 38 93-190 3 
Vennix et al.'5 1970 32 134-190.5 3 
J ansoone et al.54,56 1970 7 189-190.5 2 
DeVaneyetal.76 1971 9 124-190 3 
Liu & Miller" 1972 9 91-120 3 
Pope7S 1972 13 132-190.5 2 
Prydz & Goodwin64 1972 105 91-190.5 2 
Calado et al.2Jl 1974 2 116-135 2 
Douglas et a1.79 1974 31 144-190 3 
0lson57 1975 6 169-190 2 
Gammon & Douslin80 1976 47 113-190.5 2 
C3Jado & Soares1u 1977 2 104-116 3 
Kleinrahm & Wagner2 1986 161 90.7-190.5 1 

aThe reference only contains smoothed data; the original experimental 
values were published by Angus etal. in the IUPAC monograph on 
methane.! 

2.2.4.2. Saturated Liquid Density 

The saturated liquid density has been investigated 
extensively over the entire temperature range. Table 8 
summa:rizes the information on these data sets. Since the 

experimental uncertainties of the saturated liquid 
densities of Kleinrahm and Wagne~ are clearly less than 
the uncertainties of the p' data of other authors, we de­
cided to use only the 54 data points published by Klein­
rahm and Wagner2 for the establishment of our equation 
of state. These p' values form the Group 1 data. All data 
sets which agree within the combined experimental un­
certainties with the data of Kleinrahmand Wagner are 
considered to belong to the Group 2 data. All the other 
available saturated liquid density data deviate systemati­
cally from the selected data and are placed in Group 3. 
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FIG. 1. Percentage deviation f¥Js = (p •. expt - Ps.c:aJc:)IP •• expt of experi­
mental vapor pressure data from values calculated from the 
vapor pressure equation, Eq. (3.2). The plotted uncertainty 
range corresponds to the data of Kleinrahm and Wagner.2 

TABLE 8. Summary of the experimental values for saturated liquid 
density of methane 

Source Year Number Temperature Group 
of data range T/K 

Cardos083 1915 8 165-189 3 
Keyes etal.41 1922 46 101-191 3 
Bloomer & Parent4S 1952 12 124-191 3 
Fuks et ale ss 1965 16 98-112 3 
Vennjx49 1965 12 139-191 3 
Davenport et ale K6 1966 20 115-154 3 
Grigor2.74 1966 24 95-190 3 
Sinor & KurataS7 1966 6 93-188 3 
Klosek & McKinleyK8 1968 8 94-133 2 
Shana'a & Canfield89 1968 1 108 3 
Jensen & Kurata90 1969 5 93-113 3 
Ricci & ScafeS3 1969 6 185-190 3 
Terry et al.91 1969 25 92-151 3 
Jansoone et a/.54,56 1970 12 187-191 3 
Vennix et al.7

:3 1970 15 139-190 3 
Goodwin & Prydz19 1972 19 93-175 2 
Lui & Miller" 1972 9 91-120 3 
VerbekeK4 1973 5 190-191 3 
Rodosevich & MiIler92 1973 4 91-115 2 
Goodwins 1974 18 ·130-188 2 
Orrit & OIives93 1974 20 99-159 2-3 
Olson57 1975 31 90-191 2 
McClune94 1976 12 93~123 2 
Orrit & Laupretre9S 1976 10 99-159 2-3 
Haynes & Hiza96 1977 11 105-160 2 
Kleinrahm & Wagner2 1986 54 60-191 
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Figure 2 illustrates the deviation of the data sets of 
Group 2 from the experimental values of Kleinrahm and 
Wagner.2 This comparison shows that the Group 2 data 
are clearly outside the total experimental uncertainties of 
Kleinrahm and Wagner's saturated liquid densities; the 
numerical values of these uncertainties are given in 
Ref. 2. 

O.2~--------------------------------~ 

y 
a. 0.1 Y Y Y ~~ ~ ~ :'ill. '7f' ){4'){ ~ 1<:: ){~ 
<J -X'~~~M'\l;:f"t":f >l', 'l" '?' , * 

r./·~ <;>OilZ!"ir/~/ / ./ ./ / ./ / / ./ / ./././ / / ././ ~ 
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lIE Kleinrahm & Wagner': 
o Klosek & McKinleyas 
+ Goodwin & Prydz 19 

(!J Radosevich & Miller·2 

II McClune s, 
.ll.: 01sons7 

y Haynes & Hiza,6 

FIG. 2. Percentage deviation Ap' = (P~xpi - P~alc)/P~xpi of experimental 
saturated liquid density data from values calculated from the 
saturated liquid density equation, Eq. (3.4). The plotted uncer­
tainty range corresponds to the data of KIeinrahm and 
Wagner.2 

2.2.4.3. Saturated Vapor Density 

Because of experimental difficulties, especially in the 
low density region, measurements of the saturated vapor 
density of methane are, with the exception of the data of 
Kleinrahm and Wagner,2 generally poor. Since the avail­
able data were extensively discussed by Kleinrahm and 
Wagner in different papers,2.82 Table 9 presents only a 
summary of the information on the data sets of the satu­
rated vapor density for methane. Thus, we considered us­
ing only the Kleinrahm and Wagner p" values, which form 
the Group 1 data, for the development of the new equa­
tion of state. All the other p" data which are far outside 
the experimental uncertainty of Kleinrahm and Wagner's 
data (see Fig. 4 in Ref. 2) are considered to belong to 
Group 2-3 and Group 3, respectively. 

TABLE 9. Summary of the experimental values for saturated vapor 
density of methane 

Source Year Number Temperature Group 
of data range T/K 

Cardos083 1915 8 165-189 3 
Bloomer & Parent45 1953 13 124-165 2-3 
Ricci & Scafe53 1969 6 185-190 2-3 
Jansoone et al.54•56 1970 6 189-191 2-3 
Verbeke84 1973 5 190-191 2-3 
GoodwinH 1974 42 169-189 2-3 
0lson57 1975 14 160-191 2-3 
Kleinrahm & Wagner2 1986 65 91-191 1 
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To take into account the phase equilibrium condition 
[Maxwell criterion, see Eqs. (4.9) to (4.11)] for fitting the 
new fundamental equation, a set of vapor pressures ps, 
saturated liquid densities p', and saturated vapor densi­
ties p" must be available covering the whole saturation 
curve with temperature steps not greater than 1 K. Since 
the experimental ps, p', and p" data are not measured in 
such small steps, the required data have to be calculated 
for temperatures from the triple point to the critical point 
using independent equations for the vapor pressure and 
the saturation densities. At the beginning of the develop­
ment of the new fundamental equation for methane we 
used the correlation equations for these properties given 
by Kleinrahm and Wagner.2 Later calculations, however, 
have shown that it was impossible to produce 'reasonable' 
plots of the various thermodynamic properties in the ho­
mogeneous gas region for temperatures T ~ 120 K with 
an equation of state developed with p" values calculated 
from Eq. (13) of Ref. 2. The uncertainty of the experi­
mental p" data and, consequently, the uncertainty of the 
derived correlation equation published by Kleinrahm and 
Wagner increases to about ± 0.8% at the triple point. 
Therefore, small inconsistencies between the data in the 
triple point region were not unexpected. For the purpose 
ot checking the values calculated from the saturated va­
por density equation of KIeinrahm and Wagner, we cal­
culated second virial coefficients from their saturated 
vapor density and vapor pressure equations. The com­
pressibility factor z [z = pl{pRT)] of a gas can be ex­
pressed by a power series in density. The gas density of 
methane at temperatures below 120 K can be repre­
sented using the following truncated virial equation 

z = p/(pRT) = 1 + B (T)p. (2.4) 

By rearranging Eq. (2.4) we get 

B = p/(p2RT) - lip. (2.5) 

By introducing values for the saturated vapor density p" 
and the vapor pressure ps calculated from the equations 
given by Kleinrahm and Wagner,2 one obtains second 
virial coefficients B for given temperatures T. Figure 3 
shows that the second virial coefficient, calculated using 
the procedure desribed above, behaves in a physically ab­
surd way (increasing second virial coefficients for de­
creasing temperatures) in the triple point region. The 
additional values of the second virial coefficients in 
Fig. 3. which were calculated by using the experimental 
saturated vapor densities, indicate that the uncertainties 
(up to ± 0.8%) of the p" data do not allow the calculation 
of reliable second virial coefficients at temperatures be­
low 120 K. In an iterative process [(a) optimization of the 
fundamental equation using saturated vapor densities 
from a preliminary correlation equation for p", (b) calcu­
lation of the saturated vapor densities from the funda­
mental equation using the phase equilibrium condition, 
(c) establishment of a new correlation equation for p" us­
ing the values calculated from the fundamental equation] 
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we obtained saturated vapor densities which are 
considered to be much more reliable than those calcu­
lated from the original saturated vapor density equation 
of Kleinrahm and Wagner.2 The final values for the satu­
rated vapor densities at temperatures below 120 K are 
given in Table 10. These revised p" values are clearly 
within the experimental uncertainty given for the origi­
nally measured saturated vapor densities; see Fig. 4. 
Table 11 presents the uncertainties estimated for the 
original saturated vapor densities of Kleinrahm and Wag­
ner for T > 120 K and for the saturated vapor densities 
calculated by using the procedure desribed above for 
T:s::; 120 K. The uncertainties given for the revised p" val­
ues correspond to maximum shifts of p" which would not 

TABLE to. Calculated saturated vapor densities p" for temperatures 
T ~ 120 K 

T/K T/K 
> -500 

p"/(kglm3) p"/(kglm3) 

"'0 90.6941 0.25074 91 

c: * ru -550u---------~------~--~~--~------~------~ 
92 0.29197 93 

90 100 110 120 130 140 150 

Temperature / K 
* Kleinrahm & Wagner2 (calc.) 

-- Eq. (2.5) _ •• _ .. - IUPACI 

FIG. 3. Second virial coefficients of methane calculated from Eq. (2.5) 
when the vapor pressure and the saturated vapor density equa~ 
tion published by Kleinrabm and Wagner2 is used. The B val~ 
ues calculated from the 1UP AC equation l are plotted' for 
comparison. 

94 
96 
98 

100 
102 
104 
106 
108 
110 
112 
114 
116 
118 
120 

0.36530 95 
0.45238 97 
0.55488 99 
0.67457 101 
0.81329 103 
0.97298 105 
1.15562 107 
1.36332 109 
1.59821 111 
1.86254 113 
2.15862 115 
2.48885 117 
2.85573 119 
3.26185 

a . 2 ~----~~'------------------------------------------------------------------7r~ 

= Q 

<l 
x 

o 
o 
~ 

Unc er ta.i nty 

* Kleinrahm & Wagner 2 

<!> calc. values (Tab. iO) 

-0.2~---~~~----~-----------~------------~----------------~----~ 
T t 100 T b 120 140 160 180 

Temperature TIK 
FIG. 4. Percentage deviation Ap" = (p~t - P~k)lP~t of experimental saturated vapor density data of KIeinrahm and 

Wagner2 and of the data listed in Table 10 from values calculated from the saturated vapor density equation, 
Eq. (3.5). The uncertainty range plotted by solid lines corresponds to the original values of KIeinrahm and 
Wagner.2 The uncertainty range plotted by dotted lines corresponds to the uncertainties estimated for the 
calculated values of Table 10. 

0.25996 
0.32702 
0.40702 
0.50159 
0.61246 
0.74143 
0.89039 
1.06130 
1.25621 
1.47722 
1.72655 
2.00646 
2.31931 
2.66755 
3.05372 
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TABLE 11. Total experimental uncertainties of the saturated vapor 
densities (T > 120 K) published by Kleinrahm and Wagner2 
and of the calculated densities (T ~ 120 K, see text) 

Temperature T /K 

90.694 
100.000 
120.000 
140.000 
160.000 
180.000 
189.000 
190.000 
190.313 
190.543 

Uncertainty 
(2aplp) x 100 

0.050 
0.045 
0.033 
0.025 
0.024 
0.027 
0.062 
0.130 
0.313 
1.91 

quite produce an absurd behavior of the equation of state 
in the gas region for T:S; 120 K when these shifted pIt val­
ues were used for establishing the equation. The uncer­
tainties estimated for the revised pIt values are also shown 
in Fig. 4. 

The physically incorrect behavior of the second virial 

coefficient calculated from the original equations for the 
saturated vapor density and the vapor pressure is caused 
by the correlation equation for p" and not by the vapor 
pressure equation. The vapor pressure equation was con­
strained at the triple point and the normal boiling point 
which means that two of the four fitted coefficients were 
fixed. Since the remaining two coefficients were deter­
mined by fitting the equation to the whole vapor pressure 
curve, this equation does not have the degree of freedom 
to produce a basically wrong course between the triple 
point and the normal boiling point. Thus, there is no rea­
son why the vapor pressure equation might be so incor­
rect as to produce these wrong B values. 

As a result of our detailed investigation of the satu­
rated vapor densities we have developed a new correla­
tion equation for this property, see Sec. 3.3. 

2.2.4.4. Enthalpy of Vaporization 

There are only four sets of data of the enthalpy of 
vaporization. The data of Hestermans and White48 de­
pend on the knowledge of values for the saturated liquid 

and vapor density. The authors used values for these 
quantities which were published by Bloomer and Parent4S 

and Matthews and Hurd.48a These data sets are not con­
sistent with the data published by Kleinrahm and Wag­
ner2 for the saturation densities. Therefore, the values of 
Hestermans and White48 have to be considered to be less 
reliable. Jones et al.98 used methane with a purity of the 
sample of only 99.45 mol%. The characteristics of the 
four data sets, which were not used to establish the new 
equation of state, are summarized in Table 12. 

2.2.4.5. Heat Capacity 

There are only a few laboratories which have published 
experimental measurements of heat capacities in the 
saturation state. The experimental data of the heat 
capacity along the saturated liquid curve Cu and of the 
heat capacity c; are summarized in Table 13. However, 
these data were not used for the development of the new 
equation of state. 

2.2.4.6. Speed of Sound 

A list of experimental studies concerned with the speed 
of sound of the saturated liquid and vapor is given in 
Table 14. The data sets which were used for the develop­
ment of the new fundamental equation are characterized 
by a number which differs from zero in the column 'se­
lected data points' of Table 14. The difference between 
the number of data points of a data set and the number 
of selected data points of this data set is based on the fact 
that we either rejected abundant data or that there were 
obviously misprints in the publication. The speed of 
sound measurements of Gammon and DouslinBO were 
performed close to the phase boundary. All data points of 
their publication for which the measured pressure differs 
by more than 0.002 MPa from the vapor pressure [calcu­
lated from Eq. (3.2)] at the measured temperature were 
not included in Table 14. 

2.3. Single-Phase Region 

2.3.1. Thermal Properties 

The temperature and pressure dependence of the den­
sity of methane has been investigated in more than 50 pa­
pers. A detailed description of the quality of the available 

TABLE 12. Summary of the experimental data for the enthalpy of vaporization 

Source Year Number 
of data 

Frank & Clusius97 1939 1 
Hestermans & White48 1961 10 
Jones et al.98 1963 20 
Colwell et al:~ 1964 1 

J. Phys. Chern. Ref. Data, Vol. 20, No.6, 1991 

Temperature 
range T/K 

99.54 
111-185 
99-189 
100 

Uncertainty 

3atJ/,y 0.5 JIg 

1.3 JIg 

Purity 
of sample 

99.96 mol% 
99.45 mol% 

99.98 mol% 
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TABLE 13. Summary of the experimental data for the heat capacity on 
the saturated liquid line 

Source Year Number Temperature Property 
of data range T /K 

Eucken & Karwat100 1924 7 96-109 c' p 

ClusiuslOl 1929 6 95-105 c" 
Wiebe & Brevoort102 1930 20 97-188 c" 
Hestermans und White48 1961 9 115-188 c" 
Cutler and Morrison 72 1965 5 94-107 c~ 
Younglove lU3 1974 66 95-187 c" 
Roder104 1976 3 116-122 c" 

data was presented by Angus et al.,1 Sytchev' et al., 10 

Tester,110 as well as by Sievers and Schulz.25 As a result of 
. recent experimental investigations of Kleinrahm et al.,3,4 

Achtermann et al.,23,H1J and Morris,1l4,llS we had to revise 
the assessment of the data situation given in the prior in­
vestigations mentioned above; details were discussed by 
Setzmann.26 

One of the most important results of our investigations 
for assembling a selected p pT data set was the fact that 
Goodwin's p pT data8

,19 were not consistent with the ex­
perimental saturated liquid densities p' of Kleinrahm and 
Wagner.2 If we had used these two data sets together in 
the selected data, it would not hc;lve been possible to es­
tablish an equation of state which showed a smooth be­
havior of the derivatives near the saturated liquid line. 
On the other hand, we had to use Goodwin's data for the 
development of the new equation of state because these 
values had been the only good p pT data in the liquid re­
gion up to that time (1988). Therefore, we tried to find 
the reason for the assumed errors in Goodwin's data but 
we could not find any hint in the corresponding papers.8

,19 

Based on the order of the difference between the p I data 
of Ref. 2 and the p' values extrapolated from Goodwin's 
p pT data for p < pc it was unlikely that the reason for the 
difference was an error in the temperature or pressure 
measurement. Consequently, we assumed an error in the 
density values. Thus, we concluded to 'correct' 
Goodwin's densities by the same correction for all values 
on the same isochore but by different corrections from 
isochore to isochore. For p > pc, the corrections Ap were 

determined by comparison of the p' values extrapolated 
from Goodwin's isochoric p pT values8

,19 with Kleinrahm 
and Wagner's2 p' values and, for p < pc, by the compari­
son of Goodwin'sppT data8

,19 with the vel)' reliableppT 
data of Kleinrahm et al.\ Schamp et al. l11 and Roe.1l2 The 
numerical values of these corrections are listed in 
Table 15 for the most characteristic isochores; the maxi­
mum correction obtained in this way amounts to 0.14%. 

Since we had, of course, our doubts as to whether these 
corrections were objectively reasonable we initiated new 
p pT measurements in our group carried out by Handel 
et al.s for pressures up to 8 MPa (pressure limit of the 
apparatus) with the densitometer based on our 'Two­
Sinker' buoyancy method.2 Figure 5 shows the compari­
son of Goodwin's original and corrected data with the 
new p pT measurements of Handel et al.5 and, for the 
300 K isotherm, with recent data of other authors as welL 
These comparisons illustrate that Goodwin's corrected 
data agree well with recent experiments. This fact con­
firms that the corrections of Goodwin's p pT data were 
not unreasonable. Thus, Goodwin's original p pT data8

,19 

probably contain systematic errors of up to 0.2% in den­
sity which is about two times greater than the uncertainty 
estimated by Goodwin himself. 

In the course of the development of the new equation 
of state it became apparent again that Goodwin's cor­
rected data are the only acceptable ppT data set for the 
liquid region at higher pressures. Only the use of these 
corrected data allows a good representation of the caloric 

TABLE 15. Density corrections Ap (Peon = porig-Ap) for selected 
pseudo-isochores published by Goodwin8•19 

Isochore p/(kglm3
) 

480 
433 
393 
340 
290 
160 
93 
47 

Correction Ap 

0.4 X 1O-3Porig 
0.5 X 1O-3Porig 
0.7 X 1O-3porig 
0.9 X lO-J Porig 
0.9 X 1O-3porig 
1.2 x 1O-3Porig 
1.4 X 10-3Porig 
0.6x 10-3porig 

TABLE 14. Summary of the experimental data for the speed of sound on the saturated liquid and vapor line 

Source Year 
total 

Van Itterbeek & Verhagen105 1949 6 
Van Dael et aU3 1965 28 
Blagoi et al.106 1967 26 
Stratyl07 1974 30 

Stratyl08 1975 3 
Stratyl08 1975 3 
Gammon & Douslinso 1976 28 

Gammon & Douslin80 1976 27 

Number of data 
selected 

26 

28 

3 

25 

16 

Property 

w' 
w' 
w' 
w' 

w' 
w" 
w' 

w" 

Uncertainty 

3aw = 1.0 x 1O-2w 
3aw = 0.1 x 1O-2w 
3aw = 3-5 mts 
3aw = 0.1 x 1O-2w 
3aT = 5-30 mK 
3aw = 0.5 x 1O-2w 
3aw = 0.5 x 10'"2w 
3aw = (0.01-1) x 10-2w 

3aT = 1mK 
3aw = (0.01-1) x 1O-2w 

3aT = 1 mK 
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FIG. 5. Percentage deviation of the original and the corrected p pT data of Goodwin8,19 from values calculated from 
the fundamental equation, Eq. (5.3). For the experimental uncertainties see Table 16. 

data, especially the speed of sound measurements, in this 
region. Since, however, all equations of state which have 
been developed during the last 16 years were fitted to 
Goodwin's original data, they have to differ substantially 
from our new equation of state, see Sec. 6. 

The selected p pT data sets which correspond to 
Group 1 data to which the new equation of state has been 
fitted are summarized in Table 16. Figure 6 shows the 
distribution of the selected data in a pT diagram. Not all 
of the selected data points are presented in Figure 6 

J. Phys. Chern. Ref. Data, Vol. 20, No.6, 1991 

because the representation of all data points in the 
critical region and in regions where several data sets 
overlap each other would have made the plot too 
crowded. 

All experiments not mentioned in Table 16 are pre­
sented and classified in Table 17. Group 2 contains p pT 
data which differ from the Group 1 data by more than 
their uncertainty given in Table 16. All the other avail­
able data deviate considerably from the Group 1 date and 
are only of historical interest. 
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Table 16. Summary o~ selectedppT data for methane (Group 1 data) 

Source Year Number of data Temperature Pressure Purity of Uncertaintf 
total selected range TIK rangep/MPa sample/mol% 3a:r/mK 3up 3ap 

Schamp et al.111 1958 118 118 273-423 1.8-26 99.99 10 3XI0-sp (2x 10-4p) 
Douslin et al.20 1964 374 220 273-623 1.6-38 99.994 1 3xlO-~ (3 - 20) x 1O-4p 
Pope78 1972 140 134 126-191 0.1-4.7 99.995 10 1 x 1O--p (3 - 6) x 1O-4p 
RoeH2 1972 82 70 155-291 0.3-10 99.99 5 8x 10-"p «2-5) x 10-4p) 
G&tlwin8,19 1972 554 232 91-300 0.3-35 99.97 «S-30)xlO-4p) 
Trappeniers et 01.113 1979 472 468 273-423 2-260 99.995 3 1 x 1O--p (5 x 1O-4p) 
Morris114,11S 1984 235 235 253-423 130-690 99.99 (5 x 10-4p) 
Mollerup116 1985 51 51 310 0.2-72 99.995 30 1 x 1O-3p 

Achtermann et al.109 1986 35 35 323.14 1.1-29 (2x 10-4p) 
Kleinrahm et al.3 1986 206 206 1'80-193 3:2-6.7 99.9995 3 7x 10-sp 2x 1O-4p 
laeschke & Hinzell7 1991 605 304 269-353 0.3-30 5x 10-4p 

Kleinrahm et al.4 1988 169 169 273-323 0.1-8 99.9995 3 7x lO-sp 2x10-4p 
Achtermann et al.23 1991 654 218b 273-373 1-34 4xlO-4p 
mindel et al.s 1991 270 270 1()0.J26O 0.1-8 99.9995 3 7xlO-sp 2xl0-4p 
Kortbeek &, Schouten118 1989 18 18 298.15 1501000 (1x 1O-3p) 

Pieperbeck et al.22 1990 175 175 273-323 0.1-12 99.9995 5 7xlO-sp 2x 10-
4
" 

aUncertainty values given in brackets were estimated by ourselves. 
b'fo have a reasonable relation to the data of other authors in this region. only every thirdppT data wali lllied_ 

2_!t_2. Vlrl&1 COAfflelAnt. 

There are many reported values for the second virial 
coefficient in the literature. Figure 7 shows the compari­
son between values predicted by the new fundamental 
equation, Eq. (5.3), and experimental results for the sec­
ond virial coefficient. Table 18 lists the temperature 
range, the number of data, and the uncertainty of the ex­
perimental values of the selected second viria] coeffi­
cients. These selected data agree closely with each other 
and form the Group 1 data which were used to establish 
the new equation of state. All selected viria1 coefficients 
were derived from p pT measurements except for those of 
Lemming1S1 which originated from speed of sound mea­
surements. In contrast to the selected data, all the other 
second virial coefficients show significant deviations from 
the Group 1 data and are placed in Group 2 and 3 of 
Table 19. The Group 2 data consist of virial coefficients 
which differ from the Group 1 data by more than their 
uncertainty given in Table 18. All the other data which 
clearly deviate from the Group 1 data are put into 
Group 3. 

2.3.3. Difference of Enthalpy 

The literature sources which deal with enthalpy mea­
surements are summarized in Table 20. The data sets of 
measurements of enthalpy differences Ah = h (Tl,Pl) -
h (T2,P2) which were used to establish the new equation 
of state are marked as selected data in Table 20. The val­
ues given by Ayber167 and Dawe and Snowdon169 were 
derived from their measurements of the integral Joule­
Thomson coefficient. Jones et al.98 measured isobaric 
heat capacities and presented the results as smoothed 
and interpolated isobaric heat capacities. The authors in-

eluded a table of e:rithalpy values in their publication. In­
stead of using the enthalpy data given by Jones et al.,98 we 
decided to fit our equation directly to the isobaric heat 
capacities. The additional inclusion of the enthalpy data 
did not improve the representation of this data set. It 
should be stressed that Jones et al.98 used methane con­
taining 0.45 mol% impurities. 

2~3.4. Isobaric Heat Capacity 

Isobaric heat capacity data have been measured by six 
laboratories. Figure 8 shows the distribution of the se­
lected data on pT coordinates. The available experimen­
tal data sets are summarized in Table 21. Since we could 
not find any uncertainty estimation in these papers we es­
timated the uncertainty of these data to be about ± 2%. 
This estimation is based on our critical review of the iso­
baric heat capacity data and conSistency tests with other 
thermodynamic properties. The selected data were used 
to develop the new equation of state. 

2.3.5. Isochorlc Heat Capacity 

There are three sets of experimental isochoric heat ca­
pacity measurements which are summarized in Table 22. 
Most of the data points were published by Younglove103 

in 1974. In 1976, Roder104 repeated some of Younglove's 
etr measurements on methane using the same apparatus 
as Younglove did. He found differences of up to 1 % in 
comparison to the data published by Younglove. Roder's 
experimental data104 and the values calculated from the 
fundamental equation of state agree within ± 0.5%. 
Hence we have to conclude that the uncertainty of 
± 0.5%, which Younglove estimated for the majority of 

J. Phys. Chem. Ref. Data, Vol. 20, No.6, 1991 
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Table 17. Summary of experimental ppT data for methane 

Source Year Number 
of data 

Amagat119 1881 70 
Keyes et al.41 1922 40 
Keyes & Burks120 1927 40 
Freeth & Verschoyle121 1931 27 
K~alnes & Gaddy122 1931 166 
Michels & Nederbragt123 1935 56 
Michels & Nederbragt124 1936 119 
Olds et al. l25 1943 294 
Kazamovskii & 
Levchenkol26 1944 ~. 

Pavlovich & Timrot127 1958 357 
Date & Kobuyal28 1961 196 
Mueller et al.l29 1961 75 
Van Itterbeek et aJ.130 1963 162 
Deffet ec al.131 1964 228 
Dobrovolskij et al.132 1964 52 
Wallace et al. 133 1964 20 
Grigor et a1.S2,74 1966 78 
Hoover134 1966 77 
Huang13S 1966 12 
Mamedov & Mamedovl36 1969 68 
McMath & Edmisterl37 1969 32 
Robertson & Babb138 1969 108 
Epperly139 1970 150 
J ansoone et ai.S4,56 1970 62 
Sorokin & Blagoyl40 1970 41 
Vennix et al.7s 1970 260 
Tsiklis et al.141 1971 70 
Cheng2l 1972 312 
Radosevich & Millerl42 1973 11 
Bazaev & Skripka143 1974 19 
Gammon & Douslin80 1976 262 
Mihara et al. 144 1977 47 
Francesconi'4s 1978 454 
Nunes Da Ponte etal. l46 1978 63 
Achtermann et al.147 1982 71 
Achtermann et af.148 1982 68 
Amer149 1986 40 
Kortbeek et al.68 1986 19 
Sivaraman & Gammon6 1986 104 
Machado et al. ISO 1988 79 
Baidakov & GurinalSOa 1989 165 
McElroy et al.7O 1989 22 

TABLE 18. Summary of selected second virial coefficients for methane 
(Group 1 data) 

Source Year Number Temperatur~ Uncertainty 
of data range T/K 3as1( cm3/mol) 

Douslin2O 1964 16 273-623 0.2 
Roe112 1972 10 156-291 0.1-0.6 
Kleinrahm et al.4 1988 6 273-323 0.15 
Lemming lSI 1989 7 232-350 0.7 

his measurements, was too optimistic. The distribution of 
the selected Cv data in pT coordinates is shown in Fig. 9. 
These selected data were used to develop the new equa­
tion of state. 

Temperature Pressure Group 
range T/K rangep/MPa 

288-373 4-30 3 
273-473 3.6-32 3 
273-473 3.2-26 3 
273-293 1.7-22 3 
203-473 0.1-100 3 
273-423 1.8-8.2 2 
273-423 1.8-39 2 
294-511 1.3-67 3 

473-573 15-140 3 
103-333 1-19.6 3 
273-373 3-104 3 
144-283 1.4-48 3 
115-188 0.7-32 3 
324-4~ 1-30 3 
110-193 1-50 3 
248-348 0.1-0.2 3 
95-190 0.1-5.7 3 

132-273 0.2-4.1 3 
133-193 0.5-7 3 
294-497 1.5-21 3 
266-298 1.8-15 3 
308-473 150-1000 ~ 

458-610 0.4-7 2 
189-194 4.5-5 3 
95-129 0.02-49 3 

150-273 1.5-69 3 
323-673 203-861 3 
111-309 22-1000 2-3 
91-115 0.04-0.15 1-2 

523-673 29-98 3 
114-323 0.1-24.5 2-3 
298-348 1.8-9 3 
291-723 14-270 3 
110-120 5.5-128 3 
273-293 0.1-7.7 2 
273-293 0.1-8.5 2 
323-398 0.4-6.3 3 
298.15 100-1000 2 
193-423 1.4-27.5 3 
130-160 25-111 3 
143-185 0.15-5.2 3 
313,323 0.8-12.6 3 

2.3.6. Joule-Thomson Coefficient 

There are only two data sets of the Joule-Thomson co­
efficient which are listed in Table 23. The data measured 
by Ayber167 are integral Joule-Thomson coefficients 
which could not be used in the fitting process of the new 
equation of state. As already stated by Angus et al., 1 the 
data set published by Budenholzer et al.16s does not seem 
to be very reliable. The inclusion of the data set of Bu­
denholzer et al. l6S into the fitting process did not improve 
the representation of the Joule-Thomson data, and we 
decided not to use these measurements for establishing 
the new equation of state; see Sec. 6.2.7. 
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2.3.7. Isothermal Throttling Coefficient 

In the literature only the paper of Eucken and 
Berger/'s published in 1934, could be found which deals 
with integral isothermal throttling experiments. The au­
thors published 75 data in the temperature range be­
tween 165 K and 293 K at pressures up to 11 MPa without 
giving any uncertainty value for their measurements. 
These data were not used to fit the new equation of state. 

2.3.8. Speed of Sound 

There are extensive measurements of the speed of 
sound for methane. The overwhelming majority of these 
measurements has been performed during the last 20 
years. The information on these data is summarized in 
Tabl~ 24. Figure 10 shows the distribution of the selected 
data on pT coordinates. The speed of sound data cover 
the temperature range from 100 K to 450 K at pressures 
up to 1000 MPa and. due to the scarcity of information on 
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the heat capacities of methane, the selected speed of 
sound data were extensively used to develop the new fun­
damental equation. These selected data are marked in 
Table 24 in the column 'Number of data sel.'. 

2.4. Ideal Gas Properties 

2.4.1. Isobaric Heat Capacity 

The ideal gas heat capacity can be derived from statis­
tical mechanical models based on spectroscopic data. In 
1963, McDowell and Kruse188 presented calculated values 
of c; for the temperature range from 60 K to 5000 K. 
These calculations were based on a rigid-rotator har­
monic oscillator model which was modified to take into 
account the low-temperature quantum effects, anhar­
monicity, centrifugal distortion, and vibration-rotation in­
teractions. Although the values of McDowell and Kruse 
were published nearly 30 years ago, they still represent 
the most accurate data for the isobaric heat capacity c;in 
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TABLE 19. Summary of second virial coefficients not belonging to Group 1 data and third virial coefficients for methane 

Source Year Property Number Temperature Group 
of data range T/K (only B) 

Freeth & Verschoyle12l 1931 B,C 2,1 273-293 2 
Michels & Nederbragtl23 1935 B,C 7,7 273-423 2 
Michels & Nederbragt124 1936 B,C 7,7 273-423 2 
Beattie & Stockmeyer1S2 1942 B 7 423-573 2 
ftainman et al.1S3 1955 B 6 303-383 3 

Gunn1S4 1958 B, 4 273-511 3 
Schamp et al. 11l 195M H,C 7,7 Z7~Z3 Z 
Thomaes & Steenwitikepss 1960 B 12 108-249 3 
Mueller et al.l29 1961 B 6 144-283 3 
Hoover et al. l34 1966 C 1 132 

Brewer156 1967 B 5 123-223 3 
Byrne et al.157 1968 B 14 111-273 3 
Hoover et al.158 1968 B,C 6,6 132-273 2 
Lichtenthaler & Schafer159 1969 B' 5 288-323 3 
McMath & Edmister137 1969 B,C 3,3 266-289 3 
Epperly139 1970 B,C 6,6 458-610 3 
Lee & Edmisterl60 1970 B,C 6,6 298-348 3 
Strein et al.161 1971 B 12 296-511 3 
Pope78 1972 B,C 6,6 127-191 2 
Bellm et al.162 1974 B 10 300-550 3 
Hahn et al.163 1974 B 4 200-273 3 
Mihara et al.144 1977 B,C 3,3 298-348 2 
Ked & Hauslerl64 1984 B 5 299-366 3 
Amer149 1986 B,C 4,4 323-398 3 
McElroy et al.7O 1989 B,C 6,6 303-323 3 

TABLE 20. Summary of experimental data for the enthalpy of methane 

Source Year Number of data Temperature Pressure Uncertainty 
total ~c1c;ctcd cange T/K cangcplMPa 3lTAh 

Budenholzer et al.165 1939 18 294-378 0.1-10.3 
Jones et al.98 1963 796 100-283 0.3-14 10-2t1/J 
Sahgal et al yl6 1964 27 134-223 0.3-10 6x 1O-3t1/Ja 
Ayber167 1965 21 188-311 0.1-8 
Dillard et al.1I\8 1968 4 338 1.8-14 <3 x 10-2t1/J 
Dawe & Snowdon169 1974 56 54 224-367 0.1-10 5J/mol 
Kasteren & Zeidenrust170 1979 25 25 120-255 3.2-5 to-2Ah 

aSince the methane used for the measurements had a purity of only 98 mol%, the total uncertainty of these data is clearly greater than given by the 
authors. 

the ideal gas state of methane, and they were used to 
determine our c; equation; see Sec. 3.5. Table 25 summa­
rizes recent determinations of the ideal gas heat capacity. 
With the exception of Lemming'slSl and Goodwin's187 
data, who derived c;values from speed of sound measure­
ments, all data sets were calculated from spectroscopic 
data. 

2.4.2. Reference Value for the Entropy 

For the calculation of the entropy in the property 
tables of the Appendix, the state at which the entropy was 
assumed to be zero was that of the ideal gas at 298.15 K 
and 0.101325 MPa. If the entropy of the crystalJine solid 
methane at 0 K is to be taken as zero, then the difference 
of the entropy between this state and that of the ideal gas 

at 298.15 K and 0.101325 MPa has to be added to the val­
ues of the entropy given in the tables. The recommended 
value for this entropy difference is given by McDowell 
and Kruse188 as 11.611 kJ/(kg K). 

2.4.3. Reference Value for the enthalpy 

For calculations of the enthalpy, there are three differ­
ent states in common use at which the enthalpy may be 
taken as zero. The first state is that of the ideal gas at 
298.15 K, and this is the reference state used for the en­
thalpy values given in the property tables of the Ap­
pendix. The second commonly used state is that of the 
enthalpy of the ideal gas at 0 K. The enthalpy difference 
between the ideal gas at 0 K and at 298.15 K is given as 
624.39 kJ/kg by McDowell and Kruse. l88 As discussed by 
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TABLE 21. Summary of isobaric heat capacities for methane 

Source Year Number of data Temperature 
total selected range T/K 

Heusel7l 1919 8 193-290 
Millar172 1923 13 139-278 
Eucken & von Liide173 1929 3 298-481 
Budenholzer et al.165 1939 42 42 294-378 
Jones et 01.98 1963 400 345 116-283 
Kasteren & Zeidenrust170 1979 58 50 121-251 

TABLE 22. Summary of isochoric heat capacities for methane 

Source Year Number of data Temperature Pressure 
total selected range T/K rangep/MPa 

Giacominj174 1925 4 83-288 0.001-0.1 
Young)ove103 1974 283 282 91-300 3.4-33 
Roder104 1976 29 28 147-218 4.5-23.5 

·Uncertainty values given in brackets were estimated by ourselves. 

TABLE 23. Summary of Joule-Thomson coefficients for methane 

Source 

Budenholzer et al. l65 

Ayber16? 
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Year 

1939 
1965 

Number 
of data 

42 
21 

Temperature 
range T/K 

294-378 
249-311 

Pressure 
rangep/MPa 

0.1-10.3 
0.1-8 

Pressure 
rangep/MPa 

0.1 
0.1 
0.1 

0.1-10.3 
1-14 

3.2-5 

Uncertainty" 
3crcv 

«1-5) x 1O-2c,,) 
(2-5) X 10-2c" 
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TABLE 24. Summary of speed of sound data for methane 

Source Year Number of data Temperature Pressure UncertaintY' 
total selected range T/K rangep/MPa 3aw 

Dixon et al,116 1921 7 273-873 0.1 
Quingleyl71 1945 19 116-253 0.1 (lO-lw) 
Van Itterbeek & Verhagen lOS 1949 6 95-112 0.02-0.1 «2-5)x 10-lw) 
Lacam178 1956 68 298-473 10-100 lO-lw 
Terres et al.179 1957 91 26 293-448 0.01-12 0.7 mls 
Blagoi et al. 106 1967 25 91-178 0.01-3.2 (3-5) mls 
Van Itterbeek et af.180 1967 98 92 111-190 O.1-1R lO-lw 
Singer181 1969 22 94-145 0.2-9 5xlO-3w 
Cardamone et al.182 1970 16 299 1.3-10.3 (6x 10-lw) 
Pitaevskaya & Bilevichl83 1972 175 298-473 60-450 «1- 2) x 10-lw) 
Dregulyasl84 1973 145 298-473 0.02-16 ((1-2)XI0-lw) 
Stratyl07 1974 61 59 100-300 1.7-35 (0.5 - 2) x 10-3w 
Stratyl08 1975 24 20 210-300 1.8-18 SxlO-3w 
Gammon & Douslin80 1976 197 173 113-323 0.1-24 (0.1-10) x 1O-3w 
Baidakov et al.1SS 1982 119 119 150-183 1-4 «1-3)XI0-3w) 
Kortbeek et al.68,1116 1986 130 148-298 100-1000 (5 x 1O- 3w) 

1081 

Sivaraman & Gammon6 1986 95 91 193-423 1.4-27.5 «O.l-to) x to-3w) 
Goodwin187 1988 108 108 250-350 0.2-7 (1 x 10-4w) 
Lemming1S1 1989 62 62 230-350 0.1-{).5 1 x to-4w 
Kortbeek & Schoutenllli 1989 155 155 148-298 100-1000 «1-5) x to- 3w) 

a Uncertainty values given in brackets were estimated by ourselves. 
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TABLE 25. Ideal gas heat capacity values for methane 

Source Year Number Temperature 
of data range T/K 

McDowell & Krusel88 1963 658 60-5000 
Bahro189 1965 178 200-1000 
Glushkol90 1979 6P 100-6000 
TRC-Tables191 1982 188 50-1500 
TRC-Tables191a 1987 548 100-675 
Goodwin187 1989 4b 255-350 
Lemming lSI 1989 7b 232-350 

a These data were calculated on the basis of spectroscopic data. 
b Derived from speed of sound measurements. 

Angus et al., l it is not possible to give an exact value for 
the difference between the crystalline solid at zero tem­
peratu"e, which might be the third reference state, and 
the ideal gas at 298.15 K. 

3. Auxiliary Equations for Methane 

New correlation equations for liquid-vapor and solid­
liquid coexistence properties, consistent with the ITS-90, 
have been developed. To obtain very effective equations 
for these properties, their functional structure was opti­
mized using our new optimization procedure.18 A brief 
description of the strategy for the development of effec­
tive correlation equations is given in Sec. 4. 

It is to be pointed out that the correlation equations for 
the densities of the saturated liquid and vapor, Eq. (3.4) 
and (3.5), replace the corresponding equations given in 
Ref. 2 whereas the new vapor pressure equation (3.2) is 
only a conversion to the ITS-90; for details see the next 
subsections. 

3.1. The Vapor Pressure Equation 

The first step when establishing the new vapor pressure 
equation was to formulate a comprehensive bank of 
terms from which the optimization procedure selects the 
most effective combination of terms for the representa­
tion of the data set. For this purpose, the following gen­
eral bank of terms has proven to be very effective:192-197 

21 
]n(pJpc) """ (TdT) 2: n, (1- TITc)i!2, (3.1) 

i=1 

where ps is the vapor pressure, T is the temperature and 
pc and Tc are the critical temperature and pressure, re­
spectively. This general functional form was used to rep­
resent the vapor pressure data of Kleinrahm and 
Wagner2 as discussed in Sec. 2.2.4.1. As a result of apply­
ing the optimization procedure,18 the final vapor pressure 
equation for methane has the following form: 

In(pJpc) = (T JT) [nd} + ntt}l.5 + n3{}2 + n4{}4.5] (3.2) 

with {} = (1- T/Tc), Tc = 190.564 K and pc = 4.5992 
MPa. The coefficients for this vapor pressure equation 
corresponding to the ITS- 90 temperature scale arc given 
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in Table 26. A comparison of this equation with the vapor 
pressure data of Kleinrahm and Wagner2 is given in Fig. 1 
and with the vapor pressures calculated from the new 
fundamental equation, Eq. (5.3), is given in the upper di­
agram of Fig. 13. This simple four-coefficient equation 
represents the data along the whole saturation curve 
from the triple point temperature to the critical tempera­
ture without any systematic deviation. Eq. (3.2) was con­
strained to pass through the triple and the normal boiling 
point defined by Eqs. (2.1) and (2.2). Eq. (3.2) corre­
sponds to the vapor pressure equation given in Ref. 2 
which is, however, in the IPTS-68 temperature scale. 

3.2. The Saturated Liquid Density Equation 

To determine the equation for the saturated liquid 
density p', the following functional form was investigated: 

10 

In(p'/pc) = 2: nj (I-TITc)0.35+i/I0ClJ 
i=1 

60 

+ 2: nj (1- TITcy/6, 
j=l 

(3.3) 

where pc is the critical density. The most effective combi­
nation of terms out of the 70 terms of Eq. (3.3) has been 
determined using our new optimization procedure.I8 The 
equation for the representation of the selected liquid 
density data has the following form: 

In(p' fpc) = nl{}0.3S4 + n2{}1!2 + n3{}S!2 (3.4) 

with {} = (1- TITc), Tc = 190.564 K and Pc 162.66 
kg!m3

• The coefficients for the saturated liquid density 
equation are given in Table 26. Figure 2 shows the very 
good representation of the selected experimental densi­
ties by Eq. (3.4) although the equation contains only 
three terms; see also the middle diagram of Fig. 13. 
Eq. (3.4) has a different form in comparison with the cor­
responding equation in Ref. 2 which consists of four 
terms. The reason why we could reduce the number of 
terms and maintain the same quality of representing the 
data was due to the inclusion of the exponent 0.354 in­
stead of 1/3. 

If we had used in Eq. (3.4) a value of the exponent 
0.325 corresponding to the 3-dimensional Ising model in­
stead of 0.354, the quality in representing the experimen­
tal saturated liquid densities in the critical region would 
have been much worse. 

3.3. The Saturated Vapor Density Equation 

When the new optimization procedure was appJied to 
Eq. (3.3) in connection with the selected saturated vapor 
densities pIt (see Sec. 2.2.4.3.), we have found the follow­
ing equation to be best: 

In(p"/pc} = nl{)O.354 + n:.:{)SI6 + nj{)3!2 + n4{)S!2 

+ ns{}2S/6 + n6{}47/6 (3.5) 

with {} = (1 T ITc), Tc = 190.564 K and pc = 162.66 kg! 
m3; thc cocfficients ni arc listcd in Table 26. Figure 4 
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shows that Eq. (3.5) represents the selected experimental 
density data for temperatures above 120 K within their 
very small scatter; see also the lowest diagram of Fig. 13. 
At temperatures below 120 K, the saturated vapor densi­
ties calculated from the new equation of state, Eq. (5.3), 
are represented within 0.005% by Eq. (3.5). Eq. (3.5) has 
a different form in comparison with the corresponding 
equation in Ref. 2 because the data set used to fit the new 
p" equation was different for T ~ 120 K; see the discus­
sion in Sec. 2.2.4.3. 

TABLE 26. Coefficients of the auxiliary equations for the thennal prop­
ertiesp., p', and p" along the vapor-liquid coexistence curve 
of methane 

Vapor pressure equation (3.2) 

T~ :; 190.564 K 
nl ;::: - 6.036219 
n3 :; - 0.4945199 

pc = 4.5992 MPa 
n2 = 1.409353 
n4 = -1.443048 

Saturated liquid density equation (3.4) 

Tc = 190.564 K 
nl = 1.9906389 
n3 0.036976723 

Pc = 162.66 kg/m3 

n2 = -0.78756197 

Saturated vapor density equation (3.5) 

Tc = 190.564 K 
n I = - 1.8802840 
n3 = -3.0006480 
ns = -13.191859 

p~ = 162.66 kg/m3 

n2 :; - 2.8526531 
n4 = - 5.2511690 
n6 = - 37.553961 

3.4. The Melting Pressure Equation 

A melting pressure equation has heen developed to 
identify the properties of the coexisting liquid and solid 
phase. The following bank of terms, based on a functional 
form proposed by Simon, was investiga ted: 

40 

Pm/pt = 1 + ~ nj [(TITt)1+i!20 - 1], (3.6) 
i=l 

where Pt is the triple point pressure and Tt is the triple 
point temperature. As a result of applying the optimiza­
tion procedure,18 the final melting pressure equation for 
methane is as follows: 

with Pt = 0.011696 MPa. Tt = 90.6941 K. nl = 
2.47568 x 104 and n2 = -7.36602 x 103

• Comparisons of 
the melting pressures calculated from Eq. (3.7) with se­
lected data and with the melting line equation of the IU­
P ACl are given in Fig. 11. The agreement between 
Eq. (3.7) and the results of Prydz and Goodwin64 and of 
Cheng21 is within ± 0.2% in pressure, except in the triple 
point region. Since the IUP AC equation was established 

J. Phvs. Chem. Ref. Data. Vol. 20, No.6, 1991 

based on triple point parameters (pt = 0.011719 MPa and 
Tt = 90.6891 K) which differ significantly from the 
parameters used in this work [Eq. (2.1)], the disagree­
ment between the two equations in the triple point region 
is not surprising. 

3.5. The Equation for the Ideal Gas Heat Capacity 

The equation 

(3.8) 

was fitted to the ideal gas isobaric heat capacities of Mc­
Dowell and Kruse188 (see Table 25) of which, however, 
only the 56 data between 60 K and 3000 K were used. The 
coefficients nj and values for E>; are given in Table 27. In 
the entire range of validity of Eq. (3.8) from 60 K to 
3000 K, the differences between the c; data of McDowell 
and Kruse and the values calculated from: this equation 
do not exceed ± 0.015%. A comparison of c;values up to 
1000 K is shown in Fig. 12. The data reported by Lem­
ming1S1 and Goodwin,187 which are based on speed of 
sound measurements, are in close agreement with the 
data of McDowell and Kruse; the deviations do not ex­
ceed ± 0.07%. 

TABLE 27. Coefficients for the ideal gas heat capacity equation (3.8) 

nj 0/ 

0 4.0016 
1 0.008449 648K 
2 4.6942 1957K 
3 3.4865 3895K 
4 1.6572 5705K 
5 1.4115 15080K 

4. Development of the Fundamental 
Equation for Methane 

The new equation of state developed for the represen­
tation of the thermodynamic properties of methane is a 
fundamental equation explicit in the Helmholtz energy. 
Since the application of optimization procedures and the 
multi-property-fitting technique used in the development 
of such fundamental equations was extensively discussed 
by Setzmann and Wagner18 as well as by Saul amI Wag­
ner198 in recent papers, we have restricted ourselves here 
to the main features of our strategy for the development 
of wide-range equations of state. 

4.1. The Helmholtz Function 

The fundamental equation is expressed in form of the 
Helmholtz energy A with the two independent variables, 
density p and temperature T. The dimensionless 
Helmholtz energy cI> = A I(RT) is commonly split into a 
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part depending on the ideal gas behavior <po and a part 
which takes into account the residual fluid behavior <pr, 
namely 

(4.1) 

where 8 = piPe is the reduced density and 'T. = Te/T is the 
inverse reduced temperature with Pe and Te as the critical 
de'nsity and temperature, respectively. The equation for 
<b°(8:r} c~n he ohtained from a correlation equatiortfor 
the isobaric heat capacity in the ideal gas state. 

4.1.1. The Helmholtz Energy for the Ideal Gas 

The Helmholtz energy for the ideal gas is given by 

(4.2) 

The enthalpy of the ideal gas is a function of temperature 
only, and the entropy of the ideal gas depends on temper­
ature and density. Both properties can be calculated if an 
equation for the ideal gas heat capacity c; is available. 
When c; is inserted into the expressions for h O(T) and 
sO(p,T) in Eq. (4.2), the following equation for A O(p,T) is 
obtained: 

AO(p,T) = JT c;dT + h: - RT - T JT c; ~R dT 
~ ~ 

- RT[ln(p/po)] - Ts:, (4.3) 

where Po = P j(RT 0) is a reference density. Furthermote, 
arbitrary reference values for the temperature To, the 
pressure Po, the entropy s:, and the enthalpy h:have to be 
selected. For our fundamental equation, the reference 
enthalpy h: has been taken to be zero at To = 298.15 K, 
and the reference entropy s: has been taken to be zero at 
To = 298.15 K andp 0 = 0.101325 MPa. The final equa­
tion for <1>0 = AO/(RT) is given as Eq. (5.2) in Sec. 5. 

4.1.2. Fitting and Optimizing the Residual Part 
of the Fundamenta. EquatIon 

In this subsection, the procedure to determine the 
functional form of the residual part of the dimensionless 
Helmholtz energy <1>f(8,T ji), where Ii represents the vec­
tor of the coefficients to be fitted, is summarized. 

The basic tools are the 'multi property fit' to determine 
the coefficients nj of the vector ii for a fixed form of 
CPf(8,'T,n) and the 'optimization' of the final functional 
form of the equation for <l>r. 

Since the Helmholtz energy is not accessible to direct 
measurements, it is necessary to determine the unknown 
structure and the unknown coefficients nj of the residual 
part of the dimensionless Helmholtz energy from proper­
ties which are experimentally available. Some examples 
of relations of the Helmholtz function to different ther­
modynamic properties are given in Table 28. 

During the optimization process for determining the 
best structure for <1>\ a lot of different forms of <l>r equa­
tions have to be fitted to the experimental data. There­
fore, at first, this fitting process is explained using the 
general relationshipz = z(x,y), wherex,y, andz denote 
general thermodynamic variables. In our case z might be 
p, u, h, c II, •• and x and yare 8 and 'T, respectively; see 
Table 28. This means that we have the experimental data 
Zexp(Xexp,Yexp) and the relationship to any correlation equa­
tion for <I> as z = z(<l>.8.'T.ii)~ for the example of 
CII = cv (8,'T) the equation z = z(<I>,8,'T,n) corresponds to 
the sixth equation in Table 28 with <I> = <1>0 + <l>r accord­
iIlg to Eq. (4.1). With a known expression for <l>°(8,'T), see 
Eq. (5.2), <l>f(B,'T,n) is fitted to the experimental data in 
such a way that the weighted sum of squares 

is minimized, the indexj denotes one particular property 
that is being considered. In Eq. (4.4), the weighting factor 
corresponds to l/ojwith a as the total uncertainty of the 
experimental data according to the Gaussian error prop­
agation formula given in this case by 

[[0&]2 [0&]2 [OAzr] 07111 = ax y,z cr; + ay x,z 0; + az ~ a; jill ,(4.5) 

where ax, O"y, and o"z are the uncertainties with respect to 
the single variable x,y, and z; the partial derivatives (0&/ 
Ox }y,z, •.• can be calculated from a preliminary equation of 
state. When <l>f is fitted to more than one property, it is 
called a simultanious or multiproperty fit and the result­
ing sum of squares 

(4.6) 

is to be minimized. Table 29 lists the different expres­
sions for the sum of squares xl corresponding to the single 
properties; for details see below. 

The structures of most of the existing correlations for 
the residual part q:,f of the Helmholtz energy have been 
determined subjectively based on the experience of the 
correlator or by trial and error. To improve this situation, 
Wagner and co-workers developed different optimization 
strategies.18,192,193,200,201 For the optimization of formula-
tions describing two-dimensional problems like vapor 
pressure equations, Wagnerl92

,193 developed a special ver­
sion of a stepwise regression analysis, which has been 
adapted by de Reuck and Armstrongl99 for the develop­
ment of equations of state. Based on the knowledge that 
the regression analysis does not provide sufficient vari­
ability to optimize complex problems like the determina­
tion of wide-range fundamental equations of state, Ewers 
and Wagner200

,201 developed the evolutionary optimiza­
tion method (BOM), a random search strategy which 
uses some principles from biological evolution. The 
optimization method used in this work has recently been 
developed by Setzmann and Wagner.18 This new method 
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combines both the reliability of the EOM and the high speed 
of convergence of the regression analysis of Wagner. 

The last sum of Eq. (4.7), a two-dimensional Gaussian 
curve in combination with a polynomial of 8 and ,., was 
introduced to improve the behavior of the e'quation in the 
vicinity of the critical point. The parameters di, ti, aj, J3j, fl.; 
and 'Yi of these terms are given in Table 30. The values for 
the parameters J3i and "Yi differ substantially from values 
used by other correlators.2

00-
202 

The development of the functional form for <l>r(5,,.) is 
split into three steps. 

The first step is the formulation of a general expression 
for the equation which functions as a 'bank of terms'. For 
methane, this bank of terms of the residual part of the 
dimensionless Helmholtz energy was formulated as In the second step, after selecting a suitable bank of 

terms, we used our new optimization strategy,18 which is 
based on a mathematical and statistical analysis, to deter­
mine the most effective equation for <{>'. This equation 
consists of the particular combination of the 393 terms of 
Eq. (4.7) which yields the best representation of selected 
data discllssed in Sec. 2. 

10 9 6 5 
<l>r = ~ ~ nj fi ~/2 + e -I) ~ ~ nj 5i ,.J 

;=1 j= -I hd i=O 

2 7 10 .. 3 8 6 + e -/l I ~ nj 8' T + e -/l ~ I nj 8j ,.2i 
i=1 j=O ;=1 j=::.O 

6 6 6 15 .. 
+ (e - G.4Il - e - 2Il) I I n; 51 ,.1,1 

;=3 j=10 

27 + ~ ni 5dj ,.t; e -a;(I)-~)Z-llj(T-'Y;>2. 
i=1 

(4.7) 

In the entire optimization process different forms of 
equations <l>r = <l>r(5,7';;) were fitted to the experimental 
data of different kinds of thermodynamic properties by 
minimizing X2 according to Eqs. (4.4) and (4.6). The prob­
lem of simultaneously minimizing the sum of squares of 

TABLE 28. Relations of thermodynamic properties to the dimensionless Helmholtz function CI> consisting of Cl>0 
and cpr, see Eq. (4.1) 

Property Relation8 

Pressure ~ = 1 + 8CP~ pRT 

Internal energy 
u(8,'1') 

= ,.(CI>~ + cJ>D RT 

Enthalpy 
h(8,,.) = 1 + ,.(cJ>~ + <N) + M)~ 

RT 

Entropy 
8 (8,'T) = ,.(CI>~ + Cl>D - «1>0 - Cl>r 

R 

Gibbs energy ~ = 1 + 8<I)~ + <1>0 + cJ>r 
RT 

Isochoric heat capacity 
c"(8,,.) 

_,.2(<I>~ + <I>~) 
R 

Isoharic heat capacity Ce(8,T) _'1'2(<1>" + <1><) + (1+8<1>~-8-r<I>~T? 
R .... ... 1 + 2M)~ + ~zCP&s 

Saturated liquid 
ca(,.) 

_,.2(<I>~ + cJ>~) + 1 + 8'cIl~-8''T<l>'&, 

R 1 + 28'cJ>~-8'2$'o& 
heat capacity 

• [(1 T 6'4>~ - 6'T$' ) - ...L!f12::] OT Rp'dT 

Speed of sound 
w2(8,T) = 1 + 28cJ>, + 82<1>~o - (1 + 8<1>~ - ~hcll~Tf 

RT ,.z(<P~+CI>~) 

Joule-Thomson f.L(8,r)Rp = 
- (8C1>t +S2C1>ts + 8T<1>~Tl 

coefficient 
(1 + 8C1>~ -8,.ct>~T)2_T2(CI>~+ ct>~)(1 +28<l)~+32C1>k) 

Isothermal throttling 8T( 8,'T)p 
1 + 8ct>~ - McI>~T 

coefficient 
<= 1 - 1 + 28<Pt + 82<p~r. 

Second virial coefficient B(1')Pc - lim 4>&(8,1') 
8~O 

Third virial coefficient C(T)p~ = lim cIltr,(8,1) 
8~O 
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Table 29. Contributions of properties to the sum of squares for the optimization and fitting process 

Data Data· Data Sum of squares 
(measured) (precalculated) (fitted to) 

Unear data 

p(p,T) p(p,T) M[-RT . r xi = I E..::p - p;l4»' 0',;2 
",-I p'RT m 

(4.9) 

2 c .. (p,T) c .. (p,T) x~ = I [£!! + ,-2(4)>~ + 4»~) r 0',;2 
",-I R m 

(4.10) 

3 UI(PhTI) UI(PhTI) xi = m~1 [;;c - ;~c -(4)>:+4>>~)2+(4>>:+f}>~)1]: 0',;2 (4.11) 
u2(P2,T2) u2(P2,T2) 

4 B(T) B(T) , ~ = ! [BPe: - q,&(lH'O,1')r 0',;% (4.12) 
",-1 m 

Phase equilibrium condition 

5 Ps(T1) PI(T) p.(p',T) - M [Ps-p'RT _ -I r' r -2 (4.13) p' (T2).p"(T3) p'(T),p"(T) ~ - "'~I (p')2RT Pc 4»&(8 ,1') m 0'", 

6 p,(p",Tl M [PS-P"RT -I "r-2 xi = "'~I (p")2RT - p" 4>W, ,1') m 0'", (4.14) 

7 Maxwell criterion x~ == "'~l [R1t[;W - ;.] -In[~] - f}>r(8' ,1') + «I>r(8",1') I 0'.;2 (4.15) 

Linearized data 

w(T,p) "Iw = cplc .. ; p(T,p) w(p,T) M [ 2 r 8 
w'(T) "Iw = cplc .. ; p'(T,p) w(p') xi = "'~l ;T - "IW(1 + 28c1l, +82«1>~) m 0',;2 (4.16) 

w"(T) "Iw = cplc .. ; p"(T,p) w(p") 

9 cp(T,p) 
_ (1 + a~ - a1'4>~)2. . x~ == I [~- f!' + r(cIl~ + «I>~) r 0',;2 (4.17) tp - l+284>,+a2cf>~' p(T,p) Cp(p,T) 

",-1 R m 

10 hl(ThPI) 
Pl(ThPl) ; P2(T2,P2) 

hl(PhTI) 
xio= ",~J;;e: -;~" -[4>~+~+1'-I(l+a~) 1 + [4>:+4>~+1'-I(I+a4>') 1IO'';2 h2(T2,P2) h2(P2,T2) 

(4.18) 

NonllmJiu datab 

11 w(T,p) w(T,p) M [W2 82cJ>r + (1+84»,-a1'4>~)2 r -2 XII = I - - 1 - 28<1>' (4.19) w'(T) p,(T) w'(T,p.) ",-I RT M ,-2(4)>~+cI>'".) m am 
w"(T) p.(T) w"(T,p,r) 

12 cp(T,p) cp(T,p) i-I [£e '''(4)>0 4»r) (1+8<I>'_&rq>~)2 r -2 
X 2- ",-I R + 1'T+ 1'T - 1+28<1l&+82tV&& m 0'", (4.20) 

13 hl(ThPI) hi (ThPI) 
Xi3= m~1 [;;" - :~e: -[cIl:+cI>~+1'-l(l+acI>O 1 +[ cI>:+cI>~+1'-1(1+acI>') 1 IO'.; 2 

h2(T2,P2) h2(T2,P2) 
(4.21) 

aValues which have to be calculated from a preliminary equation of state. 
"The coupling condition p = pRT(1 + 8«1>0 has to be taken into account. 
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different thermodynamic properties becomes a problem 
of solving a system of normal equations with regard to the 
unknown coefficients nj. Depending on the properties to 
which the equation is fitted, the system of equations be­
comes linear or nonlinear. The optimization procedure of 
Setzmann and Wagner18 is, however, restricted to those 
prupt.alic:s whjch lead to a :sy:Slt;lIl uf JlUllllal equatiuns 
that are linear in the coefficients nj. If the relation 
z = z(CP,B,r,n) between any property and the Helmholtz 
function is a linear combination of <I>f and/or its deriva­
tives, then the basic requirement for a system of linear 
equations is met. This is true for the pressure p (p,T), the 
isochoric heat capacity cv(p,T), the internal energy 
u (p,T), the second virial coefficient B (T), and the indi­
rect application of the phase equilibrium condition. How­
ever, many thermodynamic properties are measured as a 
function of pressure p and temperature T and not as a 
function of density p and temperature Twhich are the in­
dependent variables of the Helmholtz function A. This 
yields an implicit relation between the measured state 
variables p and T and the independent variables of the 
Helmholtz function and leads to a system of nonlinear 
equations for the determination of the coefficients ni, 
even if the relation between the property (depending on 
T and p) and the Helmholtz function is linear, e.g. the 
enthalpy h. Several methods have been proposed which 
allow for the linearization of certain 'nonlinear' proper­
ties [h (T,p), cp(T,p), w(T,p )], so that these linearized 
data can also be included in an optimization process. This 
means that the functional structure of the resulting best 
cpr equation was optimized (opt) by minimizing the fol­
lowing sum of squares: 

10 

X~PI = I xJ, 
j=l 

(4.8) 

where the definitions of the single xJ(j = 1,2, ... , 10), cor­
responding to the linear and linearized data, are given as 
Eqs. (4.9) to (4.18) in Table 29. 

However, to take into account the original experimen­
tal information of all selected data (linear and nonlinear 
data), in the third step, the final determination of the co­
efficients nj of the optimized <I>£ equation was performed 
in a nonlinear fitting process. This nonlinear fit (nl) was 
realized by minimizing the following sum of squares: 

7 13 

X~I = I xl + I xl, 
j=l j=l1 

(4.22) 

where the relations between the nonlinear weighted sum 
of squares Xtl, XI2, and XI.:; and the dimemdonless 
Helmholtz energy <1>0 and <l>f are given as Eqs. (4.19) to 
(4.21) in Table 29. To solve this nonlinear minimization 
problem, a modified Marquardt method, presented by 
Flelcher/103 was used. 

Then, the optimized equation with the values of the co­
efficients nj obtained from the nonlinear fit [Eq. (4.22)] 
was used to recalculate the 'precalculated data' (see 
Table 29) for the fit ofthe linearized data; see Eqs. (4.16) 
to (4.18) in Table 29. Based on these new values, the 
steps 'optimization' by taking into account the linear and 
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linearized data [Eq. (4.8)] and the step 'nonlinear fit' of 
the optimized equation to the linear and nonlinear data 
[Eq. (4.22)] were repeated. This entire cycle (optimiza­
tion, nonlinear fit, recalculation of the 'precalculated 
data' for the linearized least square sums) was repeated 
until convergence was achieved. The convergence crite­
rion is met if the values of the nonlinear data calculated 
from the optimized equation before and after the nonlin­
ear fit have differences which are at least one order of 
magnitude less than the estimated experimental uncer­
tainties of these data. In this case, the final form of the <I>f 
equation is determined. 

At this stage we would emphasize that the entire itera­
tion cycle described in the previous paragraph including 
the 'creation' of linearized data was only carried out to 
make the nonlinear data available for the linear optimiza­
tion procedure. Comparisons (see Sec. 6) were always 
made with respect to the original linear and nonlinear 
data. 

More details on the process of the determination of a 
fundamental equation of state using optimization proce­
dures and multi-property fitting techniques are given by 
Saul and Wagner/98 Setzmann,26 and Marx;204 the opti­
mization procedure is described in detail by Setzmann 
and Wagner.I8 

TABLE 30. Values for the parameters of the modified two-dimensional 
Gaussian terms in the last sum of Eq. (4.7) 

di Ii €X; 6i "Ii Ai 

1 0 0 20 200 1.07 1 
2 0 1 20 200 1.07 1 
3 0 2 20 200 1.07 1 
4 1 0 20 200 1.07 1 
5 1 1 20 200 1.07 1 
6 1 2 20 200 1.07 1 
7 2 0 20 200 1.07 1 
8 2 1 20 200 1.07 1 
9 2 2 20 200 1.07 1 
10 3 0 20 200 1.07 1 
11 3 1 20 200 1.07 1 
12 3 2 20 200 1.07 1 
13 0 0 30 200 1.13 1 
14 0 1 30 200 1.13 1 
15 0 2 30 200 1.13 1 
16 1 0 30 200 1.13 1 
17 1 1 30 200 1.13 1 
18 1 2 30 200 1.13 1 
19 2 0 30 200 1.13 1 
20 2 1 30 200 1.13 1 
21 2 2 30 200 1.13 1 
22 3 0 30 200 1.13 1 
23 3 1 30 200 1.13 1 
24 3 2 30 200 1.13 1 
25 0 0 40 250 1.11 
26 0 1 40 250 1.11 
27 0 2 40 250 1.11 
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4.2. The Data Set for the Optimization 
and the Fitting Procedure 

In this subsection, we will give a survey of the selected 
data which were used for the optimization process and 
for the nonlinear fitting of the optimized equation to the 
experimental data. 

To take into account the phase equilibrium condition 
wIlen fitting a wide-range equation of state to data, we 
needed a set of vapor pressures ps, saturated liquid densi­
ties p', and saturated vapor densities P" in rather narrow 
temperature steps along the whole saturation curve. 
Therefore, the required data had to be calculated for 
temperatures from the triple point to the critical point 
with the help of independent equations for the vapor 
pressure and the saturation densities; these correlation 
equations are given in Sec. 3. Tahle 31 defines the,calcu­
lated data set for the phase equilibrium condition, and 
Table 32 summarizes the experimental data which were 
used for the determination of the new fundamental equa­
tion. 

TABLE 31. Calculated Ps,p', and p" data for taking into account the 
phase equilibrium condition when developing the residual 
part q,r of the fundamental equation, Eq. (5.3) , 

Number Temperature Step 
of data range width 

9 90.6941 ~ T~ 94.6941 0.5 K 
86 95.1941 ~ T ~ 180.1941 lK 
20 180:6941 ~ T ~ 190.1941 0.5 K 
36 190.2041 ~ T~ 190.5541 0.01 K 

TABLE 32. Summary of the data used for the linear optimization proce­
dure and for the nonlinear fit 

Sum of squares Details of the Number of data 
Data according to data set are optimizing fitting 

given in table nonlinearly 

p,p,T Eq. (4.9) 16 2891 2891 
B,T Eq. (4.12) 18 39 39 
p •• p'.T Eq. (4.13) 31 151 151 
Ps,p",T Eq. (4.14) 31 151 151 
ps,p',p",T Eq. (4.15) 31 151 151 
Cv,p,T Eq. (4.10) 22 310 310 
cp,p,rt,T Eq. (4.17) 21 437 
cp,p,T Eq. (4.20) 21 437 
w',p;yW,T Eq. (4.16) 14 74 
w",p,y"',T Eq. (4.16) 14 16 
w,p .... r,T Eq. (4.16) 24 905 
w',p.,T Eq. (4.19) 14 74 
w",p.,T Eq. (4.19) 14 16 
w,p,T Eq. (4.19) 24 905 
h}'PhTl Eq. (4.18) 20 79 
h2,P2,T2 

hhP),T1 Eq. (4.21) 20 79 
h2,P2,T2 

5. The New Fundamental Equation 

As discussed in Sec. 4.1, the fundamental equation is 
expressed with the dimensionless Helmholtz energy 4> = 
A /(RT) as the ideal gas part and the residual part: 

A (8,r)/(RT) = 4>(8,1') = 4>°(8,'1') + 4>r(8,'1') (5.1) 

with a = piPe and l' = TJT; see also Eq. (4.1). 

The ideal gas part of the Helmholtz function was ob­
tained according to Eq. (4.3) when the c; equation given 
in Sec. 3.5 is used: 

8 c 
+ .I. ai In(1 - e -9j T). 

1=4 
(5.2) 

where a = pIPe, l' = T JT, Tc = 190.564 K, and 
pe = 162.66 kglm3

• The values of the coefficients ai and Sf 
= f!J;/Tc are given in Table 33. Equation (5.2) is valid in 
the temperature region 60 K ~ T ~ 3000 K. The con­
stants at and a2 were adjusted to give zero for the ideal 
gas enthalpy at T" = 298.15 K and for the ideal gas en­
tropy at To = 298.15 K and Po = 0.101325 MPa. In 
Table 34, all required derivatives of the ideal gas part 4>0 
with respect to 8 and l' are explicitly given. 

TABLE 33. Numerical values of the coeffients of the ideal gas part of the 
dimensionless Helmholtz function, Eq.(5.2) 

aj Sf 

1 9.91243972 5 4.6942 10.26951575 
2 - 6.33270087 6 3.4865 20.43932747 
3 3.0016 7 1.6572 29.93744884 
4 0.008449 3.40043240 8 1.4115 79.13351945 

Based on the bank of terms defined by Eq. (4.7) and 
the selected data (see Tables 31 and 32), the following 
residual part of the dimensionless Helmholtz function 
<I>~= A r(8,1')/(RT) was determined with the help of the 
procedure described in Sec. 4.1.2: 

13 
<l>f = I n i ad;1't; + 

36 
I ni8d;'1't; e -SCj + 

i=1 j .. 14 

40 I n;Sd;'I'tle -a;(S-At)2-~j(T-'Y/)2, (5.3) 
i=37 

where a = pIPe and l' = T JT. The coefficients and the 
parameters of this equation of state are listed in Table 35. 
The entire Helmholtz equation, Eqs. (5.1) to (5.3), has 
been developed on the basis of data which cover the re-
gion 

90.6941 K ~ T < 625 K 

0.011696 MPa ~ p ~ 1000 MPa (or melting pressure). 
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T AHLE 34. The ideal gas part of the dimensionless Helmholtz energy <1>0 and its derivatives 

<1>0 In & + 01 + 

<I>~ 1/8 + 0 + 

¢lu -1182 + 0 + 

«ll~T 0 + 0 + 

<I>~ 0 + 0 + 

<I>~ 0 + 0 + 

TABLE 35. Coefficients and exponents of Eq. (5.3) 

Ci ni 

1 0.4367901028 X 10-1 

2 0.6709236199 
3 -0.1765577859 x 101 

4 0.8582330241 
5 -0.1206513052 x 101 

6 0.5120467220 
7 - 0.4000010791 X 10-3 

8 -0.1247842423 X 10-1 

9 0.3100269701 X 10- 1 

10 0.1754748522 X 10-2 

11 - 0.3171921605 x 10-5 

12 - 0.2240346840 x 10-5 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

35 
36 

0.2947056156 x 10-" 
0.1830487909 
0.1511883679 

- 0.4289363877 
0.6894002446 x 10-1 

- 0.1408313996 X 10- 1 

1 -0.3063054830 x 10- 1 

1 -0.2969906708 x 10- 1 

2 -0.1932040831 X 10- 1 

2 - 0.1105739959 
2 0.9952548995 x 10- 1 

2 0.8548437825 X 10-2 

2 - 0.6150555662 X 10- 1 

3 -0.4291792423 x 10-1 

3 -0.1813207290 x 10- 1 

3 0.3445904760 x 10-1 

3 - 0.2385919450 X 10-2 

4 -0.1159094939 x 10- 1 

4 0.6641693602 X 10-1 

4 -0.2371549590 x 10-1 

4 - 0.3961624905 X 10-1 

-4 -0.1387292044 X 10- 1 

4 0.3389489599 x 10-1 

4 - 0.2927378753 X 10-2 

Ilj d; I; 

37 0.9324799946 x 10-4 2 2.0 
38 - 0.6287171518 x 101 o 0.0 
39 0.1271069467 x 1()2 o 1.0 
40 - 0.6423953466 X 101 o 2.0 

20 
40 
40 
40 

d; 

1 
1 
1 
2 
2 
2 
2 
3 
4 
4 
8 
9 

10 
1 
1 
1 
2 
4 
5 
6 
1 
2 
3 
4 
4 
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In this entire region, the new fundamental equation, Eq. 
(5.1), represents the selected data within the estimated 
experimental uncertainties. 

Equation (5.3) has been constrained to the critical 
parameters given in Eq. (2.3) (Tc = 190.564 K, 
pc = 4.5992 MPa, pc = 162.66 kglm3

) and to the first and 
second partial derivative of pressure with respect to den­
sity being zero at the critical point. In Table 36 all re­
quired derivatives of the residual part ~r of the 
dimensionless Helmholtz function with respect to 8 and 'r 

are explicitly given. 

6. Comparisons of the New Fundamental 
Equation with Experimental Data 

and Other Equations of State 

In the following subsections, the quality of the new fun­
damental equation is discussed based on comparisons 
with experimental data. Most figures also show compari­
sons with the IUP AC equation of state, I the correlation 
pubJished by Friend et al., 16 and, especially in the en­
larged critical region, with the revised and extended scal­
ing law equation 'of Kurumov et al. Is To avoid 
exceptionally long discussions, the comparisons given be­
low are representative rather than exhaustive; a more de­
tailed discussion can be found in Ref. 26, where, 
however, both the equation and the comparisons are 
based on the IPTS-68 temperature scale. 

In all deviation plots, the zero-line represents our new 
fundamental equation. For caloric properties, the entire 
fundamental equation, Eq. (5.1), is necessary but for 
thermal properties only Eq. (5.3) is needed because the 
ideal gas part for the thermal properties is already incor­
porated in the corresponding relations between the single 
properties and the dimensionless Helmholtz energy <P 
consisting of ~o and ~r; see Table 28. The new equation 
and the data presented in the figures below correspond to 
the new temperature scale ITS-90. To compare our 
equation with those equations corresponding to the 
IPTS-68, we first converted the ITS-90 temperatures, 
used in the figures, into IPTS-68 values. This conversion 
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Table 36. The residual part cJ>r of the dimensionless Helmholtz energy and its derivatives 

~ ni 8di 'Tli + ~ e-&Ci n; 8di 'Tt; + I n; 8di 'Tt ; e -a;(&-~)2-1i;(1'-'Yi)2 
;-1 1-14 1-37 

" 

40 + I n;'Tlie -a;(I1-~)2_MT-'Y;)t -2a;8d; + 4ai8d;(8-A;)Z - 4d;a;8d;-1(8-A;) + d/(dl-l)8di -Z] 
/-37 

~ n;Sditi(t;-1)'Tt,'~2 + I n/e-&CiSdit;(t;-1)'T';-2 
1-1 /-14 ' 

+ ~ n;(jd''T''e .... \.-Aj,2- Pi \.-'ir[[I;!'T-l3i('T-Y;)]:l -1;/'T2 -2I3i] 
1-37 

n '~c; 
I niilISd;-1t;'T1i - 1 + I nle-& t;TIi-18d;-1(d/-c;8Ci ) 
i-I 1-14 

+ I n/8d;T1ie-a;(1I-4;)2_ lii (1'-'Yi)2 [d;/8-2a;(8-A/)][t/!T-2I3i(T-Yi)] 
j .. 37 

from ITS-90 to IPTS-68 was carried out with the equa­
tion given in Table 1.6 of Ref. 243 which we also used to 
convert any IPTS-68 temperature of the experimental 
data to ITS-90; see the introduction to Sec. 2. In most 
regions, with the exception of the critical region, it is not 
at all necessary to apply the conversion procedure be­
cause the differences are so small that they are not recog­
nizable in the figures. 

6.1. Liquid-Vapor Boundary 

6.1.1. Thermal Properties on the Coexistence Curve 

Figure 13 shows the deviations between experimental 
and calculated values with respect to the vapor pressure, 
to the saturated liquid and saturated vapor density. For a 
given temperature the equation of state yields these 
properties when the phase equilibrium condition 

T' = T", p' = p", and g' = g", (6.1) 

is applied, which means that it is not necessary to use any 
auxiliary equation. The agreement between the new fun­
damental equation, Eq. (5.3), and the experimental ps, p', 
and p" data of Kleinrahm and Wagner is excellent. All 
data points are reproduced within the claimed small un­
certainty of the data. Figure 13 demonstrates that neither 
the IUP AC equationl nor the equation of Friend et al., 16 

both evaluated by applying the phase equilibrium condi­
tion, are able to represent the data within their uncer­
tainty. As was stated in Sec. 2.2.4.3, for temperatures 
below 120 K the saturated vapor densities had to be cal­
culated by an iterative procedure because the evaluation 

of the saturated vapor density equation given by Klein­
rahm and Wagner yields data which are not consistent 
with the various thermodynamic properties of the homo­
geneous gas region. Friend et al:6 probably overfitted 
their equation to the saturated vapor density data of 
Kleinrahm and Wagner in the triple point region. Their 
equation represents these data within ± 0.1% although 
the uncertainty given in Ref. 2 is between ± 0.3% to 
± 0.8% at the triple point temperature. 

6.1.2. Speed of Sound on the Coexistence Curve 

Figure 14 illustrates the comparison between the ex­
perimental data of speeds of sound and heat capacities 
and the corresponding values calculated from Eq. (5.1). 
The saturated liquid speed of sound data of van Dael 
et ai.,73 Straty,107.1OS and Gammon and Douslin80 are in 
agreement with the speed of sound values calculated 
from Eq. (5.1) within ± 0.2%, except for the critical re­
gion, where the new equation of state fails to reproduce 
the limiting value w = 0 mJs when approaching the criti­
cal point; at the critical point Eq. (5.1) yields 
wI! == w' .... 205.95 mis, see also Table 38. Although the 
data of StratylOS and Gammon and Douslinso agree quite 
well with each other for saturated liquid speeds of sound, 
the saturated vapor speed of sound values of these two 
data sets deviate systematically from each other. Bearing 
in mind that Gammon and Douslin measured the speed 
of sound at pressures which were slightly below the vapor 
pressure at the temperature being considered and taking 
into account that the pressure dependence of the speed 
of sound (ow lap )P=Ps,p=p· at a temperature T = 165 K is 
about -50 (m/s)/MPa, the w" values calculated from 
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TABLE 37. Values for the critical exponent 13 of the saturation densities p' and p" calculated from Eq. (5.3) in the region very close to the critical 
point 

Temperature difference (Tc-T)/mK 
to the critical temperature 50 40 30 20 10 0.1 o 

Critical exponent 13 0.354 0.356 0.361 0.370 0.391 0.470 0.483 0.5 

TABLE 38. Values for the isochoric heat capacity and the speed of sound on the critical isochore calculated from Eq. (5.1) and the scaled equation 
of KurumovlS in the immediate vicinity of the critical point 

(T-T,.)/K 
Property compared 10- 1 10-2 10-3 10-4 o 

Eq. (5.1) ~ 223.10 207.58 205.95 205.78 205.77 
m/s 

205.77 

Scaled equationlS w 
222.92 183.09 154.45 132.00 113.76 

m/s 

Pi} (5.1) c" 3.1290 3.5313 3.57911 3.58113 358118 
kJ/(kgK) 

Scaled equation15 COJ 3.1241 4.4969 6.2936 8.6114 11.592 
kJ/(kgK) 
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Eq. (5.1) agree well with the values of Gammon and 
Douslin. Based on these facts it is logical that the data of 
Gammon and Douslin show a positive deviation of up to 
several 0.1% from the w" values calculated from our 
equation of state. 

For the saturated vapor speeds of sound, the equation 
of Friend et al. l6 shows systematic deviations from Eq. 
(5.1) and from the IUPAC equationl in the temperature 
regIon below 130 K. The reason for this probable misbe­
havior might be the overfitting of the p" values of Klein­
rahm and Wagner for temperatures below 120 K; see the 
end of the preceeding section. Friend et al. l6 adopted the 
structure of their methane equation from the oxygen 
equation of state developed by Schmidt and Wagne'r20S

•
206 

which forms the basis of the IUP AC monograph on oxy­
gen.207 Friend et al. l6 determined the adjustable para~e­
ters of their methane version of the oxygen equation by 
fitting the parameters to selected data of the following 
properties of methane: p pT data, PsP' p" data for the liq­
uid-vapor coexistence CUlve (mainly the psP' p" data of 
Kleinrahm and. Wagner), second virial coetlicients, Cv 

data, and linearized Cp , Ca and w data. A detailed investi­
gation of their correlation shows that for temperatures 

below 120 K calculated Cp and Cv values of the saturated 
vapor rise to a maximum, whereas a monotonic decrease 
with falling temperature would be expected (This is at 
least the experience from corresponding investigations of 
other well measured substances, e. g. oxygen, water, and 
carbon dioxide.). Such an incorrect representation of the 
heat capacities also influences the representation of the 
speed of sound values because the calculation of this 
property from a fundamental equation implies the calcu­
lation of Cv and Cp values, see Table 28. 

6.1.3. Heat Capacity on the Coexistence Curve 

Figure 15 shows comparisons between experimental c; 
and Ca data and the corresponding values calculated from 
Eq. (5.1). The data of Clusius,uH Younglove,lo3 Roder,l04 
and Cutler and Morrison 72 are represented within their 
experimental uncertainties, which are between ± 0.5% 
at low temperatures and± 5% near the critical point for 
Younglove's data, for example. Although these data were 
not included in the simultane.ous nonlinear fit, their rep­
resentation is fairly good. 
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FIG. 15. Percentage deviation fly = (Yexpi - Ycalc)!Yexpl (y = cp ', Ca ) of experimental heat capacity data on 
or along the saturated liquid line from values calculated from Eq. (5.1). All data with deviations of 
more than ± 2% are plotted on the limit of the deviation scale. 
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6.1.4. Enthalpy of Vaporization 

The deviation of experimental data of the enthalpy of 
vaporization Mv from values calculated from Eq. (5.3) is 
shown in Fig. 16. In addition to the experimental Mv 
data, Fig. 16 also contains Mv values calculated from the 
Clausius-Clapeyron equation 

~ _ 1. Mv 
dT T (lip") - (lip') , 

(6.2) 

where the quantities dps/dT, p' and p" were determined 
from Eqs. (3.2), (3.4), and (3.5). The agreement between 
these data and the Mv values calculated from Eq. (5.3) 
shows that, also for this combination of the thermal prop­
erties of the saturation curve, the consistency between 
the auxiliary equations for ps, p', and p" and Eq. (5.3) is 
very good. With the exception of the two data of Frank 
and Clusius97 and Colwell et al.,99 the other Mv data are 
less reliable because of impurities in the sample (Jones 
et al.lJl!) or the use of older p' and p" values for the evalu­
ation of the measurements (Hestermans and White48

). 
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FIG. 16. Percentage deviation A.(flhv) = (flhv,exp' - flhv,calc)lflhv,exp, of 
experimental enthalpy of vaporization data from values calcu­
lated from Eq. (5.3). 

6.2. Single Phase Region 

Since this section only gives a compressed survey of the 
overall quality of the new fundamental equation, we will 
show a representative sample from the data set that we 
used for establishing our equation. The deviation plots do 
not contain any information on the uncertainty of the ex­
perimental data because such error bars would have 
made the figures overcrowded. In general, however, for 
these selected data the uncertainty is represented by the 
scatter of the data. Details with regard to the uncertain­
ties of properties calculated from our new formulation 
are given in Sec. 7. Most figures also show comparisons 
with the IUP AC equation of state1 and the correlation of 
Friend et al. 16 All the other equations of state for 
methane, which are summarized in Table 1, represent the 
properties of methane more unfavorably than the equa­
tions of the IUP AC and of Friend et al. do. Since the 
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stated validity of the equation of Friend et al. is restricted 
to pressures below 100 MPa, comparisons of our equation 
of state with this equation are given only for pressures be­
low 100 MPa. The IUPAC equation and the new funda­
mental equation are valid for pressures up to 1000 MPa. 

6.2.1 Thermal Properties 

Figures 17 and 18 show the percentage density devia­
tion of the selected experimental p pT data from the data 
calculated from Eq. (5.3). The estimated experimental 
uncertainties of these data and further information can 
be taken from Table 16. We chose the low resolution of 
tlp/p = ± 0.2% for the density deviation, because other­
wise it would not have been possible to compare our 
equation with the IUPAC equation1 and the one of 
Friend et al.16 The high resolution of the deviation scale 
in the additional Figs. 19 and 20 were selected to illus­
trate the quality of our new fundamental equation in two 
regions: ppT data for p ~ 12 MPa and T ~ 450 K, and 
p pT data for p > 12 MPa and T ~ 450 K. The quality of 
the representation of ppT data for T > 450 K is dis­
cussed together with Fig. 18. The critical region will be 
discussed in detail in Sec. 6.3. 

Figures 17 and 18 show that the new equation of state, 
Eq. (5.3), represents the selected experimental p pT data 
significantly better than all the other equations available 
for methane do. The systematic deviations between the 
IUPAC equation I and the equation of Friend et al. 16 and 
our equation are based on the fact that both correlators 
relied too much on the data of Goodwin et al.8.19 As dis­
cussed in Sec. 2.3.1, we used Goodwin's corrected data 
only for the development of the new equation of state but 
the deviation plots contain the original (uncorrected) 
data of Goodwin et al. It has already been mentioned 
that the data of Goodwin deviate by up to 0.2% in density 
from recent state-of-the-art measurements. 

ppT data for p ~ 12 MPa and T ~ 450 K 

Figures 19 and 20 show comparisons of data from 
state-of-the-art p pT experiments with density values cal­
culated from Eq. (5.3). The new equation agrees within 
± 0.02% in density with the p pT data of Kleinrahm 
et ol}.4 Pieperbeck et ol}2 Achterm~nn et al_,23.109 and 
Handel et al.5 All p pT data sets are represented within 
their experimental uncertainties; see Table 16. 

ppT data for p > 12 MPa and T ~ 450 K 

Figures 19 and 20 illustrate that, also at higher pres­
sures, Eq. (5.3) gives a good representation of the p pT 
data of Morris114,l15, Achtermann et al.,23.109 Jaeschke,117 
Trappeniers et al.,113 and Kortbeek and Schouten. us The 
experimental and calculated densities generally agree 
within ± 0.05%. The range from 30 MPa to the melting 
pressure at temperatures below 250 K is not covered by 
reliable data. Nevertheless, we estimate that the uncer­
tainty of density values calculated from Eq. (5.3) in this 
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certainties see Table 16. 

region is less than ± 0.15%. This quality is achieved be­
cause the fitting and optimization process included speed 
of sound measurements which cover the range mentioned 
above. 

ppT data for T > 450 K 

There is only one set of Group 1 measurements which 
covers temperatures above 450 K (see Fig. 6). Douslin 
et aZ.20 published 374 measurements of the compression 
factor z in the temperature range between 273 K and 
623 K at pressures up to 37.5 MPa. The total uncertainty 
in z claimed for their measurements increases to about 
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resolution with respect to density. For the experimental uncertainties see Table 16 . 

..... 0.3% at the highest temperature and pressure. The 
data are well reproduced by Eq. (5.3) within this error 
limit. Unfortunately, these data already show a system­
atic deviation from our primary p pT data at temperatures 
below 450 K. Therefore, we estimate the uncertainty of 
density values calculated from Eq. (5.3) to be ± 0.07% to 
± 0.15% for temperatures above 450 K at pressures of 
30 MPa. . 

6.2.2. The Second Vlrlal Coefficient 

Figure 21 illustrates comparisons between selected ex­
perimental data of the second virial coefficient and B val­
ues calculated from Eq. (5.3). The calculated second 
virial coefficients are in good agreement with the data of 
Kleinrahm et al.·,4 Roe,1l2 and Douslin et al.20 
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6.2.3. Speed of Sound 

Figure 22 shows the percentage speed of sound devia­
tions along several isotherms plotted against pressure. 
The high quality of the selected data representation at an 
temperatures and pressures characterizes the new funda­
mental equation, Eq. (5.1). Neither the IUPAC equation1 

nor the equation of Friend et al. Hi is able to represent the 
speed of sound in the liquid region and in the high pres­
sure region within the uncertainty of these data. How­
ever, many measurements of the properties of methane 

J. Phys. Chern. Ref. Data, Vol. 20, No.6, 1991 

have been carried out in the last few years so that these 
data had not been available to most of the previous corre­
lators. 

In 1986, Kortbeek et ai.68,186 published ppT and speed 
of sound data for methane. At that time we had already 
started with the development of our fundamental equa­
tion. Our preliminary equation of state was not able to 
reproduce the w data of Kortbeek although the data were 
included in the fitting and the optimization process. In 
1989, Kortbeek and Schouten118 repeated their measure­
ments. The new set of data on the speed of sound differs 
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up to - 0.7% from their first measurements. Although 
the data now agree much better with our equation of 
state, we believe that the maximum uncertainty of 
± 0.12%. claimed by Kortbeek et al. for their new speed 
of sound data, might still be a little bit too optimistic. 

6.2.4. The Isochorlc Heat Capacity 

Figure 23 shows the percentage deviations of Cv data 
from our new equation of state, while Figure 24 shows an 
absolute plot of c v in the liquid region close to the satu­
rated liquid line. Figure 23 illustrates that Eq. (5.1) can 
represent the data of Roder104 better than the data of 
YounglovelO3 although both experiments were performed 
with the same equipment. Figure 24 shows that the IU­
PAC equationl as well as the equation of Friend et al. 16 

probably exhibit a physically incorrect behavior in the 
liquid region at lower. temperatures. The values of the 
isochoric heat capacity on an isochore are expected to 
increase with decreasing temperature when approaching 
the saturated liquid line, and the heat capacity on the 
saturated liquid line is not expected to have a maximum 
at low temperatures. This is at least the experience from 
corresponding investigations of other well-measured 
fluids, e. g. 02, H20, and C02. 

6.2.5. The Isobaric Heat Capacity 

Figure 25 gives an impression of the percentage devia­
tions of the cp data from values calculated from the equa­
tion of state, Eq. (5.1). With the exception of the low 
temperature region and the critical region, all investi­
gated equations of state show very similar deviations from 
the experimental data. Except near the critical point, the 
maximum deviation between the data and the values cal­
culated from our equation of state is about ± 2% which 
corresponds to the estimated experimental uncertainty; 
see Sec. 2.3.4. 

6.2.6. Difference of Enthalpy 

The absolute deviations between experimentally deter­
mined differences of enthalpy by Ayber,167 Kasteren and 
Zeldenrust,11° Dawe and Snowdon,169 and Dillard et al. l68 

and t:Jt values calculated from Eq. (5.1) are presented in 
Fig. 26. The main part of the enthalpy differences pub­
lished by Dawe and Snowdon (Ahexpt.max = 124.7 Jig) is 
reproduced within its stated uncertainty of 0.3 Jig. Ayber 
investigated the integral Joule-Thomson effect (ATm"" = 
60 K, Apmax = 8 MPa, M = 0 kJ/kg) so that the maximum 
deviation of 1 Jig is acceptable, especially when bearing 
in'mind that Ayber used methane which had contained 
1.3 mol% impurities. 

6.2.7. Joule-Thomson CoefficIent 

Figure 27 shows the Joule-Thomson coefficient calcu­
lated from three equations of state and the experimental 
coefficients of Budenholzer et al. l

6.5 on six isotherms. The 
equations, which all agree in this region, indicate that the 
experimental Joule-Thomson coefficients of Budenholzer 
et al.165 are not consistent with the other reliable experi­
mental data which the IUPAC equation. 1 the equation of 
state of Friend et al.l6 and Eq. (5.1) are able to represent. 

6.3. Critical Region 

The opinion has been widely held that analytic equa­
tions of state covering the whole fluid region are not abJe 
to represent the properties in the critical region. In this 
context, we define the enlarged critical region of methane 
by a temperature region between 187 K and 205 K 
(Tc = 190.6 K) and densities from 90 to 230 kglm3 

(Pc = 162.7 kglm3
). We will show that our new equation is 

able to represent the existing experimental information 
on the thermodynamic properties of methane in the crit­
ical region at least as well as the revised and extended 
scaling model of Kurumov et al. 15 The validity range of 
the Kurumov equation corresponds to the region defined 
above. 

Comparisons of the calculated and measured vapor 
pressure, saturated liquid and vapor densities for temper­
atures close to the critical temperature are given in 
Fig. 28. The scaling law equation has difficulties in repre­
senting the saturated liquid and vapor densities in the 
critical region. Our new fundamental equation, however, 
reproduces all experimentalpsp' p" data of Kleinrahm and 
Wagne~ within the experimental uncertainty. 

I t should be mentioned that the new fundamental 
equation, Eq. (5.3), is not consistent with Eqs. (3.4) for p' 
and (3.5) for p" with regard to the critical exponent 13. 
The critical exponent of Eqs. (3.4) and (3.5) is (3 = 0.354 
whereas the critical exponent 13 of Eq. (5.3) is 0.5 (for 
T ~ Tc like for any analytical equation of state). How­
ever, as Table 37 shows, this inconsistency exists only for 
(Tc - T) ~ (20 to 30)mK, and for (Tc - T) ~ 50 mK the 
three equations completely agree with respect to 13. On 
the other hand, the 13 value has very little to do with the 
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quality of any correlation equation. Although the Kuru­
mov equation1S contains the so-called "true" value 
13 = 0.325 corresponding to the universality hypothesis of 
the renormalization group theory, this equation is just not 
able to represent the saturation densities of the critical 
region within their experimental uncertainties. 

A comparison of Eq. (5.3), the scaled equation of state 
of Kurumov et al., IS the equation of Friend et al.,16 and 
the IUPAC equation1 with the p pT data of Kleinrahm 

J. Phys. Chem. Ref. Data, Vol. 20, No.6, 1991 

et al.3 and Handel et al.s is presented in Fig. 29. Again, 
only Eq. (5.3) is able to represent the data within the ex­
perimental uncertainty. 

Up to now, the anomalous behavior of caloric proper­
ties of methane in the critical region could not have been 
properly modelled by analytical equations of state. With 
the help of special terms (modified two-dimensional 
Gaussian terms) in our equation, we are now able to rep­
resent the caloric properties speed of sound and heat ca-
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pacity in a wide range of temperatures and densities as 
well as the scaled equation of state of Kurumov et al. IS 

Although, of course, the new fundamental equation does 
not reproduce the limiting properties when approaching 
the critical point, which is however, not of importance for 
'normal' engineering applications, it is possible to repre­
sent caloric properties much better than all the other ex­
isting equations of state for methane do. A comparison 
between the new fundamental equation, Eq. (5.1), the 
scaled equation of Kurumov et al., 15 the equation of 
Friend et ai.,16 and the experimental speeds of sound of 
Gammon et a1.6.80 is presented in Fig. 30. Eq. (5.1) yields 
the best overall representation of the w data of Gammon 

et al. For temperatures (T - Tc) ~ 1 K, Eq. (5.1) repre­
sents the data within their experimental uncertainty of 
± 1 %. Closer to the critical point (within Tc + 0.5 K), 
the scaled equation is superior to our equation but it is 
obvious that its agreement with the experimental data de­
teriorates very rapidly as soon as the scaled equation is 
extrapolated outside its very small range of validity. Di­
rectly at the critical point, Eq. (5.1) yields a speed of 
sound value of 205.95 mls which is, of course, in conflict 
with the expected limiting value 0 mls. Table 38 shows in 
more detail which values for wand CII Eq. (5.1) and the 
scaled equation of Kurumov1S yield in the immediate 
vicinity of the critical point. 
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The representation of the isochoric heat capacity data 
on a near critical isochore, p = 163 kg/m3, and on the iso­
chore p = 189 kg/m3 by Eq. (5.1) is shown in Fig. 31. The 
comparison for the 189 kglm3 isochore shows that the Cv 

data of Young]ove103 are systematically higher than the 
more recent data of }{odert04 taken with the same appara­
tus which was also used by Younglove. With the excep­
tion of Roder's Cv value at T = 190.97 K and p = 189 
kglm3 the scaled equation of Kurumov et al. Is but also the 
new fundamental equation, Eq. (5.1), are able to repre­
sent all data within the experimental uncertainty esti­
mated to be about ± 3% to ± 5% (see also Table 22). 
This is also valid for the critical isochore p = 163 kglm3 

where, however, the data do not extend close enough to 
the critical temperature. The plot of the critical isochore 
also shows that Eq. (5.1) is in agreement with the scaled 
equation for temperatures (T - Tc) ~ 1 K but at T = Tc 
Eq. (5.1) yields the finite value Cv = 3.6 kJ/(kg K), see 
also Table 38. The IUP AC equation1 and the equation of 
Friend et al.16 are not able to represent the isochoric heat 
capacities in the near critical region. 

At the end of this critical region discussion, in Table 
38, Eq. (5.1) and the scaled equation of Kurumov etalY 
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are compared with regard to their values for wand Cv very 
close to the critical point. Table 38 shows that the Te~m1ts 
calculated from the two equations deviate systematically 
for (T - Tc) < 1 K. When approaching Tc, the deviations 
between the two equations increase clearly. For 
(T -1~) < 10- 1 K, however, the course of the two equa­
tions is only based on the mathematical model and not 
supported by experimental data. It is also interesting to 
note that for (T - Tc) < 10-4 K the values calculated 
from the scaled equation for ware far away from zero and 
for Cv far away from infinite. However, this equation can­
not be evaluated for (T - Tc) < 10-4 K because this re­
gion is excluded from the application range due to 
numerical problems. When we switched off the tempera­
ture limit of 10-4 K in the program package of the Kuru­
moveQuation, at (T - Tc) = 10- 10 K we ca1culated with 
this equation w = 50.6 mls and Cv = 58.7 kJ/(kg K). 

6.4. Metastable States 

Baidakov et aI.150a,185 published measurements of ppT 
data (Ref. 150a) as well as speed of sound data (Ref. 185) 
in the metastable region. The p pT experiments were only 
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relative measurements because Baidakov and GurinaI50a 

determined their densities from density values on the sat­
urated liquid line which had been given by Goodwin and 
PrydzI9 and McClune.94 As discussed in Sec. 2.2.4.2., both 
data sets for the saturated liquid density used by 
Baidakov and Gurina deviate systematically from the 
state-of-the-art data of Kleinrahm and Wagner and, nec­
essarily, the ppT data have to show systematic deviations 
from values calculated from Eq. (5.1). Fig. 32 shows the 
representation of the p pT data on six isochores and we 
conclude that Eq. (5.1)is able to represent the properties 
in the metastable region as well as the properties in the 
homogeneous states. This statement is supported by 

Fig. 33, where the representation of the speed of sound 
data of Baidakov et al.185 is shown. For both p p T and 
speed of sound measurements Baidakov et al. used 
methane with a purity of only 99.9 mol%. It is commonly 
known that the effect of impurities becomes significant 
when the measurements approach near critical condi­
tions. 

6.5. Extrapolation Behavior of the 
New Fundamental Equation 

To conclude the discussion of the new equation of 
state, its extrapolation capability is examined with the 
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help of Fig. 34. In 1981, Nellis et a/.2
0S carried out shock 

wave measurements in methane. Based on the conserva­
tion relations for mass, momentum, and energy, they ob­
tained data on the Hugoniot curve 

h - hoH = O.5(p + poH)(lIpoH - lip), (6.3) 

where h is the enthalpy, p the pressure and p the density 
after the shock wave experiment and hoH, poB, and poB are 
the initial state values. The comparison ofEq. (5.1) to the 
experimental Hugoniot data, which were not used to fit 
the equation, is shown in Fig. 34. The agreement of the 
Hugoniot curve calculated with the help of EllS. (5.1) and 
(6.3) with the data of Nellis et aI.20s is exce]]ent. A safe 
extrapolation of Eq. (5.1) might be possible for pressures 
up to 20000 MPa. 
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7. Accuracy of the New Fundamental Equation 

Estimates of the accuracy of the density, speed of 
sound, and enthalpy calculated from the new fundamen­
tal equation presented here have been made and are il­
lustrated in lhe lu1eram.::e diagrams, Figs. 35, 36, amI 37, 
respectively. The estimates were derived from compari­
sons of the various sets of experimental results and taking 
into account our own experience in judging experimental 
data. 

The calculated values of heat capacity (cp and cv ) are 
estimated to be accurate to within ± 1%. The estimates 
of lhe uncertainties of lhe enthalpy shown in Fig. 37 are 
considerably less certain than those of the density and 
speed of sound. Because of the scarcity of enthalpy data, 
the tolerances given are only rough estimates. 
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values calculated from this equation outside this region correspond to extrapolated val­
ues. The uncertainty of the data in this figure was estimated to be about ± 1 % which 
corresponds roughly to the size of the symbols plotted. 
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8. Conclusions 

Based on recent experimental data on the thermody­
namic properties of methane, a new fundamental equa­
tion for the Helmholtz energy has been developed which 
covers the temperature range from 90 K to 625 K at pres­
sures up to 1000 MPa. With the help of a new optimiza­
tion procedure18

, we have established correlation 
equations which offer a state-of-the-art representation of 
the thermodynamic properties of methane. 

The new equation of state, Eq. (5.1), which corre­
sponds to the new temperature scale ITS-90, represents 
nearly all experimental thermal and caloric data, which 
are considered to be reliable, within the experimental un­
certainty. This statement is not only valid for the homoge­
neous phases, but also for the vapor-liquid coexistence 
curve and even for the critical region. Furthermore. the 
equation allows a meaningful extrapolation for pressures 
up to 20000 MPa. 

Based on the high overall accuracy, the ability of a rea­
sonable representation of the crilical region, anu lh~ ex­
trapolation capability, the new formulation is a significant 
improvement in comparison to existing studies. 
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Appendix: Thermodynamic Properties entry in these tables should be given to one more signifi-
of Methane cant figure than the input data warrant, as an assurance 

of smoothness and a guard against inaccuracy in interpo-
In order to preserve thermodynamic consistenCy, all lation. A strict adherence to this principle is difficult, and 

values presented in Tables 39 and 40 were calculated only a possible conflict has always been avoided by including 
from the fundamental equation, Eq. (5.1). Ideally, each more figures than are strictly necessary. 

Table 39. Thermodynamic properties of saturated methane 

Temperature Pressure Density Enthalpy Entropy C" cp Speed of 
K MPa kg/ml kJlkg kJ/(kg K) kJ/(kgK) kJ/(kgK) sound m/s 

90.694· 0.011696 451.48 -9S2.76 ' -7.3868 2.1677 3.3678 1538.6 
0.25074 -438.50 -1.3857 1.5735 2.1100 249.13 

92 0.013801 449.73 -978.36 -7.3386 2.1593 3.3723 1526.7 
0.29197 -435.95 -1.4429 1.5753 2.1141 250.76 

94 0.017613 447.05 -971.60 -7.2661 2.1471 3.3801 1508.4 
0.36530 -432.08 -1.5265 1.5783 2.1209 253.20 

96 0.022233 444.35 -964.82 -7.1948 2.1354 3.3888 1489.8 
0.45238 -428.25 -1.6055 1.5815 2.1284 255.57 

98 0.02n78 441.63 -958.03 -7.1249 2.1243 3.3982 1471.0 
0.55488 -424.46 -1.6804 1.5850 2.1367 257.87 

100 0.034376 438.89 -951.21 -7.0562 2.1136 3.4084 1452.0 
0.67457 ~420.73 -1.7514 1.5887 2.1458 260.09 

102 0.042160 436.12 ~944.37 -6.9887 2.1032 3.4193 1432.9 
0.81329 -417.04 -1.8188 1.5926 2.1558 262.24 

104 0.051275 433.32 -937.51 -6.9222 2.0931 3.4308 1413.6 
0.97298 -413.42 -1.8829 1.5968 2.1667 264.31 

106 0.061868 430.50 -930.62 -6.8568 2.0832 3.4429 1394.1 
1.1556 -409.85 -1.9440 1.6012 2.1785 266.29 

108 0.074099 427.65 -923.70 -6.7925 2.0736 3.4557 1374.5 
1.3633 -406.35 -2.0022 1.6059 2.1914 268.20 

110 0.088130 424.78 -916.75 -6.7290 2.0642 3.4692 1354.7 
1.5982 -402.92 -2.0578 1.6108 2.2053 270.01 

112 0.10413 421.87 -909.78 -6.6665 2.0549 3.4835 1334.8 
1.8625 -399.56 -2.1110 1.6160 2.2203 271.75 

114 0.12228 418.93 -902.77 -6.6049 2.0458 3.4986 1314.7 
2.1586 -396.28 -2.1620 1.6214 2.2364 273.39 

116 0.14275 415.96 -895.73 - 6.5441 2.0369 3.5145 1294.4 
2.4888 -393.07 -2.2108 1.6270 2.2539 274.94 

118 0.16574 412.95 -888.65 -6.4841 2.0281 3.5314 1274.0 
2.8557 -389.95 -2.2578 1.6329 2.2727 276.40 

120 0.19143 409.90 -881.54 -6.4248 2.0196 3.5493 1253.5 
3.2619 -386.93 -2.3030 1.6390 2.2930 277.76 

122 0.22002 406.82 -874.38 -6.3662 2.0112 3.5683 1232.7 
3.7099 -383.99 -2.3466 1.6454 . 2.3148 279.03 

124 0.25170 403.69 -867.18 -6.3084 2.0030 3.5886 1211.9 
4.2028 -381.15 -2.3888 1.6521 2.3384 280.21 
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Tilule 39. ThcllIIuuymuuk plopcltjc;~ of ljatu1i:ltc;d methane - Continued 

Temperature Pressure Density Enthalpy Entropy CII cp Speed of 
K MPa kg/m3 kJlkg kJ/(kg K) kJ/(kgK) kJ/(kgK) sound mls 

126 0.28667 400.52 -859.94 -6.2511 1.9950 3.6102 1190.8 
4.7434 -378.42 -2.4295 1.6591 2.3638 281.28 

128 0.32514 397.30 -852.65 -6.1945 1.9871 3.6333 1169.5 
5.3348 -375.79 -2.4690 1.6663 2.3912 282.25 

130 0.36732 394.04 -845.31 -6.1384 1.9795 3.6580 1148.1 
5.9804 -373.28 -2.5074 1.6739 2.4208 283.13 

132 0.41341 390.72 -837.92 -6.0829 1.9722 3.6845 1126.4 
6.6837 -370.88 -2.5447 1.6818 2.4528 283.90 

134 0.46363 387.35 -830.47 -6.0278 1.9650 3.7130 1104.6 
7.4483 -368.61 -2.5811 1.6901 2.4875 284.57 

136 0.51819 383.92 -822.96 -5.9732 1.9581 3.7437 1082.5 
8.2783 -366.47 -2.6167 1.6987 2.5252 285.13 

138 0.57730 380.42 -815.38 -5.9191 1.9515 3.7769 1060.2 
9.1779 -364.46 -2.6515 1.7077 2.5662 285.58 

140 0.64118 376.87 -807.74 -5.8653 1.9452 3.8129 1037.7 
10.152 -362.60 -2.6857 1.7172 2.6108 285.93 

14'. 0.71006 3Tt?4 -8oo.0? -58119 LQ3Q1 3.8519 10149 
11.205 -360.89 -2.7194 1.7272 2.6596 286.16 

144 0.78415 369.53 -792.22 -5.7587 1.9334 3.8944 991.81 
12.343 -359.33 -2.7525 1.7377 2.7131 286.29 

146 0.86368 365.74 -784.34 -5.7059 1.9281 3.9407 968.46 
13.571 -357.95 -2.7853 1.7487 2.7718 286.30 

148 0.94887 361.87 -776.37 -5.6532 1.9231 3.9916 944.81 
14.897 -356.74 -2.8179 1.7604 2.8366 286.19 

150 1.0400 357.90 -768.30 -5.6007 1.9186 4.0474 920.85 
16.328 -355.71 -2.8502 1.7727 2.9083 285.97 

152 1.1372 353.83 -760.12 -5.5484 1.9145 4.1091 896.54 
17.871 -354.89 -2.8824 1.7858 2.9880 285.63 

154 1.2408 349.64 -751.83 -5.4961 1.9109 4.1775 871.87 
19.537 -354.28 -2.9146 1.7997 3.0771 285.16 

156 1.3509 345.34 -743.41 -5.4438 1.9079 4.2537 846.82 
21.336 -353.89 -2.9470 1.8145 3.1772 284.57 

158 1.4680 340.90 -734.85 -5.3915 1.9055 4.3391 821.35 
23.279 -353.75 -2.9795 1.8303 3.2903 283.86 

160 1.5921 336.31 -726.14 -5.3391 1.9037 4.4354 795.43 
25.382 -353.87 -3.0124 1.8473 3.4189 283.01 

lC>:l 1.7:l35 33151 -7l7ZI -5.2864 1.9028 4.5448 769.03 

27.660 -354.28 -3.0457 1.8655 3.5665 282.03 

164 1.8626 326.64 -708.21 -5.2334 1.9027 4.6702 742.10 
30.132 -355.01 -3.0797 1.8852 3.7374 280.91 

166 2.0096 321.50 -698.95 -5.1800 1.9037 4.8154 714.59 
32.822 -356.07 -3.1145 1.9066 3.9373 279.65 
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Table 39. Thermodynamic properties of saturated methane - Continued 

Temperature Pressure Density Enthalpy Entropy C" cp Speed of 
K MPa kg/m3 kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kgK) sound mls 

168 2.1647 316.14 -689.46 -5.1261 1.9059 4.9854 686.42 
35.758 -357.52 -3.1503 1.9300 4.1740 278.:23 

170 2.3283 310.50 -679.70 -5.0715 1.9095 5.1872 657.52 
38.974 -359.40 -3.1874 1.9556 4.4585 276.66 

172 2.5007 304.56 -669.64 -5.0159 1.9149 5.4311 627.77 
42.514 -361.77 -3.2260 1.9840 4.8066 274.93 

174 2.6822 298.25 -,659.22 -4.9591 1.9225 5.7318 597.05 
46.434 -364.71 -3.2666 2.0157 5.2416 273.02 

176 2.8732 291.50 -64~.37 -4.9009 1.9330 6.1124 565.18 
50.808 -368.31 -3.3096 2.0515 5.8000 270.92 

178 3.0740 284.21 -637.01 -4.8406 1.9473 6.6105 531.94 
55.740 -372.71 -3.3558 2.0925 6.5421 268.60 

180 3.2852 276.23 -625.00 -4.7778 1.9669 7.2923 491.01 

61.375 -378.11 -3.4062 2.1404 7.5740 266.04 

182 3.5071 267.33 -612.14 -4.7112 1.9944 8.2863 459.94 
67.940 -384.81 -3.4621 2.1977 9.1030 263.17 

184 3.7405 257.14 . ';"598.08 -4.6393 2.0346 9.8808 420.00 
75.810 -393.29 -3.5262 2.2688 11.592 259.89 

186 3.9860 244.93 -582.19 -4.5586 2.0978 12.883 375.88 
85.704 -404.47 -3.6032 2.3620 16.333 255.97 

188 4.2448 228.93 -562.88 -4.4612 2.2130 20.738 324.57 
99.377 -420.~8 -3.7044 2.5001 28.n4 250.72 

190 4.5186 200.78 -532.67 -4.3082 2.6022 94.012 250.31 
125.18 -451.91 -3.8831 2.8546 140.81 238.55 

190.564b 4.5992 162.66 -495.35 -4.1144 

aTriple point. 

beritiea' point. 

Table 40. Thermodynamic properties of methane 

Temperature Density Internal Enthalpy Entropy ell cp Speed of 
Energy sound 

K kg/ml kJ/kg kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kg K) mls 

0.025 MPa Isobar 

90.6988 451.48 -982.78 -982.73 -7.3868 2.16n 3.3677 1538.7 
92 449.74 -978.39 -978.34 -7.3387 2.1593 3.3723 1526.8 
94 447.06 -971.64 -971.59 -7.2661 2.1471 3.3801 1508.4 
96 444.35 -964.87 -964.82 -7.1949 2.1354 3.3888 1489.8 
97.042b 442.94 -961.34 -961.28 -7.1582 2.1296 3.3936 1480.0 

97.042b 0.50377 -475.90 -426.27 -1.6450 1.5833 2.1326 256.78 
98 0.49864 -474.37 -424.23 -1.6241 1.5817 2.1298 258.11 

100 0.48827 -471.18 -419.97 -1.5811 1.5787 2.1244 260.86 
105 0.46421 -463.23 -409.38 -1.4778 1.5732 2.1141 267.60 
110 0.44250 -455.33 -398.83 -1.3796 1.5694 2.1067 274.14 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy ell cp Speed of 
Energy sound 

K kg/m3 kJlkg kJlkg kJ/(kgK) kJ/(kg K) kJ/(kgK) m/s 

0.025 MPa Isobar 

115 0.42278 -447.44 -388.31 -1.2861 1.5667 2.1012 280.50 
120 0.40478 -439.58 -377.81 -1.1967 1.5647 2.0970 286.70 
125 0.38828 - 431.72 -367.34 -1.1112 1.5633 2.0938 292.75 
130 0.37310 -423.88 -356.88 -1.0291 1.5622 2.0913 298.67 
135 0.35908 -416.05 -346.42 -0.95024 1.5615 2.0894 304.47 

140 0.34608 -408.22 -335.98 -0.87428 1.5610 2.0879 310.15 
145 0.33401 -400.39 -325.54 -0.80104 1.5607 2.0867 315.71 
150 0.32275 -392.57 -315.11 -0.73031 1.5606 2.0859 321.18 
155 0.31224 -384.75 -304.68 -0.66192 1.5607 2.0854 326.54 
160 0.30240 -376.93 -294.26 -0.59572 1.5609 2.0851 331.81 

165 0.29316 -369.11 -283.83 -0.53156 1.5611 2.0851 336.99 
170 0.28447 - 361.29 -273.41 -0.46931 1.5621 2.0853 342.09 
175 0.27629 - 353.47 -262.98 -0.40885 1.5630 2.0858 347.09 
180 0.26856 -345.64 -252.55 -0.35008 1.5641 2.0867 352.02 
185 0.26126 -337.80 -242.11 -0.29290 1.5655 2.0878 356.87 

190 0.25435 -329.96 -231.67 -0.23720 1.5673 2.0892 361.64 
195 0.24779 -322.11 -221.22 -0.18291 1.5693 2.0910 366.34 
200 0.24157 - 314.25 -210.76 -0.12994 1.5716 2.0931 370.% 
210 0.23001 -298.49 -189.80 -0.02769 1.5775 2.0986 380.00 
220 0.21952 -282.67 -168.78 0.07009 1.5849 2.1057 388.75 

230 0.20994 -266.76 -147.68 0.16388 1.5941 2.1147 397.24 
240 0.20117 -250.76 -126.48 0.25410 1.6052 2.1255 405.47 
250 0.19310 -234.63 -105.17 0.34112 1.6182 2.1383 413.45 
260 0.18566 -218.37 -83.711 0.42527 1.6331 2.1530 421.19 
270 0.17877 -201.95 -62.098 0.50683 1.6500 2.1698 428.71 

280 0.17237 -185.35 -40.308 0.58608 1.6689 2.1885 436.00 
290 0.16642 -168.55 -18.321 0.66323 1.6896 2.2091 443.09 
300 0.16086 -151.53 3.8805 0.73849 1.7121 2.2315 449.98 
310 0.15566 -134.29 26.315 0.81206 1.7363 2.2557 456.69 

320 0.15079 -116.79 49.000 0.88407 1.7622 2.2815 463.22 
330 0.14622 -99.030 71.949 0.95469 1.7895 2.3087 469.60 
340 0.14191 -80.987 95.179 1.0240 1.8182 2.3374 475.82 
350 0.13785 -62.652 118.70 1.0922 1.8482 2.3673 481.91 
360 0.13402 -44.011 142.53 1.1593 1.8794 2.3984 487.86 

370 0.13039 -25.054 166.67 1.2255 1.9115 2.4305 493.70 
380 0.12696 -5.7706 191.14 1.2907 1.9446 2.4635 499.42 
390 0.12370 13.847 215.95 1.3552 1.9785 2.4974 505.04 
400 0.12061 33.807 241.09 1.4188 2.0130 2.5319 510.57 
410 0.11766 54.116 266.59 1.4818 2.0483 2.5671 516.01 

420 0.11486 74.780 292.43 1.5441 2.0840 2.6028 521.36 
430 0.11219 95.803 318.64 1.6057 2.1202 2.6390 526.64 
440 0.10964 117.19 345.21 1.6668 2.1568 2.6755 531.84 
450 0.10720 138.94 372.15 1.7274 2.1936 2.7123 536.98 
460 0.10487 161.07 399.46 1.7874 2.2307 2.7494 542.05 

470 0.10264 183.56 427.14 1.8469 2.2681 2.7867 547.06 
480 0.10050 206.43 455.20 1.9060 2.3055 2.8242 552.02 
490 0.09844 229.68 483.63 1.9646 2.3431 2.8617 556.92 
500 0.09648 253.30 512.43 2.0228 2.3807 2.8993 561.77 
520 0.09276 301.67 571.17 2.1380 2.4560 2.9746 571.32 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy CII cp Speed of 
Energy sound 

K kglm3 kJ/kg kJ/kg kJ/(kgK) kJ/(kg K) kJ/(kgK) m/s 

0.025 MPa Isobar 

540 0.08933 351.54 631.41 2.2516 2.5311 3.0497 580.70 
560 0.08614 402.92 693.16 2.3639 2.6059 3.1244 589.92 
580 0.08317 455.78 756.39 2.4748 2.6801 3.1986 598.98 
600 0.08039 510.12 821.10 2.5845 2.7538 3.2723 607.90 
620 0.07780 565.93 887.27 2.6930 2.8267 3.3451 616.69 

0.050 MPa Isobar 
1\"· 

90.704- 451.49 -982.78 -982.67 -7.3867 2.1677 3.3676 1538.8 
92 449.76 -978.41 -978.30 -7.3389 2.1594 3.3721 1527.0 
94 447.08 -971.66 -971.55 -7.2663 2.1471 3.3799 1508.6 
96 444.37 -964.89 -964.78 -7.1950 2.1355 3.3886 1490.0 
98 441.65 -958.11 -957.99 -7.1251 2.1244 3.3981 1471.2 

100 438.90 -951.30 -951.19 -7.0563 2.1136 3.4083 1452.2 
103.738b 433.69 -938.52 -~38.41 -6.9309 2.0944 3.4292 1416.1 
lm.7~8b 0.95080 -.466 . .48 -.413.89 -1.87.47 1.5962 2.1652 26.4.04 
105 0.93858 -464.43 -411.16 -1.8486 1.5933 2.1597 265.79 
110 0.89331 -456.38 -400.41 -1.7485 1.5843 2.1426 272.54 

115 0.85246 -448.38 -389.73 -1.6535 1.5782 2.1303 279.09 
120 0.81535 -440.42 -379.10 -1.5631 1.5738 2.1212 285.44 
125 0.78147 -432.49 '-368.51 -1.4766 1.5706 2.1142 291.62 
130 0.75039 -424.59 ':"'357.96 -1.3938 1.5682 2.1087 297.65 
135 0.72176 -416.70 -347.42 -1.3143 1.5664 2.1044 303.54 

140 0.69$29 -408.82 -336.91 -1.2379 1.5651 2.1010 309.30 
145 0.67073 -400.96 -326.41 -1.1642 1.5642 2.0983 314.94 
150 ·0.64788 -393.10 -315.93 -1.0931 1.5636 2.0962 320.47 
155 0~62657 -385.25 -305.45 -'-1.0244 1.5633 2.0946 325.89 
160 0.60663 -377.40 -294.98 -0.95790 1.5632 2.0934 331.22 

165 0.58795 -369.56 -284.51 -0.89350 1.5634 2.0926 336.44 
170 0.57039 -361.71 -274.05 -0.8~103 1.5638 2.0921 341.58 
175 0.55387 -353.87 -263.59 -0.77039 1.5645 2.0921 346.62 
180 0.53828 -346.02 -253.13 -0.71145 1.5655 2.0924 351.58 
185 0.52356 -338.17 -242.67 -0.65411 1.5668 2.0930 356.47 

190 0.50963 "'-330.31 -232.20 -0.59828 1.5684 2.0941 361.27 
195 0.49643 -322.45 -221.73 -0.54387 1.5703 2.0955 365.99 
200 0.48390 -314.57 -211.25 -0.49079 1.5726 2.0973 370.64 
210 0.46066 -298.79 -190.25 -0.38835 1.5783 2.1022 379.71 
220 0.43956 -282.94 -169.19 -0.29041 1.5856 2.1089 388.51 

230 0.42032 -267.02 -148.06 -0.19648 1.5947 2.1175 397.03 
240 0.40270 -251.00 -126.84 -0.10615 1.6057 2.1280 405.28 
2~0 0.38651 -234.86 -105.50 -0.01'903 1.6HS() 2.1405 413.29 
260 0.37157 -218.58 -84.020 0.06520 1.6335 2.1551 421.05 
270 0.35775 -202.15 -62.388 0.14684 1.6504 2.1717 428.58 

280 0.34493 -185.54 -40.580 0.22615 1.6692 2.1902 435.89 
290 0.33299 -168.73 -18.578 0.30336 1.6899 2.2107 443.00 
300 0.32185 -151.71 3.6391 0.37867 1.7123 2.2330 449.90 
310 0.31144 -134.46 26.088 0.45228 1.7366 2.2570 456.62 
320 0.30168 -116.95 48.785 0.52433 1.7624 2.2827 463.17 

330 0.29252 -99.183 71.746 0.59499 1.7897 2.3098 469.55 
340 0.28390 -81.135 94.986 0.66437 1.8184 2.3384 475.78 
350 0.27577 -62.793 118.52 0.73258 1.8484 2.3683 481.87 
360 0.26809 -44.147 142.36 0.79973 1.8795 2.3993 487.84 
370 0.26083 -25.185 166.51 0.86590 1.9116 2.4313 493.68 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
Energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kgK) kJ/(kgK) mls 

0.050 MPa Isobar 

380 0.25396 -5.8969 190.99 0.93117 1.9447 2.4643 499.41 
390 0.24744 13.725 215.80 0.99562 1.9786 2.4981 505.04 
400 0.24124 33.689 240.95 1.0593 2.0132 2.5326 510.57 
410 0.23535 54.002 266.45 1.1223 2.0484 2.5677 516.01 
420 0.22974 74.669 292.31 1.1846 2.0841 2.6034 521.37 

430 0.22439 95.696 318.52 1.2463 2.1203 2.6395 526.65 
440 0.21929 117.09 345.10 1.3074 2.1568 2.6760 531.85 
450 0.21441 138.84 372.04 1.3679 2.1937 2.7129 536.99 
460 0.20974 160.97 399.36 1.4279 2.2308 2.7499 542.07 
470 0.20528 183.47 427.04 1.4875 2.2681 2.7872 547.08 

480 0.20100 206.34 4.5.5.10 1..546.5 2.30.56 2.8246 552.04 
490 0.19689 229.59 483.53 1.6052 2.3431 2.8622 556.94 
500 0.19295 253.21 512.34 1.6634 2.3808 2.8997 561.80 
520 0.18553 301.59 571.09 1.7786 2.4560 2.9749 571.36 
540 0.17Rfi5 351.46 631.34 1.8923 2.5311 3.0500 580.74 

560 0.17227 402.84 693.09 2.0045 2.6059 3.1247 589.96 
580 0.16632 455.71 756.33 2.1155 2.6802 3.1989 599.02 
600 0.16078 510.05 821.04 2.2252 2.7538 3.2725 607.95 
620 0.15559 565.86 887.22 2.3337 2.8267 3.3454 616.74 

0.075 MPa Isobar 

90.71OS 451.50 -982.77 -982.60 -7.3866 2.1678 3.3675 1538.9 
92 449.78 -978.43 -978.26 -7.3391 2.1595 3.3720 1527.2 
94 447.09 -971.67 -971.51 -7.2665 2.1472 3.3798 1508.8 
96 444.39 -964.91 -964.74 -7.1952 2.1356 3.3884 1490.2 
98 441.67 -958.12 -957.95 -7.1252 2.1244 3.3979 1471.4 

100 438.92 -951.32 -951.15 -7.0565 2.1137 3.4081 1452.4 
105 431.93 -934.21 -934.04 -6.8895 2.0882 3.4366 1404.0 
108.131' 427.46 -923.40 -923.23 -6.7881 2.0729 3.4566 1373.1 
108.137b 1.3785 -460.52 -406.12 -2.0061 1.6062 2.1923 268.32 
110 1.3530 -457.47 -402.04 -1.9687 1.6010 2.1823 270.90 

115 1.2894 -449.35 -391.18 -1.8722 1.5906 2.1617 277.64 
120 1.2320 -441.29 -380.41 -1.7805 1.5835 2.1469 284.15 
125 1.1798 -433.28 -369.71 -1.6931 1.5783 2.1356 290.47 
130 1.1320 -425.31 -359.05 -1.6095 1..5745 2.1269 296.61 
135 1.0882 -417.36 -348.44 -1.5294 1.5716 2.1201 302.60 

140 1.0477 -409.44 -337.85 -1.4524 1.5695 2.1146 308.45 
145 1.0102 -401.53 -327.29 -1.3783 1.5679 2.1102 314.16 
150 0.97544 -393.63 -316.75 -1.3068 1.5667 2.1067 319.76 
155 0.94303 -385.75 -306.22 -1.2378 1.5660 2.1040 325.24 
160 0.91275 -377.87 -295.71 -1.1710 1.5655 2.1018 330.61 

165 0.88440 -370.00 -285.20 -1.1064 1.5654 2.1002 335.89 
170 0.85779 -362.14 -274.70 -1.0437 1.5656 2.0991 341.06 
175 0.83276 -354.27 -264.21 -0.98284 1.5661 2.0984 346.15 
180 0.80918 -346.40 -253.72 -0.92373 1.5670 2.0982 351.15 
185 0.78692 -338.54 -243.23 -0.86624 1.5681 2.0984 356.06 

190 0.76586 -330.66 -232.73 -0.81028 1.5695 2.0990 360.89 
195 0.74592 -322.78 -222.24 -0.75574 1.5714 2.1001 365.64 
200 0.72700 -314.90 -211.73 -0.70255 1.5735 2.1016 370.31 
210 0.69193 -299.09 -190.70 -0.59992 1.5791 2.1059 379.43 
220 0.66012 -283.22 -169.61 -0.50182 1.5863 2.1122 388.26 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
Energy sound 

K kglm3 kJ/kg kJ/kg kJ/(kg K) kJ/(kgK) kJ/(kgK) m/s 

0.075 MPa Isobar 

230 0.63113 -267.28 -148.45 -0.40775 1.5953 2.1204 396.81 
240 0.60460 -251.24 -127.19 -0.31730 1.6062 2.1306 405.10 
250 0.58022 -235.09 -105.83 -0.23009 1.6190 2.1428 413.13 
260 0.55775 -218.80 -84.330 -0.14577 1.6339 2.1572 420.91 
270 0.53696 -202.35 -62.678 -0.06406 1.6507 2.1735 428.46 

280 0.51767 -185.73 ,.,40.853 0.01531 1.6695 2.1919 435.79 
290 0.49972 -168.92 -.18.834 0.09258 1.6901 2.2122 442.90 
300 0.48299 -151.89 3.3977 0.16794 1.7126 2.2344 449.82 
310 0.46734 -134.62 25.860 0.24160 1.7368 2.2583 456.55 
320 0.45267 -117.11 48.~69 0.31369 1.7626 2.2839 463.11 

330 0.43891 -99.337 '71.542 0.38438 1.7899 2.3110 469.50 
340 0.42595 -81.282 94.793 0.45379 1.8186 ·2.3395 475.74 
350 0.41375 -62.935 118.34 0.52203 1.8485 2.3692 481.84 
360 0.40222 -44.283 142.18 0.58921 1.8796 2.4002 487.81 
310 0.39132 - 2!'i.316 166.34 0.6.5.540 1.9118 2.4322 493.66 

380 0.38100 -6.0232 190.83 0.72070 1.9448 2.4651 499.40 
390 0.37121 13.603 215.65 0.78517 1.9787 2.4988 505.03 
400 0.36191 33.572 240.81 0.84887 2.0133 2.5333 510.56 
410 0.35306 53.888 266.32 0.91185 2.0485 2.5684 516.01 
420 0.34464 74.559 . 292.18 0.97417 2.0842 2.6040 521.37 

4::\0 0.·t~661 Q't5RQ ::\1R40 1.m.'i9 2.1204 2.6401 526.65 
440 0.32895 116.98 344.98 i.0970 2.1569 2.6766 531.87 
450 0.32163 138.74 371.93 1.1575 2.1938 2.7134 537.01 
460 0.31463 160.87 399.25 1.2176 2.2309 2.7504 542.09 
470 0.30792 183.37 426.94 1.2771 2.2682 2.7877 547.10 

480 0.30150 206.25 455.00 1.3362 2.3057 2.8251 552.07 
490 0.29534 229.50 483.44 1.3948 2.3432 2.8626 556.97 
500 0.28943 253.12 512.25 1.4531 2.3808 2.9001 561.83 
520 0.27829 301.50 571.01 1.5683 2.4561 2.9753 571.39 
540 0.26797 351.39 631.27 1.6820 2.5312 3.0503 580.78 

560 0.25839 402.77 693.02 1.7943 2.6059 3.1250 590.00 
580 0.24948 455.64 756.26 1.9052 2.6802 3.1992 599.07 
600 0.24116 509.98 820.98 2.0149 2.7538 3.2728 607.99 
620 0.23337 565.80 887.17 2.1234 2.8267 3.3456 616.78 

0.100 MPa Isobar 

90.717· 451.50 -982.76 -982.54 -7.3866 2.1678 3.3674 1539.0 
92 449.79 -978.44 -978.22 -7.3392 2.1595 3.3718 1527.3 
94 447.11 -971.69 -971.47 -7.2666 2.1473 3.3796 1509.0 
96 444.41 -964.92 -964.70 -7.1954 2.1356 3.3883 1490.4 
98 441.68 -958.14 -957.91 -7.1254 2.1245 3.3977 1471.6 

100 438.94 -951.34 -951.11 -7.0567 2.1138 3.4079 1452.6 
10:5 431.95 -934.23 -934.00 -6.8891 2.081$3 3.4363 14U4.2 
110 424.79 -916.97 -916.74 -6.7291 2.0642 3.4691 1354.8 
111.508b 422.59 -911.74 -911.50 -6.6818 2.0572 3.4799 1339.7 
Ill.508b 1.7946 -456.10 -400.38 -2.0981 1.6147 2.2165 271.33 

115 1.7341 -450.34 -392.68 -2.0301 1.6041 2.1957 276.16 
120 1.6550 -442.18 -381.76 -1.9371 1.5937 2.1741 282.84 
125 1.5834 -434.08 -370.93 -1.8487 1.5864 2.1582 289.30 
130 1.5182 -426.04 -360.17 -1.7643 1.5810 2.1459 295.56 
135 1.4584 -418.03 -349.46 -1.6835 1.5770 2.1363 301.65 

J. PhY8. Chem. Ref. Data, Vol. 20, No.6, 1991 



1124 U. SETZMANN AND W. WAGNER 

Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kgK) kJ/(kg K) kJ/(kgK) mls 

0.100 MPa Isobar 

140 1.4034 -410.06 -338.80 -1.6060 1.5739 2.1287 307.59 
145 1.3526 -402.11 -328.17 -1.5314 1.5716 2.1225 313.38 
150 1.3055 -394.17 -317.57 -1.4595 1.5699 2.1176 319.04 
155 1.2617 -386.26 -307.00 -1.3902 1.5687 2.1136 324.58 
160 1.2208 -378.35 -296.44 -1.3231 1.5679 2.1105 330.01 

165 1.1825 - 370.45 -285.89 -1.2582 1.5675 2.1080 335.33 
170 1.1467 - 362.56 -275.36 -1.1953 1.5675 2.1061 340.55 
175 1.1130 -354.68 -264.83 -1.1343 1.5678 2.1048 345.67 
180 1.0813 -346.79 -254.31 -1.0750 1.5684 2.1040 350.71 
185 1.0513 -338.90 -243.79 -1.0173 1.5694 2.1038 355.65 

190 1.0230 -331.02 -233.27 -U.9C:l123 1.57U7 2.104U 300.51 
195 0.99627 -323.12 -222.75 -0.90657 1.5724 2.1047 365.29 
200 0.97088 -315.22 -212.22 -0.85328 1.5745 2.1058 369.98 
210 0.92384 -299.39 191.14 -0.75045 1.5799 2.1096 379.14 
220 0.88121 -283.50 -170.02 -0.65218 1.5869 2.1154 388.01 

230 0.84238 - 267.54 -148.83 -0.55798 1.5959 2.1232 396.60 
240 0.80686 -251.49 -127.55 -0.46742 1.6067 2.1331 404.91 
250 0.77425 -235.32 -106.16 -0.38010 1.6195 2.1451 412.96 
260 0.74418 -219.02 -84.640 -0.29570 1.6343 2.1592 420.77 
270 0.71638 -202.56 -62.969 -0.21391 1.6510 2.1754 428.34 

280 0.69060 -185.93 -41.126 -0.13448 1.6698 2.1936 435.68 
290 0.66662 -169.10 -19.090 -0.05715 1.6904 2.2138 442.81 
300 0.64425 -152.06 3.1561 0.01826 1.7128 2.2358 449.74 
310 0.62335 -134.79 25.632 0.09196 1.7370 2.2596 456.48 
320 0.60377 -117.27 48.354 0.16409 1.7628 2.2851 463.05 

330 0.58538 -9~.49O 71.339 0.23482 1.7901 2.3121 469.45 
340 0.56809 -81.429 94.600 0.30426 1.8188 2.3405 475.70 
350 0.55179 -63.076 118.15 0.37253 1.8487 2.3702 481.81 
360 0.53640 -44.419 142.01 0.43973 1.8798 2.4011 487.79 
370 0.52185 -25.447 166.18 0.50595 1.9119 2.4330 493.64 

380 0.50808 -6.1496 190.67 0.57127 1.9449 2.4659 499.38 
390 0.49501 13.481 21':;':;0 0.63576 1.9788 2.4996 505.02 
400 0.48260 33.454 240.67 0.69947 2.0134 2.5340 510.56 
410 0.47080 53.774 266.18 0.76247 2.0485 2.5690 516.01 
420 0.45956 74.449 292.05 0.82481 2.0843 2.6046 521.38 

430 0.44885 95.482 318.27 0.88652 2.1204 2.6407 526.66 
440 0.43863 116.88 344.86 0.94764 2.1570 2.6771 531.88 
450 0.42886 138.64 371.82 1.0082 2.1938 2.7139 537.03 
460 0.41952 160.77 399.14 1.0683 2.2310 2.7509 542.11 
470 0.41058 183.28 426.84 1.1278 2.2683 2.7881 547.13 

480 0.40201 206.16 454.91 1.1869 2.3057 2.8255 552.09 
490 0.39379 229.41 483.35 1.2456 2.3433 2.8630 557.00 
500 0.38591 253.04 512.17 1.3038 2.3809 2.9005 561.86 
520 0.37105 301.42 570.93 1.4190 2.4561 2.9757 571.43 
540 0.35729 351.31 631.19 1.5327 2.5312 3.0507 580.82 

560 0.34452 402.69 692.95 1.6450 2.6060 3.1253 590.04 
580 0.33263 455.56 756.20 1.7560 2.6802 3.1995 599.11 
600 0.32153 509.92 820.93 1.8657 2.7538 3.2730 608.04 
620 0.31115 565.73 887.12 1.9742 2.8267 3.3459 616.83 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy ell cp Speed of 
energy sound 

K kglm3 kJ/kg kJ/kg kJ/(kg K) kJ/(kgK) kJ/(kgK) m./s 

0.101325 MPa Isobar 

9O.717a 451.50 -982.76 -982.54 -7.3865 2.1678 3.3674 1539.0 
92 449.79 -978.44 -978.22 -7.3392 2.1595 3.3718 1527.3 
94 447.11 -971.69 -971.46 -7.2666 2.1473 3.3796 1509.0 
96 444.41 -964.93 -964.70 -7.1954 2.1356 3.3883 1490.4 
98 .441.68 -958.14 -957.91 -7.1254 2.1245 3.3977 1471.6 

100 438.94 -951.34 -9$1.11 ' -7.0567 2.1138 3.4079 1452.6 
105 431.95 -934.23 -934.00 -6.8897 2.0883 3.4363 1404.3 
110 424.79 -916.97 -916.74 -6.7291 2.0642 3.4691 1354.8 
111.661' 422.36 -911.18 -910.94 -6.6769 2.0564 3.4811 1338.1 
111.661' 1.8164 -455.90 -400.11 -2.1023 1.6151 2.2177 271.46 

115 1.7579 -450.40 -392.76 -2.0374 1.6049 2.1976 276.08 
120 1.6776 -442.23 -381.83 -1.9444 1.5943 2.1756 282.77 
125 1.6050 -434.12 -370.99 -1.8559 1.5868 2.1594 289.24 
130 1.5388 -426.08 -360.23 -1.7715 1.5814 2.1470 295.50 
135 1.4781 -418.07 -349.52 1.6906 1.5773 2.1372 301.60 

140 1.4223 -410.09 -338.85 -1.6130 1.5741 2.1294 307.54 
145 1.3708 -402.14 -328.22 -1.5384 1.5718 2.1232 313.34 
150 1.3230 -394.20 -317.62 -1.4665 1.5701 2.1182 319.00 
155 1.2786 -386.28 -307.04 -1.3972 1.5688 2.1141 324.55 
160 1.2372 -378.38 -296.48 -1.3301 1.5680 2.1109 329.98 

165 1.1984 370.48 -285.93 1.2652 1.5676 2.1084 335.30 
170 1.1620 -362.59 -275.39 -1.2023 1.5676 2.1065 340.52 
175 1.1279 -354.70 -264.86 -1.1412 1.5678 2.1052 345.65 
180 1.0957 -346.81 -254.34 -1.0819 1.5685 2.1044 350.68 
18.5 1.06':;4 -33&.92 -243.82 -1.0243 1.5694 2.1041 355.63 

200 0.98382 -315.24 -212.25 -0.86018 1.5745 2.1061 369.96 
210 0.93615 -299.40 191.17 -0.75735 1.5799 2.1098 379.13 
220 0.89294 -283.52 -170.04 -0.65907 1.5870 2.1156 388.00 
230 0.85359 -267.55 -148.85 -0.56486 1.5959 2.1234 396.58 
240 0.81760 -251.50 -127.57 -0.47429 1.6067 2.1333 404.90 

250 0.78454 -235.33 -106.18 -0.38697 1.6195 2.1452 412.95 
260 U.754U7 - 21~J.U3 -~.657 -U.3U257 1.6343 2.1593 42U.76 
270 0.72590 -202.57 -62.984 -0.22078 1.6511 2.1755 428.33 
280 0.69977 -185.94 -41.140 -0.14134 1.6698 2.1937 435.67 
290 0.67547 -169.11 -19.104 -0.06401 1.6904 2.2139 442.81 

300 0.65281 -152.07 3.1433 0.01141 1.7129 2.2359 449.74 
310 0.63162 -134.80 25.620 0.08511 1.7370 2.2597 456.48 
320 0.61178 -117.28 48.343 0.15725 1.7628 2.2851 463.05 
330 0.59315 -99.499 71.328 0.22797 1.7901 2.3121 469.45 
340 0.57562 -81.437 94.590 0.29742 1.8188 2.3406 475.70 

350 0.55911 -63.084 118.14 0.36569 1.8487 2.3703 481.81 
360 0.54351 -44.426 142.00 0.43289 1.879& 2.4011 487.79 
370 0.52877 -25.454 166.17 0.49911 1.9119 2.4331 493.64 
380 0.51481 -6.1563 190.66 0.56443 1.9449 2.4659 499.38 
390 0.50157 13.475 215.49 0.62892 1.9788 2.4996 505.02 

400 0.48900 33.448 240.66 0.69264 2.0134 2.5340 510.56 
410 0.47704 53.768 266.17 0.75564 2.0486 2.5691 516.01 
420 0.46565 74.443 292.04 0.81797 2.0843 2.6047 521.38 
430 0.45480 95.477 318.27 0.87968 2.1204 2.6407 526.67 
440 0.44444 116.87 344.86 0.94081 2.1570 2.6772 531.88 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kg K) kJ/(kgK) kJ/(kg K) m/s 

0.101325 MPa Isobar 

450 0.43454 138.64 371.81 1.0014 2.1939 2.7139 537.03 
460 0.42508 160.77 399.14 1.0614 2.2310 2.7510 542.11 
470 0.41602 183.27 426.83 1.1210 2.2683 2.7882 547.13 
480 0.40734 206.15 454.90 1.1801 2.3057 2.8255 552.09 
490 0.39901 229.40 483.34 1.2387 2.3433 2.8630 557.00 

500 0.39102 253.03 512.16 1.2970 2.3809 2.9006 561.86 
520 0.37596 301.42 570.92 1.4122 2.4561 2.9757 571.43 
540 0.36202 351.30 631.19 1.5259 2.5312 3.0507 580.82 
560 0.34908 402.69 692.95 1.6382 2.6060 3.1253 590.04 
580 0.33703 455.56 756.20 1.7492 2.6802 3.1995 599.11 

600 0.32579 509.91 820.93 1.8589 2.7539 3.2731 608.04 
620 0.31527 565.73 887.12 1.9674 2.8267 3.3459 616.83 

0.150 MPa Isobar 

90.7298 451.52 -982.75 - 982.42 -7.3864 2.1678 3.3671 1539.2 
92 449.83 -978.47 -978.14 -7.3395 2.1596 3.3715 1527.7 
94 447.15 -971.72 -971.39 -7.2670 2.1474 3.3793 1509.3 
96 444.44 -964.96 -964.62 -7.1957 2.1358 3.3879 1490.7 
98 441.72 -958.17 -957.83 -7.1258 2.1246 3.3974 1471.9 

100 438.97 -951.37 -951.03 -7.0570 2.1139 3.4075 1453.0 
105 431.99 -934.27 -933.92 -6.8901 2.0884 3.4359 1404.7 
110 424.83 -917.02 -916.66 -6.7295 2.0643 3.4686 1355.3 
115 417.47 -899.59 -899.23 -6.5745 2.0414 3.5062 1304.8 
116.655b 414.98 -893.78 -893.41 -6.5243 2.0340 3.5199 1287.8 

116.655b 2.6049 -449.63 -392.04 -2.2264 1.6289 2.2599 275.43 
120 2.5215 -444.02 -384.53 -2.1629 1.6164 2.2343 280.12 
125 2.4076 -435.73 -373.43 -2.0723 1.6037 2.2067 286.89 
130 2.3046 -427.54 -362.45 -1.9862 1.5948 2.1864 293.41 
135 2.2109 -419.40 -351.56 1.9040 1.5882 2.1707 299.71 

140 2.1251 -411.32 -340.74 -1.8253 1.5832 2.1582 305.83 
145 2.0462 -403.28 -329.97 -1.7497 1.5794 2.1482 311.78 
150 1.9732 -395.27 -319.25 -1.6770 1.5765 2.1401 317.58 
155 1.9056 -387.28 -308.57 -1.6070 1.5743 2.1336 323.25 
160 1.8427 -379.32 -297.91 -1.5393 1.5728 2.1283 328.79 

165 1.7R40 -371.36 -287.28 -1.4739 1.5717 2.1240 334.20 
170 1.7290 -363.43 -276.67 -1.4105 1.5712 2.1206 339.51 
175 1.6775 -355.49 -266.08 -1.3491 1.5710 2.1180 344.72 
180 1.6291 -347.57 -255.49 1.2895 1.5713 2.1160 349.82 
185 1.5834 -339.65 -244.91 -1.2315 1.5720 2.1148 354.83 

190 1.5403 -331.72 -234.34 1.1751 1.5730 2.1141 359.75 
195 1.4996 -323.80 -223.77 -1.1202 1.5745 2.1140 364.58 
200 1.4610 -315.87 -213.20 -1.0667 1.5764 2.1145 369.33 
210 1.3896 -299.99 -192.05 -0.96346 15~15 2.1171 378.58 
220 1.3250 -284.06 -170.85 -0.86487 1.5883 2.1220 387.52 

230 1.2662 -268.06 -149.60 -0.77039 1.5970 2.1290 396.17 
240 1.2125 -251.98 -128.26 -0.67960 1.6077 2.1383 404.54 
250 1.1632 -235.78 -106.83 -0.59208 1.6204 2.1497 412.64 
260 1.1178 -219.45 - 85.261 -0.50751 1.6350 2.1634 420.48 
270 1.0759 -202.97 - 63.550 -0.42557 1.6517 2.1792 428.09 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kg/m3 kJlkg kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

0.150 MPa Isobar 

280 1.0370 -186.32 -41.671 -0.34601 1.6704 2.1970 435.47 
290 1.0009 -169.47 -19.603 -0.26857 1.6909 2.2169 442.63 
300 0.96720 -152.41 2.6729 -0.19305 1.7133 2.2387 449.58 
310 0.93573 -135.13 25.176 -0.11927 1.7375 2.2622 456.35 
320 0.90625 -117.59 47.923 -0.04705 1.7632 2.2875 462.94 

330 0.87858 -99.798 .70.931 0.02375 1.7904 2.3143 469.36 
340 0.85257 -81.724 94.215 0.09325 1.8191 2.3426 475.62 
350 0.82806 -63.359 117.79 0.16158 1.8490 2.3721 481.75 
360 0.80493 -44.691 141.66 0.22884 1.8801 2.4029 487.74 
370 0.78306 -25.709 165;~5 0.29510 1.9122 2.4347 493.61 

380 0.76235 -6.4023 190.36 0.36047 1.9452 2.4675 499.36 
390 0.74271 13.238 215.20 0.42499 1.9790 2.5010 505.01 
400 0.72407 33.218 240.38 0.48874 2.0136 2.5354 510.56 
410 0.70634 53.547 265.91 0.55178 2.0487 2.5704 516.02 
420 0.68946 74.228 291.79 0.61414 2.0844 2.6059 521.39 

430 0.67337 95.269 318.03 0.67588 2.1206 2.6419 526.69 
440 0.65802 116.67 344.63 0.73703 2.1571 2.6782 531.91 
450 0.64335 138.44 371.60 0.79763 2.1940 2.7149 537.06 
460 0.62933 160.58 398.93 0.85771 2.2311 2.7519 542.15 
470 0.61590 183.09 . 426.63 0.91729 2.2684 2.7891 547.17 

480 0.60304 205.97 , 454.71 0.97640 2.3058 2.8264 552.14 
490 0.59071 229.23 483.16 1.0351 2.3434 2.8638 557.05 
500 0.57887 252.86 511.99 1.0933 2.3810 2.9013 561.92 
520 0.55656 301.25 570.77 1.2086 2.4562 2.9764 571.49 
540 0.535Ql 351.15 631.04 1.3221 2.531:\ ].0513 580.8Q 

560 0.51675 402.54 692.82 1.4346 2.6061 3.1259 590.12 
580 0.49890 455.42 756.08 1.5456 2.6803 3.2001 599.20 
600 0.48225 509.78 820.82. 1.6553 2.7539 3.2736 608.13 
620 0.46668 565.60 887.02 1.7639 2.8268 3.3463 616.93 

0.200 MPa Isobar 

90.742' 451.53 -982.74 -982.29 -7.3863 2.1679 3.3669 1539.4 
92 449.86 -978.50 -978.06 -7.3399 2.1598 3.3712 1528.0 
94 447.18 -971.75 -971.31 -7.2673 2.1475 3.3790 1509.7 
96 444.48 -964.99 -964.54 -7.1961 2.1359 3.3876 1491.1 
'98 441.76 -9.:58.21 -9'7.76 -7.1261 2.1248 3.3970 1472.3 

100 439.01 -951.41 -950.95 -7.0574 2.1140 3.4071 1453.3 
105 432.04 -934.31 -933.85 -6.8905 2.0885 3.4354 1405.1 
110 424.88 -917.06 -916.59 -6.7299 2.0645 3.4680 1355.8 
115 417.52 -899.64 -899.16 -6.5750 2.0415 3.5055 1305.3 
120 409.91 -882.01 -881.52 -6.4249 2.0196 3.5492 1253.6 

120.n22b 408.95 -879.80 -879.32 -6.4065 2.0169 3.5551 1:247.0 
120.622b 3.3966 -444.88 -386.00 -2.3168 1.6410 2.2996 278.17 
125 3.2560 -437.45 -376.02 -2.2355 1.6229 2.2611 284.39 
130 3.1112 -429.08 -364.80 -2.1475 1.6095 2.2304 291.19 
135 2.9803 -420.81 -353.71 -2.0637 1.6000 2.2076 297.72 

140 2.8611 ·-412.62 -342.72 -1.9838 1.5930 2.1897 304.04 
145 2.7520 -404.48 -331.80 -1.9072 1.5875 2.1754 310.16 
150 2.6516 -396.38 -320.96 -1.8337 1.5834 2.1639 316.11 
155 2.5588 -388.32 -310.16 -1.7629 1.5802 2.1545 321.90 
160 2.4727 -380.29 -299.41 -1.6946 1.5778 2.1468 327.55 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kg/m3 kJ/kg kJlkg kJ/(kg K) kJ/(kgK) kJ/(kg K) mls 

0.200 MPa Isobar 

165 2.3925 -372.29 -288.69 -1.6286 1.5761 2.1406 333.07 
170 2.3176 -364.30 -278.00 1.5648 1.5750 2.1355 338.47 
175 2.2475 -356.32 -267.33 -1.5030 1.5744 2.1315 343.75 
180 2.1818 -348.35 -256.69 -1.4430 1.5743 2.1283 348.93 
185 2.1199 -340.40 -246.05 -1.3847 1.5746 2.1260 354.00 

190 2.0615 -332.44 -235.42 -1.3280 1.5754 2.1244 358.98 
195 2.0064 -324.48 -224.80 -1.2728 1.5767 2.1235 363.87 
200 1.9543 -316.53 -214.19 -1.2191 1.5784 2.1233 368.67 
210 1.8579 -300.60 -192.95 -1.1154 1.5831 2.1248 378.01 
220 1.7709 -284.62 -171.68 -1.0165 1.5897 2.1286 387.02 

230 1.6918 -268.59 150.37 -0.92177 1.5982 2.1349 395.74 
240 1.6196 -252.47 -128.98 -0.83074 1.6087 2.1435 404.16 
250 1.5534 -236.24 107.49 -0.74302 1.6212 2.1544 412.31 
260 1.4925 -219.88 -85.883 -0.65828 1.6358 2.1676 , 420.20 
270 1.4363 -203.38 -64.133 -0.:57619 1.6.524 2.1829 427.8.5 

280 1.3842 -186.71 -42.218 -0.49649 1.6710 2.2005 435.26 
290 1.3358 -169.84 -20.117 -0.41894 1.6915 2.2200 442.44 
300 1.2907 -152.77 2.1893 -0.34332 1.7138 2.2415 449.43 
310 1.2486 -135.46 24.720 -0.26945 1.7379 2.2649 456.22 
320 1.2091 117.92 47.493 -0.19715 1.7636 2.2899 462.82 

330 1.1721 -100.11 70.524 -0.12628 1.790& 2.31fifi 4fi9!16 
340 1.1373 -82.019 93.829 -0.05671 1.8194 2.3447 475.55 
350 1.1046 -63.643 117.42 0.01168 1.8493 2.3741 481.69 
360 1.0737 -44.964 141.31 0.07898 1.8804 2.4047 487.69 
370 1.0444 -25.971 165.52 0.14530 1.9124 2.4364 493.57 

380 1.0168 -6.6551 190.05 0.21070 1.9454 2.4690 499.34 
390 0.99055 12.994 214.90 0.27527 1.9792 2.5025 504.99 
400 0.96564 32.983 240.10 0.33906 2.0138 2.5368 510.55 
410 0.94197 53.319 265.64 0.40213 2.0489 2.5717 516.02 
420 0.91943 74.008 291.53 0.46452 2.0846 2.6071 521.40 

430 0.89795 95.055 317.78 0.52629 2.1208 2.6430 526.71 
440 0.87746 116.46 344.40 0.58747 2.1573 2.6793 531.93 
450 0.85788 138.24 371.37 0.64809 2.1941 2.7160 537.09 
460 0.83917 160.38 398.72 0.70819 2.2312 2.7529 542.19 
470 0.82125 182.90 426.43 0.76779 2.2685 2.7900 547.22 

480 0.80409 205.79 454.52 0.82692 2.3060 2.8273 552.19 
490 0.78763 229.05 482.98 0.88560 2.3435 2.8647 557.11 
500 0.77183 252.69 511.81 0.94385 2.3811 2.9022 561.98 
520 0.74207 301.09 570.60 1.0591 2.4563 2.9771 571.56 
540 0.71453 350.99 630.90 1.1729 2.5314 3.0520 580.97 

560 0.68896 402.39 692.68 1.2852 2.6061 3.1266 590.20 
580 0.66516 455.28 755.96 1.3963 2.6804 3.2006 599.28 
600 0.64295 509.64 820.70 1.5060 2.7540 3.2741 608.22 
620 0.62219 565.47 886.91 1.6145 2.8269 3.3468 617.02 

0.250 MPa Isobar 

9O.7S5Q 451.55 -982.72 -982.17 -7.3861 2.1679 3.3667 1539.7 
92 449.89 -978.53 -977.98 -7.3402 2.1599 3.3709 1528.4 
94 447.21 - 971.79 -971.23 -7.2676 2.1477 3.3787 1510.0 
96 444.52 -965.02 -964.46 -7.1964 2.1360 3.3873 1491.5 
98 441.79 -958.24 -957.68 -7.1265 2.1249 3.3966 1472.7 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy CII cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kgK) kJ/(kg K) m/s 

0.250 MPa Isobar 

100 439.05 -951.44 -950.87 -7.0578 2.1142 3.4068 1453.7 
,lOS 432.08 -9~.35 -933.77 -6.8909 2.0887 3.4350 1405.5 
110 424.93 -917.11 -916.52 -6.7303 2.0646 3.4674 1356.2 
115 417.57 -899.69 -899.09 6.5754 2.0417 3.5049 1305.8 
120 409.97 -882.07 -881.46 -6.4253 2.0197 3.5483 1254.1 

123.898b 403.85 -868.17 -8~7~55 -6.3113 2.0034 3.5875 1212.9 
123.898b 4.1765 -441.15 -38,1.29 -2.3866 1.6518 2.3371 280.15 
125 4.1311 -439.24 -378.73 -2.3660 1.6456 2.3240 281.77 
130 3.9396 -430.69 -367.23 -2.2758 1.6256 2.2789 288.89 
135 3.7678 -422.27 -355.92 -2.1904 1.6126 2.2473 295.68 

140 3.6124 -413.95 -344.74 -2.1091 1.6032 2.2232 302.20 
145 3.4709 -405.70 -333.68 -2.0315 1.5960 2.2041 308.50 
150 3.3411 -397.52 -322.69 -1.9570 1.5905 2.1~ 314.60 
155 3.2216 -389.38 -311.78 -1.8854 1.5863 2.1763 320.53 
160 3.1110 -381.29 -300.93 -1.8165 1.5830 2.1661 326.30 

165 3.0083 -373.22 -290.12 -1.7500 1.5806 2.1578 331.92 
17.0 2.9127 -365.18 -279.35 -1.6857 1.5789 2.1510 337.41 
175 2.8233 -357.16 -268.61 -1.6234 1.5778 2.1454 342.78 
180 2.7395 -349.15 -257.89 -1.5630 1.5773 2.1410 348.03 
185 i.6608 -341.15 ~247.19 -1.5044 1.5774 2.1376 353.17 

190 2.5867 -333.16 -236.51 -1.4475 1.5779 2.1350 358.21 
195 2.5168 -325.17 -225.84 -1.3920 1.5789 2.1333 363.16 
200 2.4508 -317.19 -215.18 -1.3380 1.5803 2.1323 368.01 
210 2.3289 -301.20 -193.86 -1.2340 1.5847 2.1325 377.44 
220 2.2189 -285.19 -172.52 -1.1347 1.5911 2.1354 386.53 

230 2.1192 -269.11 -151.14, -1.0397 1.5994 2.1408 395.31 
240 2.0282 -252.96 -129.70 -0.94844 1.6097 2.1487 403.79 
250 1.9449 -236.70 -108.16 -0.86052 1.6221 2.1591 411.99 
260 1.8683 -220.32 -86.507 -0.77560 1.6366 2.1718 419.92 
270 1.7976 -203.79 -64.716 -0.69337 1.6531 2.1867 427.60 

280 1.7321 -187.10 -42.765 -0.61354 1.6716 2.2039 435.04 
290 1.6713 -170.21 -20.631 -0.53587 1.6920 2.2232 442.26 
300 1.6147 -1.53.12 L7054 -0.46015 1.7143 2.2444 449.27 
310 1.5619 -135.80 24.264 -0.38618 1.7383 2.2675 456.08 
320 1.5124 -118.24 47.062 -0.31380 1.7640 2.2924 462.71 

330 1.4660 -100.41 70.116 -0.24286 1.7912 2.3188 469.17 
340 1.4224 -82.314 93.443 -0.17323 1.8198 2.3467 475.47 
350 1.3814 -63.926 117.06 -0.10478 1.8496 2.3760 481.62 
360 1.3426 -45.236 140.97 -0.03742 1.8806 2.4065 487.64 
370 1.3060 -26.234 165.19 0.02894 1.9127 2.4381 493.54 

380 1.2714 -6.9080 189.73 0.09439 1.9457 2.4706 499.31 
390 1.2385 12.750 214.60 0.15900 1.9795 2.5040 504.98 
400 1.2073 32.747 239.81 0.22282 2.0140 2.5382 510.55 
410 1.1777 53.091 265.37 0.28592 2.0491 2.5730 516.03 
420 1.1495 73.787 291.28 0.34835 2.0848 2.6083 521.42 

430 1.1226 94.841 317.54 0.41014 2.1209 2.6442 526.73 
440 1.0970 116.26 344.16 0.47135 2.1575 2.6804 531.96 
450 1.0725 138.04 371.15 0.53199 2.1943 2.7170 537.13 
460 1.0490 160.19 398.50 0.59211 2.2314 2.7539 542.23 
470 1.0266 182.71 426.23 0.65174 2.2687 2.7910 547.26 

480 1.0051 205.60 454.32 0.71089 2.3061 2.8282 552.24 
490 0.98456 228.87 482.79 0.76959 2.3436 2.8655 557.17 
500 0.96480 252.51 511.63 0.82785 2.3812 2.9030 562.04 
520 0.92757 300.92 570.44 0.94317 2.4564 2.9779 571.63 
540 0.89312 350.83 630.75 1.0570 2.5315 3.0527 581.04 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

0.250 MPa Isobar 

560 0.86115 402.24 692.55 1.1693 2.6062 3.1272 590.28 
580 0.83139 455.13 755.83 1.2804 2.6804 3.2012 599.37 
600 0.80363 509.50 820.59 1.3901 2.7540 3.2746 608.31 
620 0.77766 565.33 886.81 1.4987 2.8269 3.3473 617.12 

0.300 MPa Isobar 

9O.768B 451.57 -982.71 -982.05 -7.3860 2.1680 3.3664 1539.9 
92 449.93 -978.56 -977.89 -7.3405 2.1600 3.3707 1528.7 
94 447.25 -971.82 -971.15 -7.2680 2.1478 3.3783 1510.4 
96 444.55 -965.06 -964.38 -7.1968 2.1362 3.3869 1491.8 
98 441.83 -958.28 -957.60 -7.1268 2.1250 3.3963 1473.1 

100 439.09 -951.48 -950.80 -7.0581 2.1143 3.4064 1454.1 
105 432.12 -934.39 -933.69 -6.8912 2.0888 3.4345 1406.0 
110 424.97 -917.15 -916.44 -6.7307 2.0648 3.4669 ,1356.7 
115 417.62 -899.74 -899.02 -6.5758 2.0418 3.5042 1306.3 
120 410.02 -882.12 -881.39 -6.4258 2.0199 3.5475 1254.7 

125 402.15 -864.28 -863.53 -6.2800 1.9990 3.5986 1201.7 
126.714b 399.38 -858.09 -857.34 -6.2308 1.9921 3.6182 1183.2 
126.714b 4.9486 -438.09 -377.47 -2.4438 1.6616 ' 2.3733 281.64 
130 4.7917 -432.35 -369.74 -2.3835 1.6437 2.3333 286.51 
135 4.5748 -423.76 -358.19 -2.2963 1.6260 2.2903 293.57 

140 4.3799 -415.31 -346.82 -2.2136 1.6139 2.2590 300.32 
145 4.2034 -406.96 -335.58 -2.1348 1.6048 2.2346 306.81 
150 4.0422 -398.68 -324.46 -2.0594 1.5979 2.2150 313.07 
155 3.8944 -390.46 -'313.43 -1.9870 1.5925 2.1992 319.14 
160 3.7580 -382.29 -302.46 -1.9174 1.5884 2.1863 325.03 

165 3.6317 -374.17 -291.56 -1.8503 1.5852 2.1757 330.76 
170 3.5143 -366.07 -280.71 -1.7855 1.5829 2.i669 336.35 
175 3.4048 -358.00 -269.89 -1.7228 1.5814 2.1598 341.80 
180 3.3024 -349.95 -259.11 -1.6620 1.5804 2.1540 347.13 
185 3.2064 - 341.91 -248.35 -1.6031 1.5801 2.1494 352.34 

190 3.1160 -333.89 -237.61 -1.5458 1.5803 2.1458 357.44 
195 3.0309 -325.87 -226.89 -1.4901 1.5811 2.1432 362.44 
200 2.9506 -317.85 -216.18 -1.4359 1.5823 2.1415 367.34 
210 2.8026 -301.82 -194.77 -1.3314 1.5864 2.1403 376.86 
220 2.6692 285.75 173.36 1.2318 1.5924 2.1422 386.03 

230 2.5484 -269.64 -151.92 -1.1365 1.6006 2.1468 394.88 
240 2.4383 -253.45 -130.41 -1.0450 1.6107 2.1540 403.42 
250 2.3376 -237.1(, -lmUn -OQ56R7 1.6210 2.161R 41L66 
260 2.2451 -220.76 -87.131 -0.87177 1.6374 2.1760 419.64 
270 2.1598 -204.20 -65.300 -0.78939 1.6538 2.1906 427.36 

280 2.0808 -187.49 -43.312 -0.70942 1.6722 2.2074 434.83 
290 2.0075 -170.58 -21.145 -0.63164 1.6926 2.2263 442.08 
300 1.9393 -153.47 1.2212 -0.55581 1.7148 2.2473 449.12 
310 1.8757 -136.14 23.807 -0.48176 1.7388 2.2702 455.95 
320 1.8161 -118.56 46.631 -0.40930 1.7644 2.2948 462.60 

330 1.7603 -100.72 69.709 -0.33829 1.7916 2.3211 469.08 
340 1.7078 -82.610 93.057 -0.26859 1.8201 2.3488 475.40 
350 l.6584 -64.210 116.69 -0.20008 1.8499 2.3780 48l.56 
360 1.6116 -4~.509 140.62 -0.13267 1.6809 2.4083 487.60 

370 1.5678 -26.496 164.86 -0.06626 1.9130 2.4398 493.50 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cu cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kgK) m/s 

0.300 MPa Isobar 

380 1.5261 -7.1609 189.42 -0.00076 1.9459 2.4722 499.29 
\'390 1.4866 12.506 214.31 0.06388 1.9797 2.5055 504.97 
400 1.4491 32.511 239.53 0.12774 2.0142 2.5396 510.55 
410 1.413.5 .52.8(j3 2(j:;.10' 0.19088 2.0493 2.5743 51(j.03 

420 .1.3796 73.567 291.02 0.25333 2.0850 2.6096 521.43 

430 1.3473 94.628 317..29 .0.31516 2.1211 2.6454 526.75 
440 1.3165 116.05 343.93 0.37638 2.1576 2.6816 531.99 
450 1.2871 137.84 370.93 0.43706 2.1944 2.7181 537.16 
460 1.2589 159.99 398.29 0.49720 2.2315 2.7549 542.27 
470 1.2320 182.52 426.02, 0.55684 2.2688 2.7919 547.31 

480 1.2062 205.42 454.13 0.61601 2.3062 2.8291 552.29 
490 1.1815 228.69 482.61 0.67473 2.3437 2.8664 557.22 
500 1.1578 252.34 511.46 0.73301 2.3813 2.9038 562.10 
520 1.1131 300.76 570.28 0.84836 2.4565 2.9786 571.70 
540 1.0717 350.67 630.60 0.96218 2.5316 3.0534 581.12 

560 1.0333 402.09 692.41 1.0746 2.6063 3.1278 590.37 
580 0.99760 454.99 755.71 1.1856 2.6805 3.2018 599.46 
600 0.96421 ~09.36 820.48 1.29~4 2.1~41 3.21~1 608.41 
620 0.93310 565.20 886.71 1.4040 2.8270 3.3478 617.22 

0.400 MPa Isobar 

90.7938 451.60 -982.68 -981.80 -7.3857 2.1680 3.3660 1540.3 
92 449.99 -978.62 -977.73 -7.3412 2.1603 3.3701 1529.4 
94 447.32 -971.88 -970.99 -7.2686 2.1480 3.3777 1511.1 
96 444.62 -%5.12 -964.22 -7.1974 2.1364 3.3863 1492.6 
98 441.90 -958.35 -957.44 -7.1275 2.1253 3.3956 1473.9 

100 439.16 -951.55 -950.64 -7.0588 2.1146 3.4056 1454.9 
105 432.20 -934.47 -933.54 -6.8920 2.0891 3.4336 1406.8 
110 425.06 -917.24 -916.30 -6.7315 2.0650 3.4658 1357.6 
115 417.72 -899.83 -898.88 -6.5767 2.0421 3.5029 1307.3 
120 410.14 -882.23 -881.26 -6.4267 2.0202 3.5459 1255.8 

125 402.27 ~ 864.40 ~ 863.41 ~ 6.2810 1.9993 3.5966 1203.0 
130 394.08 -846.29 -845.28 -6.1388 1.9796 3.6571 1148.5 
131.436b 391.66 - 841.03 -840.01 -6.0985 1.9742 3.6768 1132.6 
131.436b 6.4792 -433.28 -371.54 -2.5343 1.6795 2.4435 283.69 
135 6.2534 -426.90 -362.94 -2.4696 1.6571 2.3904 289.15 

140 5.9680 -418.15 -351.12 -2.3837 1.6372 2.3387 296.42 
145 5.7126 -409.55 -339.53 -2.3023 1.6236 2.3010 303.32 
150 5.4819 -401.06 -328.10 -2.2248 1.6135 2.2717 309.93 
155 5.2718 -392.67 -316.80 -2.1507 1.6057 2.2482 316.29 
160 5.0794 -384.36 -305.61 -2.0797 1.5996 2.2291 322.44 

165 4.9022 -376.10 -294.50 -2.0113 1.5949 2.2134 328.40 
170 4.7383 -367.89 -283.47 -1.9454 1.5913 2.2005 334.18 
175 4.5861 -359.71 -272.49 -1.8818 1.5887 2.1898 339.81 
180 4.4442 -351.57 -261.57 -1.8203 1.5869 2.1811 345.30 
185 4.3116 -343.45 -250.68 -1.7606 1.5858 2.1739 350.66 

190 4.1872 -335.35 -239.83 -1.7027 1.5854 2.1682 355.89 
195 4.0704 -327.27 -229.00 -1.6464 1.5856 2.1637 361.00 
200 3.9603 -319.19 -218.19 -1.5917 1.5864 2.1603 366.01 
210 3.7580 303.05 ~1%.61 1.4864 1.5897 2.1564 375.72 
220 3.5764 -286.89 -175.05 -1.3861 1.5953 2.1561 385.04 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv Cp Speed of 
energy sound 

K kglm3 kJ/kg kJ/kg kJ/(kg K) kJ/(kg K) kJ/(kgK) m/s 

0.400 MPa Isobar 

230 3.4122 -270.70 -153.47 -1.2902 1.6029 2.1590 394.02 
240 3.2631 - 254.44 -131.86 -1.1982 1.6128 2.1648 402.67 
250 3.1268 -238.09 -110.17 -1.1097 1.6248 2.1733 411.02 
260 3.0019 -221.63 -88.382 -1.0242 1.6389 2.1846 419.08 
270 2.8868 -205.03 -66.470 -0.94155 1.6552 2.1983 426.87 

280 2.7805 -188.27 -44.409 -0.86132 1.6734 2.2144 434.42 
290 2.6819 -171.33 -22.176 -0.78330 1.6937 2.2327 441.72 
300 2.5901 -154.18 0.25179 -0.70727 1.7158 2.2531 448.81 
310 2.5046 -136.81 22.893 -0.63303 1.7397 2.2755 455.69 
320 2.4247 -119.20 45.768 -0.56041 1.7652 2.2997 462.38 

330 2.3497 -101.34 68.893 -0.48925 1.7923 2.3256 468.90 
340 2.2794 -83.201 92.285 -0.41942 1.8208 2.3530 475.25 
350 2.2132 -64.777 115.96 -0.35080 1.8505 2.3819 481.45 
360 2.1508 -46.055 139.93 -0.28328 1.8815 2.4119 487.50 
370 2.0918 -27.021 164.20 -0.21677 1.913.5 2.4432 493.43 

380 2.0360 -7.6670 188.79 -0.15119 1.9464 2.4754 499.25 
390 1.9832 12.017 213.71 -0.08647 1.9801 2.5085 504.95 
400 1.9331 32.040 238.97 -0.02253 2.0146 2.5423 510.54 
410 1.8854 52.407 264.56 0.04067 2.0497 2.5769 516.05 
420 1.8401 73.125 290.51 0.10319 2.0854 2.6121 521.46 

430 1.7969 94.200 316.80 0.16507 2.1215 2.6477 526.79 
440 1.7557 115.64 343.46 0.22635 2.1579 2.6838 532.05 
450 1.7164 137.44 370.48 0.28707 2.1947 2.7202 537.23 
460 1.6788 159.60 397.86 0.34725 2.2318 2.7569 542.35 
470 1.6429 182.14 425.62 0.40694 2.2690 2.7938 547.41 

480 1.6084 205.05 453.74 0.46615 2.3065 2.8309 552.40 
490 1.5754 228.33 482.24 0.52490 2.3440 2.8681 557.34 
500 1.5437 251.99 511.10 0.58322 2.3815 2.9054 562.22 
520 1.4840 300.42 569.96 0.69863 2.4567 2.9801 571.84 
540 1.4288 350.36 630.31 0.81249 2.5317 3.0547 581.27 

560 1.3776 401.79 692.14 0.92493 2.6064 3.1290 590.53 
580 1.3299 454.70 755.46 1.0360 2.6807 3.2029 599.64 
600 1.2855 509.09 820.26 1.1458 2.7542 3.2762 608.59 
620 1.2439 564.94 886.51 1.2545 2.8271 3.3488 617.41 

0.500 MPa Isobar 

9O.819B 451.63 -982.66 -981.55 -7.3854 2.1681 3.3655 1540.8 
92 450.06 -978.68 -977.57 -7.3419 2.1605 3.3695 1530.1 
Q4 447."9 -Q7LQ4 -Q70Jn -7.2693 2.1483 3.3771 1511.8 
96 444.69 -965.19 -964.06 -7.1981 2.1367 3.3856 1493.3 
98 441.98 -958.41 -957.28 -7.1282 2.1256 3.3949 1474.6 

100 439.24 -951.62 -950.48 -7.0595 2.1148 3.4048 1455.7 
105 432.28 -934.55 -933.39 -6.8928 2.0894 3.4327 1407.7 
110 425.15 -917.33 -916.15 -6.7323 2.0653 3.4647 1358.5 
115 417.82 -899.93 -898.74 -6.5775 2.0424 3.5015 1308.3 
120 410.25 -882.34 -881.12 -6.4276 2.0205 3.5443 1256.9 

125 402.40 -864.52 -863.28 -6.2820 1.9996 3.5946 1204.2 
130 394.22 -846.43 -845.16 -6.1398 1.9799 3.6546 1149.9 
135 385.66 -828.01 -826.71 -6.0006 1.9616 3.7278 1093.7 
135.351b 385.04 -826.70 -825.40 -5.9909 1.9603 3.7335 1089.7 
135.351b 8.0016 -429.63 -367.15 -2.6052 1.6959 2.5127 284.96 
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Table' 40. Thermodynamic properties of methane .:...... Continued 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

0.500 MPa Isobar 

140 7.6355 -421.15 -355.66 -,2.5218· 1.6645 2.4334 292.28 
145 7.2869. ,-'-412.26 -343.65 -2.4375 1.6442 2.3767 299.66 
150 6.9757 -403.55 -331.87 -2.3576 1.6302 2.3348 306.66 
155 6.6950 ' -394.97 -320.28 I' -2.2816 1.6196 2.3020 313.35 
160 6A398 -386.49 -308.84 -2.2090 1.6114 2.2756 319.78 

165 6;2063 -'-378.08 -297.5Z; -2.1393 1.6050 2.2541 325.98 
170 5.9914 ;...369.75 ':"286.30 -2.0723 1.6000 2.2364 331.98 
175 5.7927 ~361.47 -275.15 ' -2.0077 1.5963 2.2218 337.80. 
180 5.6083 -353.23 -264.07 -1.9452 1.5935 2.2097 343.45 
185 5.4365 -345.02 -253.05 -1.8848 1.5917 2.1997 348.95 

190 5.2758 .... 336.85 -242.07 -1.8263 1.5906 2.1'Jib 354.3Z 
195 5.1253 ~·328.69 -231.13 • -..;;.1.7695 1.5903 2.1850 359.55 
200 4.9837 -320.55 -220.22 -1.7142 1.5906 2.1798 364.67 
210 . 4.7245 :':'304.29 . -198.46 ....:1.6080 1.5932 2~1730 374.56 
220 4,492!J -288.04- -176.705 ':"1.5070 1.5981 2.1764 384.0.5 

230 4.2835 -271.77 . -155.04 -1.4105 1.6054 2;1714 393.16 
240 ~.094O -255.44 -13331 -1.3180 1.6149 2.1757 401.93 
250 3.9212 ~·239.03 -111.52 -1.2291 1.6266 2.1831 410.38 
260 3;7630 ' -222.51 -89.638 -1.1433 1;6405 2~1932 418.52 
270 3.6175 -205.86 -67.644 -1.0603 1.6565 2.2061 426.39 

280 3.4832 -189.06 -45.508 -0.97977 1;6747 2.2214 434.00 
290 3.3588 . -172.07 -23.207 . ~0.90152 1;6948 2.2391 441.37 .. 

300 3.2432 --154.89 -0.71882 -0.82528 1;7168 2.2590 448.50 
310 . 3.1355 -137.49 21.979 -0.75086 1.7406 2.2809 455.43 
320 . 3.0348 -119.85 44.905 -0.67807 . 1.7660 2.3047 462.16 

330 2.9406 ~101.96 68.078 ~0.60677 1.7930 2.3302 468.72 
340 2.8521 -83.793 91.514 -:0.53680 1;8214 -2.3573 475.10 
350 2~769O -65.345 li5.23 -0.46806 1.8512 2.3858 481.33 
360 2.6906 -46.601 139.23 -0.40044 1.8821 2.4156 487.42 

-370 2.6166 -27.547 163.54 -0.33384 1.9140 2.4465 493.37 

380 2.5466 -8.1733 188.17 --0.26817 1.9469 2.4785 499.20 
390 2.4803 11.529 213.12 -0.20336 1.9806 2.5114 504.93 
400 2.4174 31.568 238.40 -0.13936 2.0150 2.5451 510.54 
410 23577 51.951 264.02 -0.07609 2.0501 2.5795 516.06 
420 2.3009 72.684 289.99 -0.01351 2.0857 2.6145 521.49 

430 2;2468 93.773 316.31 0.04843 2.1218 2.6500 526.84 
440 2;1952 115.22 342.99 .' 0.10976 2.1583 2.6860 532.11 
·450 2;1459 137.03 370.03 0.17053 2.1950 2.7223 537.31 
460 2.0988 159.21 397.44 0.23076 2.2321 2.7588 542:44 
470 2.0538 181.76 425.21 0.29049 2.2693 2.7957 547.50 

480 . 2.0107 204.68 453.35 0.34973 2.3067 '2.8327 552.51 
490 1.9693 ·'227.97 481.87 0.40852 2.3442 2.8698 557.45 
500 1.9297 251.64 510.75 0.46687 2.3817 2.9070 562.35 
520 1.8550 300.09 569.64 0.58234 2.4569 2.9816 57L98 
540 1.7859 350.04 630.01 0.69626 2.5319 3.0560 581.43 

560 1.7218- 401.49 691.88 0.80875 2.6066 3.1303 590.70 
580 L6622 454.41 755.22 0.91988 2.6808 3:2040 599;81 
600 1.6066 508.81 820.03 1.0297 2;7544 3;2712 608.78 
620 1.5546 564.67 886.30 1.1384 2.8272 3.3497 617~61 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kg K) m/s 

0.800 MPa Isobar 

90.8958 451.72 -982.58 -980.80 -7.3845 2.1684 3.3641 1542.1 
92 450.26 -978.86 -977.09 -7.3438 2.1613 3.3678 1532.2 
94 447.59 -972.13 -970.34 -7.2713 2.1491 3.3753 1514.0 
96 444.91 -965.38 -963.58 -7.2002 2.1375 3.3836 1495.5 
98 442.20 -958.62 -956.81 -7.1303 2.1264 3.3927 1476.9 

100 439.47 - 951.83 -950.01 -7.0617 2.1157 3.4026 1458.1 
105 432.53 -934.78 -932.93 -6.8950 2.0902 3.4299 1410.2 
110 425.42 -917.59 -915.71 -6.7347 2.0662 3.4614 1361.3 
115 418.12 -900.22 -898.31 -6.5801 2.0432 3.4976 1311.4 
120 410.58 -882.67 -880.72 -6.4304 2.0213 3.5395 1260.2 

11'<:; 407._77 -Rfl4_R9 -Rfi1_Q{} -fi_2R49 2J)OO5 3.5RRti 1207.R 
130 394.64 -846.85 -844.82 -6.1431 1.9808 3.6472 1153.9 
135 386.13 -828.48 -826.41 -6.0041 1.9624 3.7183 1098.2 
140 377.15 -809.73 -807.61 -5.8674 1.9455 3.8064 1040.4 
144.410'> 368.76 -792.78 -790.62 -5.7479 1.9323 3.9035 987.05 

144.410'> 12.587 -422.59 -359.03 -2.7593 1.7399 2.7246 286.30 
145 12.503 -421.42 -357.43 -2.7482 1.7329 2.7052 287.37 
150 11.852 -411.74 -344.24 -2.6588 1.6919 2.5824 295.97 
155 11.289 -402.41 - 331.54 -2.5755 1.6678 2.5021 303.89 
160 10.791 -393.32 -319.18 -2.4970 1.6510 2.4432 311.32 

165 10.347 -384.40 -307.09 -2.4225 1.6384 2.3973 318.36 
170 9.9456 -375.63 -295.19 -2.3515 1.6286 2.3605 325.08 
175 9.5806 -366.97 -283.47 -2.2836 1.6210 2.3306 331.52 
180 9.2463 -358.40 -271.88 -2.2183 1.6150 2.3059 337.72 
185 8.9384 -349.91 -260.40 -2.1554 1.6105 2.2855 343.71 

190 8.6535 -341.47 -249.02 -2.0947 1.6072 2.2686 349.50 
195 8.3887 -333.08 -237.71 -2.0359 1.6050 2.2546 355.12 
200 8.1418 -324.73 -226.47 -1.9790 1.6038 2.2430 360.58 
210 7.6939 -308.11 -204.13 -1.8700 1.6039 2.2260 371.08 
220 7.2975 -291.56 -181.93 -1.7667 1.6070 2.2155 381.06 

230 6.9433 -275.02 -159.80 -1.6684 1.6128 2.2104 390.59 
240 6.6245 -258.47 -137.70 -1.5743 1.6212 2.2098 399.71 
250 6.3357 -241.86 -115.59 -1.4840 1.6320 2.2131 408.46 
260 6.0725 -225.17 -93.430 -1.3971 1.6453 2.2200 416.87 
270 5.8315 -208.37 -71.183 -1.3132 1.6607 2.2300 424.97 

280 5.6098 -191.43 -48.820 -1.2318 l.6784 2.2430 432.78 
290 5.4051 -174.32 -26.313 -1.1529 1.6981 2.2587 440.32 
300 5.2155 -157.03 -3.6380 -1.0760 1.7197 2.2768 447.61 
310 5.0393 -139.52 19.230 -1.0010 1.7432 2.2972 454.68 
320 4.8749 -121.79 42.313 -0.92771 1.7684 2.3196 461.53 

330 4.7214 -103.81 65.629 -0.85597 1.7952 2.3440 468.20 
340 4.5774 -85.573 89.198 -0.78561 1.8235 2.3700 474.68 
350 4.4423 - 67.053 113.03 0.71652 1.8530 2.3976 481.00 
360 4.3151 -48.241 137.15 -0.64857 1.8837 2.4266 487.17 
370 4.1952 -29.125 161.57 -0.58167 1.9156 2.4568 493.20 

380 4.0819 -9.6937 186.29 -0.51574 1.9483 2.4881 499.10 
390 3.9747 10.062 211.34 -0.45070 1.9819 2.5204 504.88 
400 3.8731 30.152 236.70 -0.38647 2.0163 2.5536 510.55 
410 3.7767 50.583 262.41 -0.32300 2.0513 2.5874 516.13 
420 3.6850 71.360 288.46 -0.26024 2.0868 2.6220 521.60 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy c" cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

0.800 MPa Isobar 

430 3.5978 92.491 314.85 -0.19813 2.1228 2.6570 527.00 
440 3.5146 113.98 341.60 -0.13664 2.1592 2.6926 532.31 
450 3.4353 135.83 368.70 -0.07573 2.1959 2.7285 537.54 
460 3.3596 158.04 396.17 -0.01536 2.2329 2.7648 542.70 
470 3.2871 180.62 424.00 0.04449 2.2701 2.8013 547.80 

480 3.2178 203.58 4S,~.20 0.10385 2.3074 2.8380 552.83 
490 3.1513 226.90 4aO.76 0.16275 2.3449 2.8749 557.81 
500 3.0876 250.59 509.69 0.22120 2.3824 2.9119 562.73 
520 2.9676 299.10 568.67 0.33685 2.4575 2.9860 572.41 
540 2.8568 349.10 629.1~ 0.45093 2.5324 3.0601 581.90 

560 2.7540 400.58 691.07 0.56355 2.6071 3.1339 591.20 
580 2.6584 453.55 754.49 0.67481 2.6812 3.2074 600.35 
600 2.5692 507.99 819.37 0.78478 2.7547 3.2803 609.34 
620 2.4859 563.88 885.70 0.89352 2.8275 3.3526 618.20 

1.000 MPa Isobar 

90.9478 451.79 -982.52 -980.31 -7.3839 2.1686 3.3632 1543.0 
92 450.39 -97R9& -976.76 -73451 2.161g 3.3666 1533.5 
94 447.73 -972.26 -970.02 -7.2727 2.1496 3.3740 1515.4 
96 445.05 -965.51 ~963.27 -7.2015 2.1380 3.3823 1497.0 
98 442.34 -958.75 -956.49 -7.1317 2.1269 3.3913 1478.4 

100 439.62 - 951.97 ~949.70 -7.0631 2.1162 3.4011 1459.6 
105 432.70 -934.94 -932.63 -6.8965 2.0908 3.4282 1411.9 
110 425.61 -917.76 -915.41 -6.7363 2.0667 3.4593 1363.2 
115 418.32 -900.42 -898.03 -6.5818 2.0438 3.4950 1313.4 
120 410.80 -882.89 -880.45, -6.4322 2.0219 3.5363 1262.4 

125 403.01 -865.13 -862.65 -6.2869 2.0010 3.5848 1210.2 
130 394.92 -847.12 -844.59 -6.1452 1.9813 3.6424 1156.6 
135 386.44 -828.80 -826.21 -6.0065 1.9629 3.7122 1101.2 
140 377.51 -810.09 -807.44 -5.8700 1.9460 3.7984 1043.7 
145 368.02 -790.90 -788.19 -5.7348 1.9311 3.9075 983.57 

149. 13gb 359.62 -774.57 -771.79 -5.6233 1.9205 4.0227 931.21 
149.139" 15.698 -419.83 -356.13 -2.8363 1.7673 2.8765 286.08 
150 15.536 -418.03 -353.67 -2.8198 1.7556 2.8402 287.76 
155 14.690 -407.96 -339.88 -2.7294 1.7094 2.6869 296.87 
160 13.965 -398.32 -326.71 -2.6458 1.6824 2.5878 305.18 

165 13.332 -388.97 -313.96 -2.5673 1.6639 2.5159 312.91 
170 12.769 -379.84 -301.53 -2.4930 1.6499 2.4604 320.20 
175 12.265 -370.87 -289.34 -2.4224 1.6391 2.4162 327.13 
180 11.807 -362.04 -277.35 -2.3548 1.6307 2.3803 333.74 
185 11.390 -353.32 -265.52 -2.2900 1.6241 2.3508 340.09 

190 11.007 -344.68 -253.83 -2.2277 1.6191 2.3264 346.20 
195 10.654 -336.12 -242.~ -2.1{)7~ l.bl~~ 2.3062 352.1U 
200 10.326 -327.61 -230.77 -2.1093 1.6131 2.2895 357.81 
210 9.7351 -310.73 -208.00 -1.9983 1.6113 2.2643 368.73 
220 9.2166 -293.95 -185.45 -1.8934 1.6131 2.2477 379.06 

230 8.7563 -277.23 -163.03 -1.7937 1.6179 2.2379 388.88 
240 8.3440 -260.52 -140.67 -1.6985 1.6255 2.2336 398.24 
250 7.9721 -243.78 -118.34 -1.6074 1.6358 2.2340 407.20 
260 '.6344 -226.97 -95.9&0 - 1.5197 1.64&5 2.2385 415.79 
270 7.3260 -210.06 -73.558 -1.4351 1.6635 2.2465 424.04 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kgK) kJ/(kg K) kJ/(kgK) mls 

1.000 MPa Isobar 

280 7.0432 -193.02 -51.040 -1.3532 1.6809 2.2578 431.98 
290 6.7826 -175.83 -28.393 -1.2737 1.7003 2.2720 439.64 
300 6.5415 -158.46 -5.5903 -1.1964 1.7217 2.2889 447.04 
310 6.3179 -140.89 17.393 -1.1210 1.7450 2.3082 454.19 
320 6.1097 -123.09 40.582 -1.0474 1.7701 2.3298 461.13 

330 5.9153 -105.06 63.995 -0.97537 1.7967 2.3533 467.87 
340 5.7334 -86.763 87.653 -0.90474 1.8248 2.3786 474.42 
350 5.5628 -68.194 111.57 -0.83541 1.8542 2.4056 480.80 
360 5.4023 -49.337 135.77 -0.76725 1.8849 2.4340 487.02 
370 5.2511 -30.179 160.26 -0.70016 1.9166 2.4637 493.09 

380 5.1084 -10.709 185.05 -0.63405 1.9493 2.4945 499.04 
390 4.9735 9.0840 210.15 -0.56884 1.9828 2.5264 504.86 
400 4.8457 29.208 235.58 -0.50447 2.0171 2.5592 510.57 
410 4.7244 49.670 261.34 -0.44086 2.0520 2.5927 516.18 
420 4.6092 70.478 287.43 -0.37797 2.0875 2.6269 521.69 

430 4.4996 91.636 313.88 -0.31575 2.1235 2.6617 527.11 
440 4.3952 113.15 340.67 -0.25416 2.1598 2.6970 532.44 
450 4.2957 135.03 367.82 -0.19315 ·2.1965 2.7327 537.70 
460 4.2006 157.26 395.33 -0.13269 2.2334 2.7687 542.89 
470 4.1097 179.87 423.19 -0.07276 2.2706 2.8051 548.01 

480 4.0227 202.84 451.43 -0.01332 2.3079 2.8416 553.06 
490 3.9394 226.18 480.03 0.04565 2.3453 2.8783 558.05 
500 3.8595 249.90 508.99 0.10417 2.3828 2.9151 562.99 
520 3.7092 298.44 568.03 0.21993 2.4579 2.9889 572.70 
540 3.5704 348.47 628.55 0.33412 2.5328 3.0627 582.21 

560 3.4416 399.98 690.54 0.44684 2.6074 3.1364 591.55 
580 3.3220 452.98 754.00 0.55818 2.6815 3.2097 600.71 
flOO ~.'104 50744 818Q2 066822 ?7550 3.2824 609.73 
620 3.1062 563.36 885.30 0.77703 2.8278 3.3545 618.59 

1.500 MPa Isobar 

91.0748 451.94 -982.39 -979.07 -7.3824 2.1690 3.3608 1545.3 
92 450.72 -979.28 -975.95 -7.3484 2.1631 3.3638 1537.0 
94 448.07 -972.57 -969.22 -7.2760 2.1509 3.3710 1518.9 
96 445.40 -965.84 -962.47 -7.2049 2.1393 3.3791 1500.6 
98 442.71 -959.09 -955.70 -7.1352 2.1282 3.3879 1482.2 

100 439.99 -952.33 -948.92 -7.0666 2.1175 3.3974 1463.5 
105 433.11 -935.33 -931.86 -6.9002 2.0921 3.4237 1416.1 
110 426.0j -918.19 -914.67 -6.7403 2.0681 3.4j4O 1367.7 
115 418.81 -900.90 -897.32 -6.5860 2.0452 3.4887 1318.3 
120 411.34 -883.42 -879.78 -6.4367 2.0233 3.5286 1267.9 

125 -103.62 -865.74 - 862.02 -6.2917 2.0025 3.5753 1216.2 
130 395.60 -847.80 -844.01 -6.1505 1.9827 3.6306 1163.2 
135 387.21 -829.57 -825.70 -6.0122 1.9642 3.6973 1108.6 
140 378.40 -810.98 -807.01 -5.8763 1.9472 3.7790 1052.0 
145 369.05 -791.93 -7R7.R7 -5.7420 1.9320 3.8817 993.01 

150 359.03 -772.32 -768.14 -5.6083 1.9191 4.0146 930.89 
155 348.11 -751.96 -747.65 -5.4739 1.9093 4.1936 864.64 
158.528b 339.71 -736.98 -732.57 -5.3777 1.9049 4.3634 814.56 
158.528b 23.818 -416.74 -353.76 -2.9881 1.8347 3.3226 283.65 
160 23.327 -413.25 -348.95 -2.9579 1.8075 3.2135 287.05 

J. Phys. Chem. Ref. Data, Vol. 20, No.6, 1991 



THERMODYNAMIC i PRQPERTIES,OFMETHANE 1137 

Table 40. Thermodynamic properties of methane '-Continued 

Temperature Density Internal Enthalpy · Enttopy C" cp Speed of 
energy sound 

K kg/ril3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

1.500 MPa Isobar 
-----_ ... ---,-~.----~ 

·165 21.887 -:-402.10 -333.57 . -2.8633 1.7487 2.9626 297.50 
,170 20.696, ' -:391.64 ·-:-319.17 -2.7773 1.7150 2.8071 306.77 
175 .' 19.680 ' ..... 381.64 ...,.305.42 -2.6976 1.6922 2.6979· 315.26 
ISO 18;795 -371.95 ' -292.14 ..... 2.6228 1.6753 2.6158 323.15 
185 18.011 ~362;51 -279.23 -2.5520 1.6623 2.5516 330;57 

19Q 17.309 .... 353.27 -266.61 .... 2.4847 1.6521 2;5001 337.60 
195 16.675 .~344.17 -254.21 .. ...,.2.4203 1.6443 2,4583 344.30 
~OO 16.096 .-:-335.20 -242.01 -2.3585 1.6384 2.4240 3.50.70 
210 15.077 ~317.54 ...,.218.05 .... 2.2416 1.6313 2.3721 3(;2.78 
220 14.201 ' ..... 300.14 -194.52 ':"2.1321 1.6292 2.3365 374.03 

230 . 13.437 . -282.91 -171.28 -2.028S 1.6312 2.3125 384.61 
240 12.763 ~265.77 -148.24 .... 1.9307 1.6367 2.2974 394.60 
250 12~161 ~248.65 -125.31 "'::1.8371 1.6452 2.2893 404.09 
260 11.620 --231.52 -102.43 ....; 1.7474 1.6567 2.2869 413.13 
270 11.129 ....:214.34 '-79.554 ,~1.6610 1.6707 22894 421.77 

280 10.682 -197.05 .... 56.630 :""1.5777 1.6871 2.2960 430.05 
290 10.273 -179.64 -33.621 ...,.1.4969 1.7059 2;3064 438.00 
300 9.8958 -162.07 -10.492 -1.4185 1.7267 2.3200 445.66 

',310 9.5476 -:-144.32 12.788 -1.3422 1.7495 2.3365 4~3.0S 
320 9.2246 ...,.126.36 36.246 ..., 1.2677 1.7741 2.3556 460.19 

330 8.9240 :"':108.18 . 59.907 -1.1949 1.8004 2.3769 467~10 
340 8.6435 -89.749 83;792 -1.i236 1.8281 2.4004 473.82 
350 8.3B10 71.056 107.92 -L0537 1.8573 2.4257 48034 
'360 8J347 '-52.083 132.31 -0.98496 1,8877 2.4526 486.69 

.··.··.·370 7.9032 ~32.819 i56.98 "'"-0.91738 1.9192 2.4810 492.89 

380 7.6850 ;';"13.250 181.94 . -0;85082 1.9517 25107 498.94 
390 7.4790 6.6351 207.20 -0.78521 1.9850 25415 504.86 
400 7.2842 26.845 232.7.7 ';;'0.72046 2.0191 2.5733 5io.66 

'410 '7.0997 47.387 258.66 -0:65652 2;0539 2.6060 516.35 
420 ;·6.9245 68.270 284.89· -0.59333 2.0893 2.6394 521.94 

430 6:7581 89.500 311.46 -0.53082 ~.1251 2.6735 527.43 
440 6.5997 111.08 338.36 -0.46896 2.1614 2.7081 532.83 

. ·450 ',6.4488 133.00 365.62 -0.4OTII 2.1980 2.7432 538.15 
460 6.3049 . 155.32 393.23 -0.34703 2.2348 2.7787 543~39 

. 470 6.1673 177.98 421.19 -0.28689 2.2719 2.8144 548.56 

480 6.0358 201.00 449.52 -0.22726 2.3091 2.8505 553.66 
490 . 5.9099 224.39 478.20 -0.16811 2.3465 2;8867 558;70 
500 5.7893 248.15 507.25 0.10943 2.3839 2.9231 . 563.67 
520 5.5625 296.78 566.45 0.00664 2.4588 2.9962 573.46 
S40 5.3~32 34~.90 .' 627.10 0.12109 2.5336 3.0694 583.04 

56{) 5.1593 398.48 689.22 0.23404 2.6082 3.1425 592.42 
580 4.97.92 45.154 .752.80 0.34559 2.6822 3.2153 601.64 
600 4.8114 . 506.07 817.83 0.45581 2.75$6 3.2876 610.70 
620 4.6547 562.04 884.30 0.56478 2.8283 3.3593 619.60 

. 2.000 MPa IsQbar : 

. 91..201- 452.10 ..;.982.25 . --977.83 -7.3809 2;1694 3.3586 1547.5 
92 451.05 -979.58 -975.14 -7.3516 2.1644 3.3611 1540A 
.94· 448.41 :-972.87 -968.41 -7.2793 2,1522 3.3681 1522;4 
96 445.75 -966.16 ...;961;67 ,:",,7.2083 2.1406 3.3759 1504;3 
98 443.07' -959.42 ,-.;954.91 -7.1386 2.1295 3.3845 1485.9 

100 440.37 ":'952.67 -948.13 -7.0701 2.1188 3.3937 1467.4 
105 433.51 -935.71 ,...931.10 ;';"6.9039 2.0935 3.4194 1420.3 
110 426.50 -918.62 -913.93 -6.7442 2.0695 3.4489 1372.3 
115 419.30 "';901.37 -896.60 ":'6.5902 2.0466 3.4825 1323.3 
120 411.88 ':"'883.95 -879.1C -6.4412 2.0248 3.5211 1273.3 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy CII cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kg K) m/s 

2.000 MPa Isobar 

125 404.22 -866.33 - 861.38 -6.2965 2.0039 3.5661 1222.1 
130 396.27 -848.47 -843.42 -6.1557 1.9841 3.6193 1169.7 
135 387.97 -830.33 -825.17 -6.0179 1.9656 3.6829 1115.8 
140 379.27 - 811.84 -806.57 -5.8826 1.9484 3.7606 1060.1 
145 370.06 -792.94 -787.53 -5.7490 1.9330 3.8574 1002.2 

150 360.21 -773.50 -767.95 -5.6163 1.9197 3.9813 941.45 
155 349.55 -753.38 -747.65 -5.4832 1.9093 4.1456 877.06 
160 337.78 -732.31 -726.39 -5.3481 1.9028 4.3754 807.65 
165 324.40 -709.87 -703.71 -5.2086 1.9027 4.7243 730.83 
165.873b 321.84 -705.76 -699.55 -5.1835 1.9036 4.8055 716.36 

165.873b 32.644 -417.26 -355.99 -3.1123 1.9052 3.9235 279.73 
170 30.533 -406.35 -340.84 -3.0220 1.8197 3.4665 290.52 
175 28.530 -394.45 -324.34 -2.9263 1.7647 3.1600 301.59 
180 26.904 -383.39 -309.06 -2.8402 1.7313 2.9678 311.34 
185 25.535 -372.90 -294.57 -2.7608 1.7080 2.8331 320.21 

190 24.354 -362.79 -280.67 -2.6867 1.6906 2.7325 328.40 
195 23.316 -352.99 -267.21 -2.6167 1.6772 2.6544 336.07 
200 22.392 -343.42 -254.10 -2.5503 1.6669 2.5923 343.30 
210 20.805 -324.79 -228.66 -2.4262 1.6532 2.5009 356.70 
220 19.480 -306.65 -203.98 -2.3114 1.6465 2.4390 368.98 

230 18.348 -288.82 -179.82 -2.2040 1.6452 2.3965 380.37 
240 17.364 -271.19 -156.01 -2.1026 1.6483 2.3678 391.03 
250 16.497 -253.67 -132.43 -2.0064 1.6550 2.3493 401.07 
260 15.724 -236.19 -109.00 -1.9145 1.6650 2.3388 410.57 
270 15.030 -218.70 -85.632 -1.8263 1.6779 2.3348 419.61 

280 14.402 -201.15 -62.281 1.7414 1.6935 2.3363 428.22 
290 13.830 -183.50 -38.892 -1.6593 1.7115 2.3423 436.47 
':\00 l::t':\07 -1fl5_72 -14iL42? -1517Q7 1_7,:\17 2_':\52'- 4443R 
310 12.825 -147.79 8.1642 -1.5024 1.7540 2.3656 452.00 
320 12.379 -129.66 31.900 1.4270 1.7781 2.3820 459.34 

330 11.966 111.32 55.814 -1.3535 1.8040 2.4011 466.43 
340 11.582 -92.752 79.931 -1.2815 1.8315 2.4226 473.30 
350 11.223 -73.930 104.27 -1.2109 1.8603 2.4461 479.96 
360 10.887 -54.840 128.86 -1.1416 1.8905 2.4715 486.45 
370 10.572 -35.466 153.71 -1.0736 1.9217 2.4986 492.76 

380 10.276 -15.796 178.84 -1.0065 1.9540 2.5270 498.91 
390 9.9964 4.1825 204.25 -0.94052 1.9872 2.5567 504.93 
400 9.7326 24.479 229.97 -0.87541 2.0212 2.5875 510.82 
410 9.4830 4.5.104 256.01 -0.81112 2.0558 2.6193 516.59 
420 9.2464 66.063 282.36 -0.74762 2.0910 2.6519 522.24 

430 9.0218 87.364 309.05 -0.68482 2.1268 2.6853 527.80 
-1-10 8.8083 109.01 336.07 -0.62270 2.1629 2.7192 533.26 
450 8.6051 131.01 363.43 -0.56121 2.1994 2.7537 538.64 
460 8.4113 153.37 391.15 -0.50031 2.2362 2.7886 543.93 
470 8.2264 176.09 419.21 -0.43996 2.2732 2.8238 549.15 

480 8.0497 199.17 447.62 -0.38014 2.3103 2.8594 554.30 
490 7.8806 222.61 476.40 -0.32081 2.3476 2.8952 559.38 
500 7.7187 246.42 505.53 -0.26196 2.3850 2.9312 564.39 
520 7.4146 295.14 564.87 -0.14559 2.4598 3.0035 574.25 
540 7.1342 345.33 625.67 -0.03087 2.5345 3.0761 583.89 

560 6.8746 396.99 687.92 0.08231 2.6089 3.1486 593.33 
580 6.6336 450.12 751.61 0.19406 2.6829 3.2209 602.59 
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Table 40. Thermodynamic properties of methane ....,. Continued 

Temperature Density Internal Enthalpy " Entropy, Cu cp Speed of 
energy 

\ 
sound 

K kglmJ kJ/kg kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

2.000 MPa Isobar 

600 6.4093 504.70 816.75 0.30446 2.7562 3.2927 611.69 
62Q 6.1999 560.73 883.32, 0.41360 ' 2.8289 3.3641 620.63 

2.500 MPa Isobar 

91.32~ 452:26 -982.11 -976.58 -7.3795 2.1699 3.3563 1549.7 
92 451.38 -979.87 -974.33 -7.3549 2.1656 3.3584 1543.8 
94 448.75 -973.18 -967.61" -c7.2826 2.1534 3.3652 1525.9 
96 446.10 -966.47 "-960.87 ~7.2116 2.1419 "3.3728 1507.9 
98 443.43 -959~75 -954.12 ~7.1420 2.1308 3.3812 1489.6 

100 440;74 -953.02 -947.34 -7.0736 2.1202 3.3902 1471.2 
lOS 1\33.92 -936.09 -930.33 -6.9076 2.0948 3.4152 1424.5 
110 426.94 ~,919.04 "':913.19 -6.7481 2.0709 3.4438 1376.8. 
115 419.78 -901.84 -895.89 :-6.5943 2.0481 3,4764 1328.2 

,120 412.42 ,:-884.48 -,878.41 -6.4456 2.0262 3~138 Ip~.6 
, , 

125 404.81 ' -866.92 -860~74 ~6;3013 2.0053 "3.5572 '1227.9 
130 396.93 -849.13 -842.83 -6.1608, 1.9855 3.6083 1176.1 
135 388.72 -831.07 ~824.64' -c6.0235 1.9669 3.6692 1122~9' 

140 ' 380~12 -812.69 -806.12 -5.8888 1.9497 3.7431 1068.0 
145 371.04 -'793.92 -'-787.18 -J.7!iJ9 1.9341 3;8345 1011.1 ' 

150 " 361.37 ~774.65 -767.73 -5.6240 1.9205 3~9503 951.68 
155 350.94 '-754.74 -747.62 -5.4921 1.9095 4:1018 888.99 
160 33950 -733.98 -726.62 -5.3588 1.9020 4.3092 821.92 
165 326.64. -'-,712.02 -704.37. "-5.2219 1.8999 4.6135 748,64 
170 311.56 ~.688.19 --680;17 -5~0774 1.9072 5;1164 ' 665.46 

171.992b 304.58 -677~89 "::'669.68 -5;0161 1.9149 5.4300 627.90 
171.9921" 42.498 -420.59 -361.76 -3.2258 1.9839 4.8050 274.94 
175 39.947 -410.99 -348.41 -3.1488 1.8915 4.1417 284.59 
180 36.782 ' -397.25 "':329.28 -'-3.0410 1.8108 3.5766 297.66 
185 34.367 -"-384.98 -312.24 '-2.9476 1.7661 3.2648 308;68 

190 32.409 ·""'373.59 ,.,-296.45 '-2.8634 1.7366 3.0618 318.46 
195 30.763 -362.79 ;...281.52 -2.7858 1.7152 2.9173 327.36 
200 29.345 -352.41 -267.22 -2.7134 1.6990 2.8088 335.58 
210 26.994 -'-332.56 ~239.95 ' -2.5803 1.6771 2.6572 350~52 
220 25.096 '::'313.52 ' ;"'213.90 -'-2.4591 1.6651 2.5585 363;93 

,·230 23.514 "':294.99 "':188;67 "':2.3470 1.6601 2.4915 376~19 
240 22.163 ;"'276.80 -164.00 -:..'2.2420 1.6604 2.4456 387.55 
250 20.989 -258.82 -139.71 -2.1428 1.6652 2.4145 398.15 
260 19.954 .... 240.96 -115.67 ,.;;.2.0485 1.6736 2.3945 408~13 
270. 19.033 ..,.223.14 -91.793 -1.9584 1.6853 2;3831 417:56 

:280. 18.206 ~205~31 -67.990 ~1.8718 1.6999 2.3785 426151 
290. 17.457 ..., 187.41 -44.203 ..,.1.7884 1.7171 2.3797 435~oS 
300 16.774 -169.42 -20.380 -1.7076 1.7367 2.3856 443~22 
310 16.149 -151.28 3~523t ..,..1.6292· 1.7584 ' 2.3957 451.05 
320 15-.574 ;...132;98 27.545 -1.5530 1.7821 2;4092 45!:t58 

'330 15.042 -114.48 51;718 -1.4786 1.8076 2.4Z59 465.85 
340 14548 -95.770 76.072 -1;4059 1.8348 2.4452 472.87 
350 14.089 -76.817 100.63 -1.3347 1.8633 2.4669 479.67, 
360 13.660 -57.605 125.42 -1.2649 1.8932 2.4907 486.28 
370 13.258 ..,.38.120 150;45 -1;1963 1;9243 2.5163 492;70 

380 12.880 -18.347 175.75 -1;1288 1.9564 25435 498.96 
390 12.525 1.7267 201.33 ·-1.0624 1.9894 2.5721 505;07 
400 12.190 22.112 227;19 -0.99688 2.0232 2.6018 511.04 
410 11.874 42.819 253.37 -0.93226 2.0577 2.6327 516.88 
420 11.574 63.856 279.85 -0.86844 2.0928 2.6645 522.61 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kgK) rn/s 

2.500 MPa Isobar 

430 11.290 85.230 306.66 -0.80536 2.1284 2.6971 528.23 
440 11.021 106.95 333.79 -0.74298 2.1644 2.7303 533.75 
450 10.764 129.01 361.27 -0.68124 2.2008 2.7641 539.18 
460 10.520 151.43 389.08 -0.62011 2.2375 2.7985 544.52 
470 10.287 174.20 417.24 -0.55956 2.2744 2.8332 549.79 

480 10.064 197.33 445.74 -0.49954 2.3115 2.8683 554.98 
490 9.8512 220.83 474.60 -0.44004 2.3487 2.9036 560.09 
500 9.6476 244.68 503.82 - 0.38102 2.3860 2.9392 565.15 
520 9.2653 293.49 563.32 -0.26435 2.4607 3.0108 575.07 
540 8.9131 343.76 624.25 -0.14937 2.5353 3.0827 584.77 

560 8.5874 395.50 686.62 -0.03596 2.6097 3.1546 594,26 
580 8.2853 448.69 750.43 0.07599 2.6836 3.2264 603.57 
600 8.0042 503.34 815.68 0.18658 2.7569 3.2978 612.71 
620 7.7419 559.43 882.35 0.29587 2.8295 3.3688 621.68 

3.000 MPa Isobar 

91.4568 452.41 -981.98 -975.34 -7.3780 2.1703 3.3541 1551.9 
92 451.70 -980.16 -973.52 -7.3581 2.1669 3.3557 1547.1 
94 449.08 -973.48 -966.80 -7.2858 2.1547 3.3623 1529.4 
96 446.44 -966.79 -960.07 -7.2150 2.1431 3.3697 1511.4 
98 443.78 -960.08 -953.32 -7.1454 2.1321 3.3779 1493.3 

100 441.11 -953.36 -946.56 -7.0771 2.1215 3.3867 1475.0 
105 434.32 - 936.47 - 929.56 -6.9113 2.0962 3.4110 1428.6 
110 427.38 -919.46 -912.44 -6.7520 2.0723 3.4389 1381.2 
115 420.26 -902.31 -895.17 -6.5984 2.0495 3.4705 1333.0 
120 412.94 -884.99 -877.73 -6.4500 2.0276 3.5067 1283.8 

125 405.40 - 867.49 -860.09 -6.3060 2.0067 3.5486 1233.7 
130 397.58 -849.78 -842.23 -6.1659 1.9869 3.5977 1182.4 
135 389.45 -831.80 -824.10 -6.0290 1.9683 3.6560 1129.9 
140 380.95 -813.52 -805.65 -5.8948 1.9509 3.7264 1075.8 
145 372.00 -794.87 -786.81 -5.7626 1.9352 3.8128 1019.8 

150 362.49 -775.76 -767.49 -5.6316 1.9213 3.9212 961.61 
155 352.27 -756.06 -747.54 -5.5008 1.9098 4.0614 900.46 
160 341.14 -735.59 -726.79 -5.3691 1.9015 4.2498 835.51 
165 328.74 -714.04 -704.92 -5.2345 1.8978 4.5182 765.27 
170 314.45 -690.90 - 681.36 -5.0939 1.9016 4.9388 687.08 

175 296.89 -665.05 -654.94 -4.9408 1.9211 5.7286 594.86 
177.274b 286.93 - 651.66 - 641.20 -4.8628 1.9416 6.4129 544.18 
177.27t!b 53.878 -t!26.69 -371.01 -3.3386 2.0769 6.2463 269.47 

180 50.073 -415.81 -355.89 -3.2540 1.9568 5.0107 280.27 
185 45.323 -399.82 -333.62 -3.1319 1.8499 4.0405 295.35 

190 41.946 -386.22 -314.70 -3.0309 1.7951 3.5738 307.50 
195 39.311 -373.90 -297.59 -2.9420 1.7603 3.2909 318.05 
200 37.150 -362.40 -281.64 -2.8613 1.7357 3.0980 327.51 
210 33.737 -340.94 -252.02 -2.7167 1.7034 2.8502 344.24 
220 31.100 -320.79 -224.33 -2.5878 1.6850 2.6989 358.90 

230 28.964 -301.44 -197.87 -2.4702 1.6757 2.5995 372.09 
240 27.176 -282.62 -172.23 -2.3611 1.6730 2.5319 384.17 
250 25.647 -264.13 -147.16 -2.2587 1.6756 2.4856 395.36 
260 24.316 -245.85 -122.47 -2.1619 1.6824 2.4542 405.81 
270 23.142 -227.67 -98.036 -2.0697 1.6928 2.4342 415.63 

J. Phys. Chem. Ref. Data, Vol. 20, No.6, 1991 



THERMODYNAMIC \ PROPERTtES OF METHANE 1141 

Table 40. Thermodynamic properties of methane - Continued 

Temperature Density . Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kgK) kJ/(kg K) kJ/(kgK) mls 

3.000. MPa Isobar 

178,0 22.095 -209.54 -73.757· -1.9814 1.7064 2.4229 424.92 
290 21.153 -191.38 -49.554 -1.8964 1.7228 2.4187 433.75 
300 20.3OC ~173.15 -25.364, . -1.8144 1.7417 2.4202 442.16 
310 19.521 -154.81 -1.1336 -1.7350 1.7629 2.4266 450.21 
320 18.808 -136.33 23.182 ..... 1.6578 1.7861 2.4371 457.93 

330 18.150 -:-117.67 47.~il --'1.5826 1.8113 2.4512 465.36 
340 17.542 -98.804 72.215 . .':"'1.5091 1.8380 2.4683 472.53 
350 16.977 . -79.715 96.995 -1.4373 1.8663 2.4880 479.47 
360 16.451 -:.60.379 121.98 -1.3669 1.8960 2.5101 486.19 
370 15.959 ;...40.781 147.20' -1.2978 1.9268 2.5342 492.72· 

380 15.498 .,.,.20.903 172.67 1.2299 1.9587 2.5601 499.07 
390 15.065 -0.73177 198.41 .-1.1631 1.9915 2.5875 505.27 
400 14.657 19.744 224.43 -1.0972 2.0252 2.6162 511.32 
410 14.272 40.535 2.50.74 ,....1.0322 2.0595 2.6462 517.23 . 
420 13.908 61.650 277.35 .... 0.96808 2.0945 2.6771 523.03 

430 13.563 83.096 304.28 ;"'0.90472 2.1300 2.7089 528.71 
440 13.236 104.88 331.53 -0.84207 2.1659 2;7414 ,534.29 
450 12.925 '127.01 359.11 -0.78009 2.2022 2.7746 . '539.77 
460 12.629 149.49 387.03 -0.71874 2.2388 2.8084 545.16 
470 12.347 172.32 4i5.28 -0.65798 2.2757 2.8426 550.47 

480' . 12.078 . '195.50 4·13;88 -0.59777 2.3127 .2.8771 555.70 
490 11.821 219.05 472.83 .... 0.53809 2.3498 "'2.9120 560.85 
500 11:.575. . 242.96 502.12 -0.47890 2.3871 2;9472 565.94 
520 . 11.114 291.85 561.77 -0.36193 2.4617 3.0180 575.93 
.540. ' 10.690 >342.21 622.85 . ' . ..;:.0.24670 2.5362 3;0893 585.68 

560 10.298 394.01 685.35 .... 0.13306 2.6104 3.1607 595.22 
580 9.933~ 447.28 749.27 -0.02090 2.6842 3.2319 604.57 
600 9.5958 501.98 .814.62 0.08986 2.7575 3.3029 613.74 
620 9;2805 '558.13 881.39 ·0.19932 2.8300 3.3735 622.76 

3.500 MPa Isobar 

91.583a 452.57 -981.84 -974.10 . -7.3765 2.1707 3.3518 1554.1 
92 452.02 -.980.45 -972.71 -7.3613 2.1681 3.3531 1550.5 
94 449.41 -973.78 ~965.99 -7.2891 2.1559 3.3595 1532.8 
96 .446.78 -967.10 -959.27 -7.2183 2.1444 3.3667 1515.0 
98 444.14 -960.41 .... '952.53 -7.1488 2.1334 3.3747 1497.0 

100 441.47 -953.70 -945.77 -7.0805 2.1228 3.3832 1478.8 
105 434.71 -936~85 -928.79 -6.9149 2.0975 3.4070 1432.6 
110 427.81 -919.87 -911.69 -6.7558 2.0736 3.4341 1385.6 
115 420.73 -902.77 -894.45 --:6.6025 2.0508 304648 1337.8 
120 413.47 -885.50 -877.04 -6.4543 2.0290 3.4998 1289.0 

125 405.97 ~868.06 -859.44 -6.2106 2.0081 2.5403 1239.4 
,130 398.23 -850.41 -841.62 -6.1709 1.9883 3.5875 1188.6 

135 390.18 -832.52 -823.55 -6.0345 1.9696 3~6433 1136.7 
140 381.77 -814.34 -805.17 -5.9008 1.9522 3.7104 1083.4 
145 372.Q3 -7QS.81 '::"78/i42 -S,7tlQ2 L93tl3 3.7Q22 1021t4 

150 363.57 ",,:,776.84 -767.22 -5.6390 1.9222 3.8940 '971.25 
155 353.56 --:757.34 -747.44 -5.5093 1.9102 4.0241 911.54 
160 342.71 -737.12 ':"726.91' -5.3789 1.9012 4.1961 848A8 
165 330'.71 --:715.95 -705.36 -5.2464 1.8962 4.4351 780.91 
170 317.08 ... --:693.40 -682.36 -5.1091 1.8974 4~7939 706.83 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

3.500 MPa Isobar 

175 300.81 -668.65 -657.01 -4.9621 1.9102 5.4107 622.17 
180 279.24 -639.54 -627.00 -4.7932 1.9526 6.8456 515.91 
181.931' 267.63 -625.63 -612.56 -4.7134 1.9934 8.2482 461.14 
181.931' 67.716 -436.26 -384.58 - 3.4603 2.1957 9.0439 263.27 
185 ()0.619 -420.28 -362.54 -3.3401 2.0054 6.0072 278.29 

190 53.919 -401.83 -336.92 -3.2034 1.8787 4.5064 295.00 
195 49.467 -386.91 -316.15 -3.0954 1.8170 3.8698 307.98 
200 46.109 -373.69 -297.78 -3.0024 1.7788 3.5052 319.06 
210 41.163 -350.05 -265.02 -2.8425 1.7324 3.0936 337.90 
220 37.554 -328.52 -235.32 -2.7043 1.7063 2.8656 353.93 

230 34.731 -308.21 -207.43 -2.5803 1.6921 2.7228 368.11 
240 32.423 -288.65 -180.71 -2.4665 1.6861 2.6278 380.94 
250 30.483 -269.59 -154.77 -2.3607 1.6862 2.5629 392.71 
260 28.815 -250.85 -129.38 -2.2611 1.6913 2.5183 403.63 
210 21.3,)8 -232.29 -104.36 -:l.16b6 1.7003 2.4tnS3 413.M5 

280 26.070 -213.83 -79.580 -2.0765 1.7129 2.4695 423.47 
290 24.919 -195.40 -54.942 1.9900 1.7285 2.4593 432.58 
300 23.882 -176.92 -30.371 -1.9067 1.7467 2.4560 441.23 
310 22.940 158.37 -5.8034 -1.8262 1.7673 2.4584 449.48 
320 22.080 -139.70 18.813 -1.7480 1.7901 2.4657 457.39 

330 21.291 -120.87 43.523 -1.6720 1.8148 2.4770 464.98 
340 20.562 101.85 68.364 1.5978 1.8413 2.4917 472.29 
350 19.887 -82.623 93.367 1.5254 1.8693 2.5094 479.35 
360 19.260 -63.162 118.56 -1.4544 1.8987 2.5297 486.19 
370 18.675 - 43.447 143.97 1.3848 1.9293 2.5523 492.82 

380 18.128 -23.462 169.61 -1.3164 1.9610 2.5768 499.26 
390 17.614 -3.1925 195.51 1.2491 1.9937 2.6030 505.54 
400 17.131 17.374 221.68 -1.1829 2.0272 2.6307 511.66 
410 16.676 38.250 248.13 -1.1176 2.0614 2.6596 517.65 
420 16.246 59.444 274.88 1.0531 2.0962 2.6897 523.51 

430 15.840 80.965 301.93 -0.98945 2.1316 2.7207 529.24 
440 15.454 102.82 329.29 -0.92654 2.1614 2.1526 534.87 
450 15.088 125.01 356.98 -0.86432 2.2036 2.1851 540.40 
460 14.740 147.55 385.00 -0.80275 2.2402 2.8183 545.84 
470 14.409 170.44 413.35 -0.74178 2.2769 2.8519 551.19 

480 14.093 193.68 442.04 -0.68138 2.3138 2.8860 556.46 
490 13.791 217.28 471.07 -0.62152 2.3509 2.9204 561.65 
500 13.502 241.23 500.45 -0.56217 2.3881 2.9551 566.77 
520 12.961 290.22 560.25 -0.44490 2.4626 3.0252 576.82 
540 12.464 340.65 621.46 -0.32940 2.5370 3.0958 586.62 

560 12.005 392.53 684.08 -0.21554 2.6112 3.1666 596.21 
580 11.579 445.86 748.12 -0.10318 2.6849 3.2374 605.60 
600 11.184 500.63 813.58 0.00776 2.7581 3.3080 614.81 
620 10.816 556.83 880.44 0.11738 2.8306 3.3782 623.85 

4.000 MPa Isobar 

91.71(}8 452.72 - 981.70 -972.87 -7.3750 2.1711 3.3497 1556.3 
92 452.34 -980.74 -971.89 -7.3644 2.1693 3.3505 1553.8 
94 449.74 -974.08 -965.19 -7.2923 2.1572 3.3567 1536.3 
96 447.13 - 967.41 -958.46 -7.2216 2.1457 3.3638 1518.5 
98 444.49 -960.73 -951.73 -7.1521 2.1347 3.3715 1500.6 
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Table 40. Thermodynam,icproperties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kg K) m/s 

4.000 MPa Isobar 

l.OQ 441.84 ....:.954.03 -944.98 -7.0839 2.1240 3.3798 1482.5 

105 435.11 -937.22 ~928.02 ....:.6.9185 2.0988 3.4030 1436.7 

110 42824 -920.28 -910.94 -6.7596 2.0750 3.4293' 1390.0 

115 421.20 -903.22 -893.72 -6.6065 2.0522 3.4592 1342.5 

120 413:98 -886.01 -876.34 .'-'-6.4586 2.0304 3.4931 1294.2 

125 406.55 -868.62 -858.18' -6.3152 2.0096 3.5322 1245.0 

130 398.86 -851.04 -841.0'1. :....6.1758 1.9897 3.5776 1194.8 

135 390.89· ,...833.23 -822.99 -6.0398 1.9710 3.6311 1143.5 

140 382.57 -815.14 -804.68 ~5.9066 1.9535 3.6951 1090.8 

A5 373.85 .. ~796.72 .,...786.02 -5.7757· 1.9374 3.7726 . 1036.7 

l50 364.~ =777.90 -766.93 -5.6462 1.9231 3.8684 980.62 
[55 354.81 -758.57 -747.30 -5.5175 1.9108 3.9895 . 922.24 

160 344.21 '-738.59 . -726.97 '-5.3884 1.9011 4.1473 860.91 
165' 332.58 -717.76 -705.73 . ....:.5.2577 1.8950 4.3618 795.70 

.170 319.52 ~695.71 -683.20 -5.1232 1.8942 4.6726 725.10 

175 304.26 -'-671.84 -658.70 -4.9812 1.9022 5.1726 646.26 

180 285.08 ...,644.73 -630.70 -4.8236 1.9295 tUSSS 552.74 

185. 255;53 ,...609.25 :....593.60 ~.6204 2.0305 9.7301 420.56 

186.111b 244;17 ':':'597.61 -581.23 -4.5538 '2.1023 13;129 373.28 
186.111b 86.33j -451.53 -405.20 · -3.6080 2.3681 16.723 255.72 

190 70.942 -423.54 -367.16 -3.4054 2.0278 6.8870 279.41 
195 62.238 -402.92 ,:-'..;;..338.65, ~3.2572 1.8951 4.9041 296.86 

. 200' 56.723 -386.83 -316.31 · ""';3.1440 1.8314 4;1224 310.20 
210 49.446 ..:..360.06 -'279.17 :....2.9626 1.7645 3.4089 331.56 . 

220 44.535 :....336.78 -246.96 . ·....:.2.8128 . 1.7291 3.0656 349.09 

230 40.852 -315.31 -217.39 . ....:.2.6813 1.7093 2.8641 364.30 
240 37.924 ---294.92 -189.45 :....2.5623 1.6996 2.7345 377.88 
250 35.506 :....275.22 -162.57 -2.4526 1.6971 2.6470 .390.24 
260 33.457 ..:..255.97 -136.41 -2.3500 1.7003 2.5869 401.63 
270 31.687 ....::237.00 -110.77 ~2.2532 1.7080 2.5456 412.23 

280 30.135 -218.19 -85.456 -2.1612 1.7194 2.5183 422;17 
290 28.757 . -199.46 -60.365 .,...2.0731 1.7341 2.5015 431.54 
300 '27.522 ....:.180.74 ....:.35.400 -1.9885 1.7517 2;4929 440.43 
310 '26A06 '""'161.96 ":"·10.484 "":'1.9068 1.7718 2.49B ~.88 

320 25.391 -143.09 14.442 · ....:.1.8276 1.7941 2.4949 456.96 

330 24.463 -124.09 39.429 -1.7507 1.8184 2~5032 464.70 
340 23.608 '-104.91 ',64.519 -1.6758 1.8445 2.5155 472.15 
350 22.819 ,...85.542 89.750 -1.6027 1.8722 2.5311 479.33 
360 22.087 "';65.951 115.15 .. ' ,...1.5312 1.9014 ,2.5496 486.27 
370 21.406 .;"'46.118 . 140.75· .;;.;1.4610 1.9318 2.5705 493'.00 . 

380 20.769 -26.024 166.57 . -1.3922 1.9633 2.5937 499.53 
390 . '20~113 .:....:5.6:548 192.63 -1.3245 1.9958 2.6186 505.88 
400 19.613 15.005 218.95 ....:.1.2578 2.0291 2.6452 512.08 
410 19.087 35.966 245.54 -1.1922 2.0632 2.6732 518.13 
420 18.590 57.240 272.41 -1.1274 2.0979 2.7023 524.04 

430 18.120 78.835 299.59 -1.0635 2.1332 2.7326 529.84 
440 17n75 100.76 327.07 -1.0003 2.1689 2.7637 535.52 
450 17.253 123.02 354.86 . .,...0.93784 2.2050 2~7956 541.09 
460 ·.16.852 145.62 382.98 -0.87604 2.2415 2.8281 546~57 

470 16.470 168.56 411.43 -0.81486 2.2781 2.8612 551.96 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kgK) mls 

4.000 MPa Isobar 

480 16.106 191.86 440.21 -0.75427 2.3150 2.8948 557.26 
490 15.759 215.51 469.33 -0.69424 2.3520 2.9288 562.49 
500 15.428 239.51 498.78 -0.63472 2.3891 2.9631 567.64 
520 14.807 288.59 558.74 -0.51716 2.4635 3.0324 577.74 
540 14.236 339.10 620.08 -0.40141 2.5378 3.1023 587.59 

560 13.709 391.06 682.83 -0.28731 2.6119 3.1726 597.22 
580 13.222 444.45 746.99 -0.17476 2.6856 3.2429 606.65 
600 12.769 499.28 812.55 -0.06363 2.7587 3.3130 615.89 
620 12.347 555.54 879.51 0.04614 2.8311 3.3828 624.96 

4.500 MPa Isobar 

91.8363 452.87 -981.56 -971.63 -7.3736 2.1716 3.3475 1558.5 
92 452.66 -981.02 -971.08 -7.3676 2.1705 3.3480 1557.1 
94 450.07 -974.37 -964.38 -7.2955 2.1584 3.3540 1539.7 
96 447.46 -967.72 -957.66 -7.2248 2.1469 3.3609 1522.0 
98 444.84 -961.05 -950.93 -7.1555 2.1359 3.3684 1504.2 

100 442.20 -954.36 -944.19 -7.0873 2.1253 3.3765 1486.3 
105 -135.50 -937.58 -927.25 -6.9221 2.1001 3.3991 1440.7 
110 428.66 -920.69 -910.19 -6.7634 2.0763 3.4247 1394.3 
115 421.67 -903.67 -893.00 -6.6105 2.0536 3.4537 1347.2 
120 414.49 -886.50 -875.65 - 6.4628 2.0318 3.4866 1299.3 

125 407.11 -869.18 -858.12 -6.3198 2.0110 3.5243 1250.5 
130 399.49 - 851.66 - 840.40 -6.1807 1.9911 3.5680 1200.8 
135 391.58 -833.92 -822.43 -6.0451 1.9723 3.6194 1150.1 
140 383.36 - 815.92 -804.19 -5.9124 1.9548 3.6804 1098.2 
145 374.74 -797.61 -785.61 -5.7820 1.9386 3.7540 1044.8 

150 365.67 -778.92 -766.62 -5.6533 1.9241 3.8443 989.75 
155 356.02 -759.76 -747.12 - 5.5255 1.9114 3.9573 932.60 
160 345.65 -740.01 -726.99 -5.3976 1.9012 4.1027 872.85 
165 334.35 -719.48 -706.02 -5.2686 1.8942 4.2965 809.75 
170 321.78 -697.88 -683.90 -5.1365 1.8917 4.5690 742.13 

175 307.35 -674.73 -660.09 -4.9985 1.8963 4.9854 667.96 
180 289.86 -649.05 -633.53 -4.8489 1.9144 5.7217 583.19 
185 266.01 -618.18 -601.26 -4.6722 1.9687 7.5262 477.08 
189.868b 203.77 -557.77 -535.69 -4.3236 2.5406 74.902 257.35 
189.868b 122.33 -485.23 -448.45 -3.8641 2.8030 112.21 240.30 

190 115.69 -477.41 -438.51 -3.8118 2.6453 55.550 246.05 
195 80.184 -424.74 -368.62 -3.4474 2.0217 7.3316 283.92 
200 69.926 -402.76 -338.41 -3.2943 1.8996 5.1674 300.92 
210 58.834 -371.21 -294.72 -3.0809 1.8003 3.8300 325.35 
220 52.138 -345.65 -259.34 -2.9162 1.7533 3.3081 344.47 

230 47.372 -322.78 -227.79 -2.7759 1.7272 3.0267 360.72 
240 43.698 -301.43 -198.45 -2.6510 1.7135 2.8532 375.05 
250 40.728 -281.02 -170.53 -2.5370 1.7083 2.7385 387.98 
260 38.248 -261.22 -143.56 - 2.4312 1.7095 2.6602 399.82 
270 36.130 -241.80 -117.25 - 2.3319 1.7157 2.6062 410.79 

280 34.288 -222.62 -91.383 -2.2379 1.7260 2.5693 421.04 
290 32.665 -203.58 -65.820 -2.1481 1.7398 2.5452 430.67 
300 31.219 -184.59 -40.446 -2.0621 1.7567 2.5310 439.77 
310 29.918 -165.58 -15.173 -1.9792 1.7762 2.5247 448.41 
320 28.740 -146.51 10.069 -1.8991 1.7980 2.5247 456.65 
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Table 40. Thennodynalnicprppertiesoi methane' - . Continued 

Temperature Density Internal Enthalpy Entropy c" cp ' Speed of 
energy sound 

K kg/m3 kJ/kg kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

4.500· MPa' Isobar 

330 27~665 ~127.32 35.338 ~ 1.8214 1.8220 2;5300 464.54 
~40 26.679 :.;...107.99 60.683 .·~1.7457 1.8477 2.5396 472~11 

350 25.771 -88.470 86.144 ..:.;, 1.6719 1.8752 2.5530 479.40 
360 24;931 -68.746 111.75 .-1.5997 1.9040 .5696 486.44 
370 24:150 -48.793 .137.54 . -1.5291 1.9342 ;5889 . 493.26 

380 23A22 -28.589 163.54" ·.~1.4598 1.9655 2.6106 499.87 
390 22.741 -8.1183 189.16 ~ 1.3916 1.9979 2.6343 506.30 
400 22.102 12.635 216.23 ~1.3246 2.0311 .' 2.6597 512.56 
410 21.502 33.683 242.96 . ;:';1.2586 2.0650 2.6867 518.67 
420 20.937 55.038 269.97 --1.1935 2.0996 2.7150 524.64 . 

430 20.403 .76.708 29727 . ..:.;,1.1293 2.1348 2.7444 530.48 
440 19.897 98.702 324.86 -1.0659 2.1704 2.7748 536.21 
450 19.418 121.03 352.77 -1.0032 2.2064 2.8060 . 541.83 
460 18.964 143.69 . 380.98 ....:0.94115 2.2427 2.8380 547.34 
470 18.531 166.69 409.53 ~0.87977 2.2793 2.8105 552.77· 

480 18.119 190.04 438:40 "':'0.81899 .2.3161 2.9036 558~11 

490 17.726 . 213.74 '467.60 ~0.75877 2.3531 2.9371 563.36 . 
JUU 17.3J1 237.79 491.14 -0.69910 2.3901 2.9110 568.55 
520 16.649 286.96 557.24 ,.,..0.58124 2.4644 3.0395 578.10 
540 16.005 .337.56 618.73 -0:46523 2.5387 3.1088 588.60 

560 15.410 389.59 . 681.60 -0.35091 2.6127 3.1785 598.27 
.580. 14.860 443.05 745~87 -0.23815 2.6863 3.2483 607.73 
600 14.350 497.94 . 811.53 -0.12666 2.7593 33180 617J)() 
620 13;875 554.25 878.59 -0.01693 2.8317 33874 626.09 

5.000 MPa Isobar 

91.963a 453.03 . -981.42 -970.39 -'-7.3721 2.1720 3.3454 1560.7 
92 452.98 :....:981.30 -970.26 . ,"""7.3707 ·2.1717 3.3455 1560.4 

·94 450AO -974.67 -963:57 -7.2987 2.1596 3.3514 1543.0 
96 447.80 -968.02 . -,956.86 ":';'7.2281 2.1482 3.3580 1525.5 
98 445.19 -961.37 -950.13 -7.1588 2.1372 3.3654 IS07~8 

100 442.55 -954.69 ":';'943.40 ":';'7JJ907 2;1266 3.3733 1490:0 
105 435;89 -937.95 ."""".926A8 ~6.9256 2.1015 3.3953 1444;7 
110 429~09 -921.09 ":';'909.44 ~6.7671 2.0777 JA202 1398:6 
U5 422;13 :"'904.11 -'-892.27 -6.6145 2.0550 3;4483 135t8 
120 41'.00 -687.00 -&74.9' -6.4670 2.0332 3.4802 1304.3 

'125 4V/.ti/ ....:869.72 :-857.46 -6.3243 2.0124 3.5166 1256;0 
130 400.10 .:-852.27 -839.77 -6.1855 1.9925 . ·3.5587 ··1206.8 
135 392.27 834.61 821.86 6.0503 1.9737 3.6080 1156.6. 
140 384.13., -816~69 -803.68 -:-5.91Si 1.9561 3.6663 1105.3 
145 375;62 -798.49 -'-785;18 ,....5.7883 1.9398 3.7.36~ 1052.8 

150 ~6tl.67 -77Q.Q'" -'76tl.2Q -5.6602 1.9251 .1.8215 998:65 
155 357.19. -760.93 -746.93 ~5.5332 1.9122 3.9273 942.65 
160 347.04 ...;:741.38 '-726.97 -5.4065 1.9015 4.0616 884;35 
1{?5 336.04 -721.12 -706.24 -5.2790 1.8937 4;2377 823~14 

170 323.91- '"7699.92 . ....:.684·48 -5.1491 1.8898 4:470? 758.12 

175 . :,nU;17 -6n.39 -661.27 -5.0145 1.8911 4:8331 687:81 
IsO. 293;96 -'"652.80 ,;...635.79 ~4:8710 1.9037 5A1l5 60953 
185 273.26 ....:624.53 -'606.23 ~4.7091 1.9376 6.5747 517"52 
190 240.69 -586.68 ","565~91 -4.4942 2.0517 10.7U 393A4 
195 114.94 -464.32 -420.82 -3.7424 2.3052 19.362 266.13 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy ell Cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kgK) mls 

5.000 MPa Isobar 

200 87.764 -423.51 -366.54 -3.4670 1.9965 7.2726 291.29 
210 69.687 -383.81 -312.06 -3.2007 1.8404 4.4121 319.48 
220 60.479 -355.22 -272.55 -3.0167 1.7789 3.6049 340.20 
230 54.337 -330.67 -238.65 -2.8660 1.7457 3.2141 357.45 
240 49.769 -308.21 -207.74 -2.7344 1.7277 2.9851 372.50 

250 46.159 -287.00 -178.68 -2.6157 1.7196 2.8379 385.97 
260 43.193 -266.58 -150.83 -2.5065 1.7187 2.7385 398.24 
270 40.689 -246.69 -123.80 -2.4045 1.7234 2.6699 409.56 
280 38.532 -227.12 -97.357 -2.3083 1.7326 2.6226 420.08 
290 36.644 -207.75 -71.303 -2.2169 1.7455 2.5906 429.95 

300 34.972 -188.48 -45.507 -2.1294 1.7616 2.5703 439.25 
310 33.475 -169.23 -19.867 -2.0453 1.7806 2.5590 448.07 
320 32.124 -149.95 5.6982 -1.9642 1.8019 2.5551 456.47 
330 30.897 -130.57 31.255 -1.8855 1.8255 2.5571 464.49 
340 29.775 -111.07 56.857 -1.8091 1.8509 2.5641 472.18 

350 28.743 -91.406 82.551 -1.7346 1.8780 2.5752 479.57 
360 27.790 -71.548 108.37 -1.6619 1.9067 2.5898 486.71 
370 26.907 -51.472 134.36 -1.5907 1.9366 2.6074 493.60 
380 26.084 -31.156 160.53 -1.5209 1.9678 2.6276 500.29 
390 25.317 -10.582 186.92 -1.4523 1.9999 2.6500 506.79 

400 24.598 10.266 213.54 -1.3850 2.0330 2.6743 513.11 
410 23.923 31.402 240.41 -1.3186 2.0668 2.7003 519.28 
420 23.287 52.837 267.55 -1.2532 2.1013 2.7276 525.30 
430 22.688 74.583 294.96 -1.1887 2.1363 2.7562 531.19 
440 22.121 96.648 322.67 -1.1250 2.1718 2.7859 536.96 

450 21.585 119.04 350.69 -1.0620 2.2078 2.8164 542.61 
460 21.075 141.76 379.01 -0.99980 2.2440 2.8478 548.17 
470 20.592 164.83 407.64 -0.93821 2.2806 2.8798 553.63 
480 20.131 188.23 436.60 -0.87724 2.3173 2.9124 559.00 
490 19.692 211.98 465.89 -0.81685 2.3542 2.9454 564.28 

500 19.273 236.08 495.51 -0.75701 2.3912 2.9788 569.49 
520 18.489 285.34 555.77 -0.63886 2.4653 3.0466 579.69 
540 17.770 336.02 617.38 -0.52259 2.5395 3.1153 589.63 
560 17.108 388.12 680.38 - 0.40805 2.6134 3.1844 599.34 
580 16.496 441.65 744.76 -0.29510 2.6869 3.2537 608.83 

600 15.927 496.60 810.53 -0.18362 2.7599 3.3229 618.13 
620 15.399 552.97 877.68 -0.07354 2.8322 3.3920 627.25 

8.000 MPa Isobar 

92.72OS 453.94 -980.58 -962.96 -7.3633 2.1745 3.3330 1573.7 
94 452.32 -976.38 -958.69 -7.3176 2.1668 3.3362 1563.0 
96 449.78 -969.80 -952.01 -7.2473 2.1554 3.3419 154".0 
98 447.23 -963.21 -945.32 -7.1783 2.1446 3.3482 1528.9 

100 444.66 -956.61 -938.62 -7.1106 2.1341 3.3549 1511.7 

105 438.16 -940.06 -921.80 -6.9465 2.1091 3.3737 1468.0 
110 431.55 -923.42 -904.88 -6.7891 2.0856 3.3950 1423.7 
115 424.81 -906.68 -887.85 -6.6376 2.0630 3.4186 1378.8 
120 417.93 -889.83 -870.69 - 6.4916 2.0414 3.4450 1333.4 
125 410.88 -872.86 -853.39 -6.3504 2.0206 3.4748 1287.4 
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Table 40. Thermodynamic properliesofmethane -- Continued 

Temperature Density Internal Enthalpy Entropy Cu cp Speed of 
.1, 

sound energy 
K kglm3 kJlkg kJlkg" kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

8.000 MPa Isobar 

IJ~O 403.65 -855.75 . "-835.93 ..... 6.2134 2.0007 3.5087 1240.9 
135 396.20 -838.49 -818.30 -6.0803 1.9818 3.5476 1193.8 
140 388.51 -821.04 -800.45' , -5.9505 1.9640 3.5926 1146.0 ' 
145 389.55 -'-803.38· -782.36 -5.8235 1.9473 3.6452 1097.4 
150 372:26 -7R5.47 -763.98 -5.6989 1.9318 3.7071 1048.0 

·155 363.60 -767.27 
nl'· 

-745:P . "-5.5762 1.9177 3~7808 997.54 
"160 354.49 "":748;71 -726.15 -5.4548 1.9052 3.8697 946.00 

165 344.85 .... :729.74 "':'706:54 -'-53341 1.8946 3.9781 893.16 
170 334.57 ~710.23 -686.32' -5.2135 1.8860 4.1129 838.83 
17C; 323.47 -690.08 -665.35 ...:.5.0919 1.8800 4.2840 .782;74 

180 311.36 -..;;.669.09 -643.40 -4.9682 1.8773 4.5073 724.60 
<185 297.89 -647.00 ...:.620:1$ , -4;8408 1.8788 4.8093 664.04 
'·190 282.59 -623.41 -595~10 -4.7072 1.8862 5.2371 600.74 

195 264:64 -597.65 . .;..;567.42 '''-'"4;5635 L9019 ~.8777 ~34~76 
200 242.77 -568.67 '-535.72 -4.4030 1.9282 6.8799 ,467.60 

210 183.43 -497.17 ·..;..453.55 ···.:..4.0026 1.9817 9.2012 ·3ro.94 
220 n~,25 ....:4~1:~9 --~71.35 -~_619g i.9195 6.8234 341.61 
230 108.01 ....:387.72 ...:.313.65 -3.36~O 1.8536 4.9604 35:t14 

"240 93.382 -354.61 -268.94 -3.1726 1.8113 4.0803 367.87 
250 83.511 -326.55 -230.75 .....:3;0166 1.7860 3.6004 382.13 

260 16.211 -~VJ..~'J ...;.196:32 -2.8815 1.7727 3.3073 39~.,+J. 

• '270 70.493 -277.76 -164.27' ....;.2.7606 1.7683 3.1149 407.72 
280 65.834 -255.34 -133.82 -2.6498 1.n06 2.9830 419.16 
290 61.931 '-233.66 -104.49 ..;..2.5468 1.7783 2.8902 429;85 
300 58.589 -- 212.47 '--75.930 ':"2.4500 1.7902 2.8246 439;89 

"310 55.682 -191.60 -47;929'·. -" • .1JlS:l 1.8058 2.77~ 449.35 
320 53.119 '-170.92 ':-20.313 ..;..2.2705 1.8244 2;7469 458.32 
330 50.834 "':'150.33 7.0469 .... 2:1863 1.8456 2.7267 466:86 
340 48.780 "-'"129.75 34.250 -2.1051 1.8691 2.7154 475.01 
350 46.918 .: 109.13 . "61.378 -'-2.0265 1.8946 2.7112 482.82 

360 45.220 ...:.88.418 88.495 ..... -1;9501 1.9218 2.7130 490:33 
370 43.662 -"-67.570 115.65 -1.8757 1.9506 2.7197 497.57 
380 42226 -46.553 142.90 -1.8030 1.9806 2~7304 50456 
390 40.897 -25339' 170.27 . ~1.7319 2.0118 2~7446 51133 . 
400 39.662 -3.9038 197.80 -1:6622 2_0440 2.7617. 517,91 

410 38.509 17.773 . '225.52 -1:5938 2.0770 2.7812 524.31 
420' 37.431 39.709 253.43 -1.5265 2.1108 2.8030 5.3054 
430 36.420 61.918 ' 281.58 -1.4603 2.1453 2.8265 536.63 
440 35.468 " 84.415 . 309.97 '-1.3950 2.1802 2;8517 542S8 
450 34.571 lQ7.21 33K62 . -1.3306 2.2157 2.8781 548.40 

460 33.723 130.31 367.54 -1.2671 2.2514 2.9058 554;11 
470 32.920 1:53.73 396.74 -1.2043 2.2875 2.9344 559~71 

.. 480 320159 177.46 426.23 -1.1422 2.3239 2.964() 565;21 
490 31.435 201.53 456;02 ·-1.0808 2.3604 2;9942 570:62 
500 30:746 225.92 486.12 -1.0200 2.3971 3.0251 ~75;94 

520 29A63 275.72 547.25 "';'0.90010 2.4706 3~0883 586.35 
540· 28:292 326.89 609.66 -0.78233 2.5442 3:1531 596.46 
560 27.216 379.43 '673.38 -0.66648 2.6177 3~2188 606.32. 
580 26.225 433.36 738.41 ....;0.55237 2.6908 3~2852 615.95 
600 25.308 488.68 '804.79 -0.43987 2.7635 3.3519 625;37 

620 24:457 545.39 872.49 -0.32887 2.8355 3.4186 634.59 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv Cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kgK) mts 

10.000 MPa Isobar 

93.222a 454.54 -980.02 -958.02 -7.3575 2.1761 3.3251 1582.3 
94 453.57 -977.48 -955.43 -7.3298 2.1715 3.3269 1575.9 
96 451.06 -970.94 -948.77 -7.2598 2.1602 3.3320 1559.3 
98 448.55 -964.40 -942.10 -7.1910 2.1493 3.3376 1542.5 

100 446.02 -957.84 -935.42 -7.1235 2.1389 3.3437 1525.7 

105 439.63 -941.41 -918.66 -6.9600 2.1141 3.3607 1483.0 
110 433.13 -924.90 -901.81 -6.8032 2.0907 3.3797 1439.8 
115 426.53 -908.30 -884.86 -6.6525 2.0683 3.4008 1396.1 
120 419.79 -891.62 -867.80 -6.5073 2.0467 3.4243 1351.9 
125 412.91 -874.83 -850.61 -6.3670 2.0260 3.4504 1307.3 

130 405.87 -857.93 -833.29 -6.2311 2.0061 3.4799 1262.3 
135 398.65 -840.89 -815.81 -6.0991 1.9872 3.5133 1216.9 
140 391.22 -823.71 -798.15 -5.9707 1.9693 3.5516 1171.0 
145 383.56 - 806.35 -780.28 -5.8453 1.9524 3.5956 1124.6 
150 375.63 -788.80 -762.18 -5.7226 1.9366 3.6467 1077.6 

155 367.39 -771.02 -743.80 -5.6021 1.9221 3.7064 1030.1 
160 358.81 -752.97 -725.10 -5.4833 1.9089 3.7765 981.80 
ltl'i 349.81 -734.60 -706.01 -5.3659 1.8973 38596 932.79 
170 340.33 -715.86 -686.47 -5.2492 1.8872 3.9590 882.98 
175 330.29 -696.67 -666.39 -5.1328 1.8791 4.0791 832.32 

180 319.56 -676.93 -645.64 -5.0159 1.8730 4.2262 780.76 
185 308.00 - 656.54 -624.07 -4.8977 1.8695 4.4085 728.32 
190 295.43 -635.32 -601.48 -4.7772 1.8688 4.6379 675.09 
195 281.59 -613.10 -577.59 -4.6531 1.8716 4.9300 621.38 
200 266.19 -589.61 -552.04 -4.5238 1.8780 5.3036 567.92 

210 229.53 -537.84 -494.27 -4.2421 1.8981 6.2783 469.31 
220 187.59 -481.51 -428.20 -3.9348 1.9034 6.7130 404.38 
230 152.24 -430.35 -364.66 -3.6522 1.8795 5.8612 382.48 
240 128.40 -389.20 -311.32 -3.4251 1.8467 4.8533 383.61 
250 112.43 -355.42 -266.47 -3.2419 1.8199 4.1685 392.22 

260 101.01 - 326.14 -227.14 -3.0876 1.8026 3.7301 402.84 
270 92.361 -299.65 -191.38 -2.9526 1.7941 3.4407 413.78 
280 85.507 -274.97 -158.02 -2.8312 1.7930 3.2424 424.47 
290 79.893 -251.50 -126.34 -2.7200 1.7977 3.1025 434.73 
300 75.175 -228.86 -95.840 -2.6166 1.8074 3.0023 444.53 

310 71.133 -206.78 -66.199 -2.5194 1.8210 2.9299 453.87 
320 67.614 -185.07 -37.174 -2.4273 1.8380 2.8780 462.78 
330 64.511 -163.60 -8.5880 -2.3393 1.8579 2.8415 471.30 
340 61.747 -142.26 19.696 -2.2549 1.8803 2.8170 479.45 
350 59.261 -120.96 47.785 -2.1735 1.9048 2.8021 487.29 

360 57.010 -99.645 75.764 -2.0946 1.9312 2.7948 494.83 
370 54.957 -78.257 103.70 -2.0181 1.9592 2.7938 502.11 
:.nm ~J.U75 -56.754 U1.66 -V)4J5 V)~~6 2.7'J~U 509.14 
390 51.341 -35.099 159.68 -1.8708 2.0192 2.8065 515.96 
400 49.736 -13.262 187.80 -1.7996 2.0509 2.8187 522.58 

410 48.244 8.7841 216.06 -1.7298 2.0835 2.8340 529.02 
420 46.854 31.060 244.49 -1.6613 2.1168 2.8519 535.30 
430 45.553 53.584 273.11 -1.5939 2.1509 2.8721 541.43 
440 44.333 76.371 301.94 -1.5277 2.1855 2.8942 547.42 
450 43.185 99.436 331.00 -1.4623 2.2206 2.9180 553.28 
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Table 40. Thermodyna~ic properties of methane .. ;.:,. Continued 

Temperature Density Internal Enthalpy Entropy C" cp Speed of 
energy sound 

K kglm3 kJlkg kJ!kg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

10.000 MPa· Isobar 

460 42.103 122.79 360.30 -1.3979 2.2561 2.9432 559.03 
470 41.080 . ·146.44 389.87· -1:3344 2.2920 2.9697 564.66 
480 40.112 170.40 419.70 "-1.2716 2.3281 2.9972 . 570.20 
490 39.194 194.67 449.81 -1.2095 2.3644 3.0256 575.64 
500 38:322 219.27 480.21 -1.1480 2.4008 . 3.0548 580.99 

520 36.700 269.43 541.91- -1;0271 2.4740 3.1150 591.45 
540 35.222 320.92 604.83 .,.0;90834 2.5473 3.1773 6OL62 
560 33~869 373.75 669.01' ""-0.79165 2.6205 3.2409 611.52 
580 .32:624 427.95 734.47 -0.67680 2.6934 J.3053 621.18 
600 31.474 483.51 801.23 -0.56365 2.7658 3.3704 630.63 

.. ow 30.409 .540.43 l:50~.:t.9 . -0.45207 2.8376 3.43.57 639.88 

20.000 MPa .Isobar 

. 95.7058 457.44 ...,.977.10 -933.37 -7.3288 2.1838 
96 457.09 -976.16 -932.40 -7.3186 2.1822 1621.5 

.98 454.74 -969.80 -925.82· -7.2508 2.1717 1606A 
100 452.37 -963.44 '-919..23 '··-7.1842 2.1615 1591.1 
105 446.43 ...,.947.52 -902.72 -;-7.0231 2.1374 1552.6 

110 440.43 . ~931.56 -886.15 ~6.8690 2.1146 3.3182 151318 
115 434.37 -915.58 -:869.53 -6.7212 2.0928 3.3302 1474.8 .. 

120 42824 ,-899.55 -852.85 -'-6.5792 2.0717 3;3430 1435.7 
125 422.04 -883.49 -836·10 -6.4425 2.0514 33568· .1396';5 
130 415~75 ~867.39 -819.28 -:-:6.3105 2.0318 3.3718 1357.3 

135 409.37 -851.24 ~802.38 ...... 6;1830 2.0130 3.3883 131&2 
140 402.88 -835.04 ,-::-785.39 . -6.0594 1.9951 3.4063 1279.2 
145 396.30 -818.78 -768.31 -5.9395 1.9779 3.4263 1240.2 
150 389.59 -802.46 ~751.13 -5.8230 1.9617 3.4484 1201.4 
155 382.76 .... 786.08 -733.83 -5.7096 1.9464 3.4728 11(i2.8 

160 375.79 -"'769.62 -716.40 -5.5989 . 1.9320 3.49Q8 1124.3 
·165 3~.67 -753.07 -698.82 -5.4907 1.9185 3.5295 1086.1 
170 .. 361.40 -736.44 ~681.10 -'-5.3849 1.9061 3.5622 1048~2 
175 353~96 -719.70 -663.20 -5.2811 1.8947 3.5980 lOtO.7 
180 346.34 -702.86 -645.11 '_5.1792 1.8843 3.6371 973.55 

185 338.53 -685.90 . -:-626.82 :-5.0790 1.8749 3.6794. 936~96· 

190 330.53 -668.82 -608.31 -4.9803 1.8666 3.7249 . 901.01 
195 322.32 -651.62 . -589.57 . -4.8829 1.8593 3.7733 . 865.~83 
200 313.91 -634.29 -570.57 -4.7867 1.8530 3.8242 831.58 
210 "296.49 -599.26 ..,.531.81 -:.4.5976 1.8434 3~9299 766.53 

220. 278.37 -563.84 .,..491.99' -4.4124 1.8373 4.0315 7Q7.42 
;230 259.79 ~528.23 -451.25 ' -4.2313 1.8341 4.1119 655~86 
240 241;22 -492.81 '-409:89 -4;0553 1.8331 4.1496 613;27 
250 22323 -458.04 -368.45 -3.8861 1.8336 . 4.1293 580.44 
260 206.41 ~424.39 -327.49 ...;.3.7~5 1.8353 4.0)36 ))6.92 

270 . 191;14 ~392.14 -287.50 -,-35746 ,1.8381 3.9395 541.27 
280 177.57 -:361.39 -248.76 -3.4336 1.8424 3.8069 53l.72 
290 1§5.67 -332.09 -211.37 -3.3024 1.8488 3~6726 52(j.67 
300 155.28 -304.08 ~175.28 -3.1800 1.8579 3.5478 524.86 
310 146.20 '-277.16 -140.36 :-3.0655 1.8697 3.4383 525';31 

320 138.23 --251.14 -106.46 ·'-2.9579 1.8843 3.3457 527;32 
330 131.21 .. -225.82 -73.394 -2.8561 1.9017 3.2696 530;41 
340 124;98 -201.04 ,....41.016 -2.7595 1.9215 3.2083 534;23 
350 119.41 -176.67 -9.1835 -2.6672 1.9435 3.1601 538.57 
360 114.41 -152.59 22.224 -2.5787 1.9676 3.1232 543.24 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy e" cp Speed of 
energy sound 

K kglm3 kJ/kg kJ/kg kJ/(kg K) kJ/(kgK) kJ/(kgK) m/s 

20.000 MPa Isobar 

370 109.88 -128.71 53.312 -2.4935 1.9934 3.0957 548.14 
380 105.76 -104.94 84.166 -2.4113 2.0208 3.0765 553.19 
390 102.00 -81.216 114.86 -2.3315 2.0496 3.0641 558.33 
400 98_543 -57_489 145_47 -2_2540 2_0795 3_0577 563.52 
410 95.355 -33.707 176.04 -2.1786 2.1105 3.0564 568.73 

420 92.404 -9.8301 206.61 -2.1049 2.1425 3.0594 573.95 
430 89.662 14.175 237.24 -2.0328 2.1752 3.0662 579.15 
440 87.105 38.337 267.95 -1.9622 2.2085 3.0762 584.33 
450 84.715 62.682 298.77 -1.8930 2.2425 3.0890 589.48 
460 82.473 87.230 329.73 -1.8249 2.2769 3.1042 594.60 

470 80.366 112.00 360.86 -1.7580 2.3117 3.1216 599.67 
480 78.381 137.01 392.17 -1.6920 2.3469 3.1408 604.70 
490 76.506 162.26 423.68 -1.6271 2.3823 3.1616 609.69 
500 74.731 187.78 455.41 -1.5630 2.4179 3.1838 614.64 
520 71.452 239.65 519.55 -1.4372 2.4896 3.2316 624.40 

540 68.485 292.66 584.70 -1.3143 2.5615 3.2832 633.98 
560 65.783 346.87 650.90 -1.1939 2.6335 3.3375 643.38 
580 63.311 402.31 718.21 1.0758 2.7053 3.3940 652.62 
600 61.038 459.00 786.67 -0.95975 2.7768 3.4520 661.70 
620 58.939 516.97 856.30 -0.84560 2.8477 3.5111 670.62 

50.000 MPa Isobar 

102.890" 465.34 -967.69 -860.25 -7.2470 2.2052 3.2158 1737.1 
105 463.20 -961.41 -853.46 -7.1817 2.1960 3.2156 1724.2 
110 458.14 -946.52 -837.38 -7.0321 2.1748 3.2154 1693.5 
115 453.08 - 931.66 -821.31 -6.8892 2.1545 3.2152 1662.8 
120 448.03 -916.83 -805.23 -6.7524 2.1348 3.2149 1632.3 

125 442.97 -902.03 -789.16 -6.6212 2.1156 3.2144 1602.1 
130 437.92 -887.26 -773.09 -6.4951 2.0971 3.2138 1572.1 
135 432.87 -872.53 -757.02 -6.3738 2.0791 3.2132 1542.5 
140 427.81 -857.83 -740.96 -6.2570 2.0617 3.2125 1513.3 
145 422.75 -843.17 -724.90 -6.1443 2.0451 3.2119 1484.5 

150 417.69 -828.54 -708.84 -6.0354 2.0291 3.2115 1456.1 
155 412.62 -813.96 -692.78 -5.9301 2.0138 3.2112 1428.2 
160 407.55 -799.41 -676.72 -5.8281 1.9993 3.2111 1400.7 
165 402.47 -784.90 -660.67 -5.7293 1.9855 3.2112 1373.8 
170 397.39 -770.43 -644.61 -5.6334 1.9725 3.2116 1347.4 

175 392.31 -756.00 -628.55 -5.5403 1.9602 3.2122 1321.6 
180 387.23 -741.61 -612.49 -5.4498 1.9488 3.2130 1296.3 
185 382.15 -727.26 -596.42 -5.3618 1.9381 3.2140 1271.6 
190 377.07 -712.95 -580.35 -5.2761 1.9283 3.2153 1247.4 
195 371.99 -698.68 -564.27 -5.1925 1.9192 3.2167 1223.9 

200 366.92 -684.45 -548.18 -5.1111 1.9110 3.2182 1201.0 
210 356.80 -656.12 -515.98 -4.9540 1.8969 3.2217 1157.0 
220 346.74 - 627.95 -483.75 -4.8040 1.8860 3.2253 1115.6 
230 336.75 -599.95 -451.48 -4.6606 1.8784 3.2288 1077.0 
240 326.88 -572.14 -419.17 -4.5231 1.8739 3.2319 1041.0 

250 317.15 -544.50 -386.84 -4.3911 1.8725 3.2342 1007.8 
260 307.59 -517.05 -354.49 -4.2642 1.8741 3.2356 977.40 
270 298.23 -489.79 -322.13 -4.1421 1.8786 3.2360 949.68 
280 289.11 -462.72 -289.78 -4.0244 1.8858 3.2354 924.60 
290 280.26 -435.84 -257.43 -3.9109 1.8956 3.2338 902.06 
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Table 40. Thermodynainicproperties'oimethane- Continued , . 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kg/m3 kJlkg kJlkg kJ/(kgK) kJ/(kgK) kJ/(kgK) mls 

50.000 MPa Isobar 

300. 271.69 . -:-409.14 -225.10 .:....3.8013 1.9079 3.2314 881.94 
3-10 263.42 ,:-382.61 -192.80 . -3.6954 1.9225 3.2286 864.08 
320 255.47 -356.25 -160.53 -3.5930 1.9392 3.2255 848.34 
330 247.85 -330.03 -128.29 -3.4937 1.9580 3.2226 834.54 
340 . 240~5 -303.93 -96.079 ~3.3976 1.9786 3.2200 822.53 

350 233.59 -277.94 -63.888 .,...3.3043 2.0009 3.2t82 812.13 
360 226.95 -252.03 -31.711 ~3.2136 2.0248 3.2174 803.20 
370 '. 220.62 -226.17 0.46389 . -3.1255 2.0501 3.2178 795.59 
380 214.60 -200.34 32.650 , -:-3.0396 2.0767 3.2196 789.16 
390 208.87 .,...174.52 64.860' ~2.956O 2.1045 3.2228 783.79 

409 203.43 .,...148.68 97.111 -2.8743 2.1333 3.2276 n936· 
4to· '198~25 ' ':'122.79 129.42 .':"'"2.7945 2.1631 3.2341 775.76 
.420 193.32 -:-96.840 161.80 -2.7165 2.1937 3.2421 772.91 
430 . 188.63 ....,70.798 194.27 -2.6401 2.2251 3.2517 770.71 
440 184.17 . ~44.647 226;84 -2.5652 2.2571 3.2629 76~M1 

450 179.92 -18.368 259.53 -2.4918 2.2896 3.2755 768.02 
460 175.87 ' 8.0574 292.35 -2.4196 2.3227 3.2896 ' 767.40' 
470 172.01 34.645 325.32 ....,Z.34!S7 Z.3~61 3.3050 ···767.19 
480 168.32 61.409 358.46 -2.2790 2.3899 3.3216 767.34 
490 164.80 88.364 391.76 .,....2.2103 2.4240 3.3393 767.82 

500 161.43 115.52 425;25 -:-2.1426 2.4583 3.3582 768.59 
520 155.13 170.49 ·492;81 -2.0102 2.5275 3.3987- 770.86 
540 149.33 226.39 '561.22 ' .,....1.8811 2.5972 3.4426 773.96 
560 143.99 283.29 630.53 .,...1.7550 2.6670 3.4892 7n.72 
580 139.05 341.22 700.80 .,....1.6317 2.7367 3.5381 781.99 

600 134.47 400.24 772.07 -1.5109 2.8062 3.5887 786.69 
620 130.21 460.36 844.36 .,....1.3924 2.8754 3.6408 791.72 

100.000 MPa Isobar 

114.129" 476.63 -950.68 ·.:....740.87 -7.1249 2.2377 3~1449 1897.8 
115 475.90 -948.26· "'7738.14 . -7.lOto 2.2345 3.1436 1893.7 
120 471.72 .,-934.42 ,,-722.44, ~6.9674 2.2163 3.1364 1870.0 
125 467.59 -920.64 -706.77 -6.8395 2.1985 3.1290 1846.6 
130 463·48 .~906.90 .,....691.15 -.6.7169 2.1811 3.1214 1823.5 

. 135 4:>:1' • ..,.1. -893.23 -b/:>.:)() -6.5992 2.1641 3.1137 1800.8 
'140 455:37 -879.61 -660.01 ':"6.4861 2.1477 3.1059 " 1778.4 . 
145 451.35 -866.05 -644.50 -6.3n3 2.1317 3.0982 1756.3 
150 447.37 -852.56' ....:629.03 ..,..6.2724 2.1163 3.0904' 1734.7 
155 443.41 .,...839.12 ~tll~,59 -6,1712 2.1014 3.0827 1713.5 

16(t 439.48 -825.74 . -598.20 .,-6.0734 2.0872 3.0752 1692.7 
165 435.58 ,..,..812.42 ;"';582.84 -5.9789 2.0737 3~0678 1672.3 
170' 431.70 -799.16 ';"'567.52 -5.8874 2.0608 3.0607 1652.3 
175 427.86 .,-:-785.96 -552.23 -5.7988 2.0486 3.0538 1632.7 
180 424.04 -772.81 :-536.98 -5.7129 2.0370 3.0472 1613~S 

185 420.24 -759.72 ....,'Si1.76 -5.6295 2.0262 3.0408 1594.8' 
190 416.48 -746.68 -506.57 -5.5485 '2.0162 3.0348 1576.5 
195 412.74 -733.70 -491.41 -5.4697 2.0068 3.0292 1558.5 
200 409.03. .-720.76 -476.28 -.5.3931 1.9983 3.0239 1541.0 
210 401,69 -695.04 .. ,-446.09 -c5.2458 1.9834 3.0145 1507.1 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy ell cp Speed of 
energy sound 

K kglml kJ/kg kJ/kg kJ/(kgK) kJ/(kg K) kJ/(kgK) mJs 

100.000 MPa Isobar 

220 394.47 - 669.49 -415.99 -5.1057 1.9715 3.0068 1474.8 
230 387.36 -644.11 -385.95 -4.9722 1.9628 3.0008 1444.0 
?40 ::\RW'~7 -lllKRll -::\':;':;.Qll -4.R44ll l.Q':;71 2.9966 1414.6 
250 373.51 -593.74 -326.01 -4.7223 1.9544 2.9943 1386.7 
260 366,78 -568.72 -296.07 -4.6049 1.9548 2.9938 1360.2 

270 360.17 -543.78 -266.13 -4.4919 1.9579 2.9951 1335.1 
280 353.70 -518.89 -236.17 -4.3829 1.9639 2.9982 1311.3 
290 347.36 -494.05 -206.16 -4.2776 1.9725 3.0030 1288.8 
300 341.16 -469.22 -176.10 -4.1757 1.9836 3.0095 1267.5 
310 335.10 -444.38 -145.96 -4.0769 1.9971 3.0176 1247.5 

320 329.18 -419.53 -115.74 -3.9810 2.0127 3.0273 1228.7 
330 323.40 -394.63 -85.415 -3.8876 2.0304 3.0383 1211.0 
340 317.76 -369.67 -54.970 -3.7968 2.0500 3.0508 1194.4 
350 312.26 -344.64 -24.395 -3.7081 2.0713 3.0645 1178.9 
360 306.91 -319.51 6.3228 -3.6216 2.0942 3.0793 1164.4 

370 301.69 -294.27 37.195 -3.5370 2.1185 3.0953 1150.9 
380 ?Q6.61 -268.Ql 68.233 -3.4542 2.1441 3.1124 1138.3 
390 291.67 -243.41 99.446 -3.3732 2.1709 3.1304 1126.7 
400 286.86 -217.76 130.84 -3.2937 2.1987 3.1493 1115.8 
410 282.18 -191.95 162.43 -3.2157 2.2274 3.1690 1105.8 

420 277.63 -165.97 194.23 -3.1391 2.2570 3.1894 1096.5 
430 273.21 -139.80 226.23 -3.0638 2.2872 3.2106 1087.9 
440 268.91 -113.43 258.44 -2.9897 2.3181 3.2325 1080.1 
450 264.73 -86.865 290.88 -2.9168 2.3496 3.2549 1072.8 
460 260.67 -60.087 323.54 -2.8450 2.3815 3.2779 1066.2 

470 256.72 -33.090 356.44 -2.7743 2.4139 3.3014 1060.1 
480 252.88 -5.8672 389.57 -2.7045 2.4466 3.3254 1054.S 
490 249.15 21.588 422.95 -2.6357 2.4795 3.3498 1049.4 
500 245.53 49.283 456.57 -2.5678 2.5128 3.3746 1044.8 
520 238.57 105.41 524.57 -2.4344 2.5797 3.4253 1036.9 

540 232.00 162.55 593.59 -2.3042 2.6472 3.4772 1030.4 
560 225.77 220.73 663.66 -2.1768 2.7149 3.5301 1025.3 
580 219.87 279.98 734.80 -2.0520 2.7826 3.5837 1021.4 
600 214.28 340.33 807.01 -1.9296 2.8501 3.6380 1018.4 
620 208.97 401.78 880.32 -1.8094 2.9174 3.6927 1016.4 

200.000 MPa Isobar 

134.5418 495.07 -914.13 -510.15 -6.9233 2.2915 3.0768 2153.6 
135 494.77 -912.96 -508.73 -6.9128 2.2900 3.0756 2152.1 
140 491.58 -900.24 -493.39 -6.8012 2.2741 3.0635 2135.5 
145 488.43 -887.58 -478.10 -6.6939 2.2586 3.0516 2119.1 
150 485.31 -874.98 -462.87 -6.5906 2.2435 3.0400 2103.1 

155 482.24 -862.43 -447.70 -6.4911 2.2289 3.0288 2087.3 
160 479.19 -849.95 -432.58 -6.3951 2.2148 3.0179 2071.8 
165 476.19 -837.52 -417.52 -6.3024 2.2013 3.0074 2056.6 
170 473.21 ~82S.1S ~402.51 ~6.2128 2.1884 2.9972 2041.7 
175 470.27 -812.83 -387.55 -6.1261 2.1761 2.9875 2027.0 

180 467.36 -800.57 -372.63 -6.0420 2.1644 2.9782 2012.6 
185 464.48 -788.35 -357.76 -5.9605 2.1534 2.9693 1998.5 
190 461.63 -776.19 -342.94 -5.8815 2.1430 2.9610 1984.6 
195 458.80 -764.07 -328.15 -5.8047 2.1334 2.9531 1971.0 
200 456.01 -751.99 -313.41 -5.7300 2.1244 2.9458 1957.6 
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Table 40. Thermodynamic properties of .methane .;..;. Continued 

Temperature Density Internal Enth,~lpy Entropy Cu cp Speed of 
energy sound 

K kg/m3 kJlkg kJ/kg kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

200.000 MPa Isobar 

1210 450.51 ~727.96 ...,284.02 ~5.5866 2.1087 2.93+7 19315 
220 445.11 "-704:07 -'254.74 .,...5.4504 2.0958 2.9219 19063 
230 439~82 -680.30' -225.57" -53207 2.0859 2.9134 1882.0 

'240 434,.63 ' ":"656.63 -196.47 -5.1969 2.0791 2.9074 issss 
-250 429.55 -633.02 -167.41 .,...5.0783 2.0751 2;9038 1835;7 

260'-'- 42455 --'609.47 ;"'138.}8 -4.9644 2.0741 2~9026 i813;6 
270 419.66 -585.93 ;"'109.35 -4.8549 2.0760 2.9038 1792.3 
280 414.85 -562.39 -80.299 -4.7492 - 2.0805 2.9074 1771.7 --
290 410.14 ·-538.83 ;"'51.198 ":"4:6471 2.0877 2.9132 1751.7 
300 405.52 -515.22 ,...22.028' -4.5482 2.0974 2.9212 1732.4 

310 400.99 :",:-491.54 :. 7.2324 --"-4.4522 2.1094 2.9311 1713~8 
320' 396.54 ..... 467.76 36.602 -'4;3590 2.1236 2.9431 1695.8 
330'- 392.18 -443.88 66.190- -'4:2682 2.1398 2.9568 167tt4 
340 387.90 '-,419.86 9S.743 ..,..4.1797 2.U80 2.9721- 1661.7 
350' 383.70 :-395.70 125.55 ":"4.0933 2.1778 2.9890 1645~7 

360, 379.58 -371.37 155.53 -4.0089 2;1993 3.0074 1630~2 
-370- 375.54 -:34~.87 185.70 -3"9262 2:2221 3.0270- 1615A 

3~ 37157 -322.18 216.07 -'3.8452 2.2463 3.0477 1601~1 
390 367.69 ":"297.48 246.66 -'-3.7658 2.2717 3.0696· 15875 
400 363.87 -272.18 277.47 -3.6878 2.2981 3;0924 1574;4 

!10 360.13 -'246~85 :308.:'11 ":"3.6111 2.3254 3.1160 l56L9 
!20 -- 356A6 --221.29 339.79 -'3.5357 - 2.3535 3.1404 l550;0 

430 352.86 -195.48 371.32 ":"3.4616 2;3824 3.1655 L5385 
440 349:32 -"-169.44 0.403;10 -3.3885 2.4120 3.1912 l527;6 

-450 345;86 -143.13 435.14 ":"'3.3165 2.4420 3~2174 L517.2 

.. 00 -342.45 -116.57 467.45 ":"3.2455 2.4726 3.2441 l507.3 
-470 339.11 -89.743 500.03 -3.1754. - 2.5036 3.2713. 1497.9 . 
480 335.84~ -62.647 532.88 ":"3.1063 2.5350 3;2987 1488:8 
490 332.62 -'-35.278 566.00 -3.0380 2.5667 3.3265 1480.3 
500 329.47 -":"7.6329 599.41 ":"2.9705 2.5986 3.3546 1472;1 

520 323.33 48.500 - '667.07 -'2;8378 2.6630 3.4114 i457:0 
540 317.41 105.77 735;87 -2.7080 2.7280 3.4689 1443.3 
560 311.70 l64.19 ':805.82 ~2.5808 2.7932 35268 1431.0 

'580". 306.20 ~23.78 - '876.94 . -2.4560 2.8585 3.5849' 1419.9 
(iOO , 300:89' 184.53 949.22 -'-2.3335 2.9236 3.6432' 1409.9 

620., 295.76 346.45 1022.67 ':':'2.2131 2.9886 3.7014 1400.9 

. 500.000 MPa Isobar 

185.8858 535;12 -797.86 136.52 -6.5117 2.3897 3~01l4 2689.7 
190 533.45 -788.41 :148.89 -6.4459 2.3799 3.0018' 2682.2 
195' 531.44 -776.97 . 163.87 -6.3681 2.3687 2.9909' 2673.1 
200: 529.46 -765.57 178.80 -6.2925 2.3582 2.9809 2664.2 
210. 525.56. -742;85 :20852 . _f.U7~ 2.3396 2;9632' 2646.5 

220 521.75 -720;24 238.07 -6.0100 2.3240 2.9487 2629;2 
230 518.02 -697.71 26750 -5;8791 2.3116 2.9374 26122 
·240~ 514.37 -675.23 296;83 -5~7543 2.3022 2;9290 2595;5 
250- 510.80 -652.77 326.09 -5.6349 2.2959 2.9235 2579.0 
:260 507.29 -630.32 355.31 -55203 2.2925 2.9209 2562;8 

27Q. ' 503.85 -_607.84 - 384.52 -5.4100 2.2920 2.9210 2546.8 
280 500.47 -585.32 413.74 

- -

-5.3038 2.2943 2.9238 2531.0 
290 497.16 -562.72 443.00 -5.2011 2.2993 2.9291' 25is.4 
300 493.90 -540.03 472.33 -5.1017 2.3067 2.9368 2500.0 
310 490.69 -517.22 501.74 -5.0052 2.3165 2.9467 2484.8 
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Table 40. Thermodynamic properties of methane - Continued 

Temperature Density Internal Enthalpy Entropy Cv cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg kJ/(kg K) kJ/(kg K) kJ/(kg K) mls 

500.000 MPa Isobar 

320 487.54 -494.28 531.27 -4.9115 2.3286 2.9586 2469.9 
330 484.45 -471.18 560.92 -4.8202 2.3427 2.9726 2455.2 
340 481.40 -447.90 590.73 -4.7313 2.3587 2.9883 2440.8 
350 478.41 -424.44 620.69 -4.6444 2.3765 3.0057 2426.7 
360 475.46 -400.77 650.85 -4.5594 2.3958 3.0246 2412.8 

370 472.55 -376.89 681.19 -4.4763 2.4166 3.0448 2399.2 
380 469.70 -352.77 711.75 -4.3948 2.4388 3.0663 2385.9 
390 466.88 -328.42 742.52 -4.3149 2.4621 3.0889 2373.0 
400 464.11 -303.81 773.53 -4.2364 2.4865 3.1125 2360.3 
410 461.38 -278.94 804.77 -4.1592 2.5118 3.1370 2347.9 

420 458.68 -253.81 836.27 -4.0833 2.5380 3.1623 2335.8 
430 456.03 -228.40 868.02 -4.0086 2.5650 3.1882 2324.1 
440 453.42 -202.70 900.04 -3.9350 2.5926 3.2148 2312.7 
450 450.84 -176.73 932.32 -3.8625 2.6208 3.2420 2301.5 
460 448.30 -150.46 964.88 -3.7909 2.6494 3.2696 ' 2290.7 

470 445.79 -123.89 997.71 -3.7203 2.6786 3.2976 2280.2 
480 443.32 -97.033 1030.83 -3.6506 2.7081 3.3259 2269.9 
490 440.88 -69.870 1064.23 -3.5817 2.7379 3.3546 2260.0 
500 438.47 -42.403 1097.92 -3.5136 2.7680 3.3835 2250.3 
520 433.75 13.448 1166.17 -3.3798 2.8288 3.4419 2231.9 

540 429.16 70.532 1235.60 -3.2488 2.8903 3.5008 2214.5 
560 424.68 128.85 1306.21 -3.1204 2.9520 3.5600 2198.1 
580 420.31 188.42 1378.00 -2.9945 3.0139 3.6194 2182.6 
600 416.06 249.22 1450.98 -2.8708 3.0758 3.6787 2168.1 
620 411.90 311.26 1525.15 -2.7492 3.1375 3.7379 2154.4 

1000.00 MPa Isobar 

254.800' 580.88 -599.61 1121.92 -6.0955 2.5133 3.0321 3286.0 
260 579.45 -588.10 1137.68 -6.0343 2.5100 3.0288 3279.8 
270 576.73 -565.96 1167.95 -5.9200 2.5062 3.0251 3267.8 
280 574.07 -543.76 1198.19 -5.8100 2.5056 3.0246 3255.7 
290 571.46 -521.47 1228.45 -5.7039 2.5079 3.0271 3243.7 

300 568.89 -499.07 1258.74 -5.6012 2.5128 3.0324 3231.7 
310 566.37 -476.54 1289.10 -5.5016 2.5204 3.0402 3219.7 
320 563.89 -453.86 1319.56 -5.4049 2.5302 3.0505 3207.7 
330 561.44 -431.00 1350.12 -5.3109 2.5423 3.0628 3195.8 
340 559.04 -407.96 1380.82 -5.2192 2.5564 3.0772 3183.9 

350 556.67 -384.71 1411.67 -5.1298 2.5723 3.0934 3172.1 
360 554.34 - 361.24 1442.69 -5.0424 2.5899 3.1112 3160.5 
370 552.05 -337.54 1473.90 -4.9569 2.6089 3.1305 3148.9 
380 549.78 -313.59 1505.31 -4.8732 2.6294 3.1511 3137.4 
390 547.55 -289.39 1536.93 -4.7910 2.6511 3.1730 3126.1 

400 545.35 -264.92 1568.77 -4.7104 2.6739 3.1958 3115.0 

410 543.18 -240.17 1600.85 -4.6312 2.6977 3.2197 3104.0 
420 541.04 -215.14 1633.17 -4.5533 2.7223 3.2443 3093.2 
430 538.92 -189.83 1665.74 -4.4767 2.7478 3.2697 3082.5 
440 536.83 -164.22 1698.56 -4.4012 2.7739 3.2958 3072.1 

450 534.77 -138.31 1731.65 -4.3269 2.8006 3.3224 3061.8 
460 532.74 -112.09 1765.01 -4.2535 2.8279 3.3496 3051.7 
470 530.72 -85.571 1798.65 -4.1812 2.8556 3.3771 3041.8 
480 528.74 -58.740 1832.56 -4.1098 2.8837 3.4050 3032.1 
490 526.77 -31.596 1866.75 -4.0393 2.9122 3.4332 3022.6 
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Table.40. Thermodynamic properties of methane . - Continued 

. Temperature Density Internal Enthalpy Entropy CII cp Speed of 
energy sound 

K kglm3 kJlkg kJlkg\; kJ/(kgK) kJ/(kgK) kJ/(kgK) m/s 

1000.000 MPa Isobar 

500 524.83 -4.1386 1901.22 -3.9697 2.9409 3.4617 3013.2 
520 521.02 51.727 1971.03 -3.8328· 2.9991 3.5193 2995.2 

\1 j 

540 517.29 108.86 2042.00 -3.6989 3.0579 3.5775 2977.8 
560 513.65 167.28 2114.13 -3.5677 3.1171 3.6360 2961.3 
580 510.08 226.96 2187.44 -3.4391 3.1765 . 3.6946 2945.4 

600 506.59 287.92 ~~bl.92 -3.3129 3.2359 3.753i 2930.2 
620 503.16 350.14 2337.5fl'" - -3~1888 3.2951 3.8115 2915.6 

• Melting temperature .. _ 
~_ Saturation temperature. 

J. Phys. Chem. Ref. Data, Vol. 20, No; 6, 1991 




