International Journal of Thermophysics, Vol. 16, No. 6, 1995

Ideal-Gas Thermodynamic Properties for
Natural-Gas Applications
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Calculating caloric properties from a thermal equation of state requires informa-
tion such as isobaric heat capacities in the ideal-gas state as a function of tem-
perature. In this work, values for the parameters of the c‘,’, correlation proposed
by Aly and Lee were newly determined for 21 pure gases which are compounds
of natural gas mixtures. The values of the parameters were adjusted to selected
c:’, data calculated from spectroscopic data for temperatures ranging from 10 to
1000 K. The data sources used are discussed and compared with literature data
deduced from theoretic models and caloric measurements. The parameters
presented will be applied in a current GERG project for evaluating equations
of state (e.g., the AGA 8 equation) for their suitability for calculating caloric
properties.

KEY WORDS: caloric properties; equation of state; ideal gas; isobaric heat
capacity; natural gas; speed of sound.

1. INTRODUCTION

High-accuracy thermodynamic property calculation methods are needed
for a wide variety of applications in the gas industry. Areas of applications
are (i) flow metering using critical nozzles, orifice meters, or ultrasonic
flowmeters, (ii) process simulation such as gas-storage simulation, evalua-
tion of compressor performance tests, or design of interstage coolers, and
(iii) energy-flow measurements, which might be simplified by measuring
speed of sound instead of gross calorific value.

For these applications, an improved fundamental equation of state
is needed. Therefore, a GERG working group (Groupe Européen de
Recherches Gaziéres) was set up to focus on this problem. The objective of
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the GERG project is to recommend a fundamental equation using a molar
composition analysis which can accurately and reliably calculate speed-of-
sound data and isobaric enthalpy changes of natural gas. The target uncer-
tainty is less than 0.1% for speed of sound and 1 to 2% for isobaric
enthalpy changes. The maximum pressure is 30 MPa and the temperature
range is 250 to 350 K.

The work program consists of an experimental part and a theoretical
part and is contracted to several groups. Speed-of-sound measurements are
part of the experimental work and are being performed on three gases in
four laboratories. The test gases used are methane, a binary mixture of
methane (mole fraction of 0.85) and ethane (0.15), and a multicomponent
natural gas. The contractors for the experimental work are Imperial
College of Science, Technology and Medicine, London, UK, University
College London, UK, Gaz de France, Paris, France, and Murdoch Univer-
sity, Murdoch, Australia. The GERG round-robin test on speed-of-sound
data is supplemented by measurements of isobaric enthalpy changes for the
three test gases at Karlsruhe University, Germany. The theoretical work of
the project involves searching literature, setting up a data bank, collecting
existing experimental data on speed of sound and isobaric enthalpy changes,
comparing the round robin-data collected during testing, and testing of
selected equations of state. Ruhr-University of Bochum, Germany, will be
responsible for the theoretical work.

Ideal-gas isobaric heat capacity values need to be selected before testing
the equations in question. During the subsequent phase of the GERG
project, heat capacity values selected in this work work will be used in an
assessment of equations of state using data on speed of sound and enthalpy
changes.

2. FUNCTIONS FOR IDEAL-GAS ISOBARIC HEAT CAPACITIES

For the selection of the ideal-gas isobaric heat capacity values, the
summarizing works of Laughton and Humphreys [1] and Savidge and
Shen [2] were critically examined and compared with the original data
published. To describe isobaric heat capacities in the ideal-gas state, the
expanded approach of Aly and Lee [3] as proposed by Savidge and Shen
[2] was adopted in this work.

c°(T)_ L 2 F/T 2 _HL :
J}T‘B“LC{sinh(D/T)} +E{WT_)} +G{Sinh(”/T)}

J/IT 2
d {cosh(J/T)} (1)
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Table IL.  Source of cg Data for Pure Gases Used in Correlating the Parameters of Eq. (1)

Uncertainty Number T range rms Acg max

Gas Source (%) of data (K) (%)° (%)"
Methane McDowell [5] 0.03 34 60-1000 0.003 0.006
N, Hilsenrath [6] 0.02 11 50-1000 0.003 0.005
CO, Chao [7] 0.02 100 10-1000 0.001 0.003
Ethane Chao [8] 0.1-0.3 14 50-1000 0.010 0.026
Propane Chao [8] 0.3-0.5 14 50-1000 0.010 0.025
n-Butane Chen [9] 0.5-1 17 50-1000 0.006 0.016
Isobutane  Chen [9] 0.1-0.2 18 50-1000 0.010 0.025
n-Pentane  TRC [10] 0.5-1 11 200-1000 0.037 0.095
Isopentane TRC [10] 0.5-1 11 200-1000 0.026 0.053
n-Hexane  TRC[10] 0.5-1 10 200-1000 0.016 0.033
n-Heptane TRC[10] 0.5-1 10 200-1000 0.005 0.011
n-Octane TRC [10] 0.5-1 10 200-1000 0.003 0.006
n-Nonane  TRC [10] 0.5-1 10 200-1000 0.022 0.046
n-Decane TRC[10] 0.5-1 10 200-1000 0.02t 0.042
n-H, Schifer [11] 0.05-0.1 16 100-1000 0.007 0.014
0O, Baehr [12] 0.02 91 100-1000 0.003 0.006
CcO Baehr [12] 0.02 96 50-1000 0.003 0.007
H,O Woolley [13/14]  0.02-0.05 35 100-1000 0.004 0.009
H,S JANAF [15] 0.1-0.5 1 100-1000 0.012 0.019

“rms: root mean square error. rms =100 ./(1/n) T/, (¢ o, 1= et VD care )

b 4c? ..: maximum deviation. 4c? . =100 max|(c® c

p max* p max pexpri p\xllc.i)/cpcalc,il'

The parameters of the expanded Eq.(1) (see Table I} were determined
for all pure gases needed for the AGA 8-DC 92 equation of state [4] in
the maximum temperature range from 10 to 1000 K. For nitrogen, the
parameters published by Savidge and Shen [2] were adopted. For noble
gases, it is sufficient to use the first term only, since translation and rota-
tion energies are already fully excited over the relevant temperature range.
For 18 substances the parameters of Eq. (1) were correlated from selected
literature data by minimizing the root mean square error (rms). The results
are presented in Table II. The table lists the data sources [5-15], the
estimated uncertainty of the original literature data, the number of selected
data, the temperature range, the root mean square, and the maximum
error.

The literature data selected have all been calculated from spectro-
scopic data. For simple molecules (e.g., nitrogen, oxygen) these data are
often of greater accuracy than experimental ¢) values which are deduced
from caloric measurements. For the hydrocarbon compounds butane to
decane vibrational anharmonicities, centrifugal effects, and internal
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Fig. 1. Percentage deviation of reported ideal-gas isobaric heat capacity values from
calculated values [Eq.{1}] for methane, nitroen, carbon dioxide, ethane, and propane,
{(——) equation of Savidge and Shen [2]. (cp) Experimental isobaric heat capacity values;
(w) experimental values from speed-of-sound data.' Data used in correlating the parameters
of Eq. (1).
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Fig. 2. Percentage deviation of reported ideal-gas isobaric heat capacity values [rom
calculated values [ Eq. (1)] for the hydrocarbon compounds butane to decane. (----- ) Equa-
tion of Aly and Lee [3]. (cp) Experimental isobaric heat capacity values; (w) experimental
values from speed-of-sound data.! Data used in correlating the parameters of Eq. (1).
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Fig. 3. Percentage deviation of reported ideal-gas isobaric heat capacity values from
calculated values [Eq.(1)] for the anorganic compounds hydrogen, oxygen, carbon
monoxide, water, and hydrogen sulfide. (----- ) Equation of Aly and Lee [3]; (——) equation
of Savidge and Shen [2].! Data used in correlating the parameters of Eq. (1).
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rotations contribute significantly to isobaric heat capacities. These con-
tributions to calculated values are usually adjusted to experimental values.

Due to this calculation procedure, the data are usually free from
random errors and therefore the authors refrain from uncertainty state-
ments. The uncertainties given in this work are estimated by comparison
with other theoretical models and available experimental literature data.
The values given represent an upper limit.

The selected number of parameters in Eq. (1) depends, e.g., on the
uncertainty of the original literature data, the number of data available,
and the temperature range to be adjusted. A maximum number of nine
parameters in Eq. (1) was used mostly for the key pure components. For
the hydrocarbon components pentane to decane, few data are available but
still it was necessary to use seven parameters to follow the curved slope
of cg(T ). For simple molecules (e.g, oxygen, carbon monoxide) it was
sufficient to adjust five parameters only.

The agreement (maximum deviation) of the values calculated from
Eq. (1) with the data used in the correlation work is better than +0.05%
{except for n-pentane) and in many cases is even better than +0.01%
(e.g., methane, nitrogen, carbon dioxide). A more detailed comparison of
literature data from different authors with calculated values [ Eq.(1)] are
given in Figs. 1 to 3. For this comparison isobaric heat capacities from
spectroscopic data, experimental values, and values deduced from speed of
sound data have been selected. Calculated values from the equation of Aly
and Lee [3] or Savidge and Shen [2] are also presented.

2.1. Comparison for Methane, Nitrogen, Carbon Dioxide, Ethane,
and Propane

For methane, the data of McDowell and Kruse [5] used in corre-
lating the parameters of Eq. (1) are assumed to be the most accurate data.
Their agreement with the data published in TRC [10] is within +0.07 %
(Fig. 1). The data from Lemming [16], Trusler and Zarari [17], Ewing
and Goodwin [ 18], and Beckermann [ 19], which are deduced from speed-
of-sound measurements, do not deviate by more than +0.06%. The data
from Trusler and Zarari [ 17] even agree within +0.025%.

For nitrogen, the parameters of Eq. (1) determined by Savidge and
Shen [2] were adopted in this work. Their agreement with other data
calculated from spectroscopic data is within +0.015% (Fig. 1). The data
from Trusler [23], deduced from speed-of-sound measurements, show an
excellent agreement for temperatures between 80 and 240 K (+0.005%).
At 300 K the deviation is —0.05%, and at 370 K —0.3%.
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For carbon dioxide, the data from Chao [7] have been used. Agree-
ment with the data calculated by Woolley [24] and Gurvich [22] is within
the estimated uncertainty of +0.02%. Experimental data from flow-
calorimeter measurements agree within +0.06% (Masi and Petkof [25])
and +0.35% (Ernst et al. [26]). cg data determined from speed-of-sound
measurements (Lemming [27]) scatter around +0.1 to +0.2%.

For ethane and propane the tabulated data of Chao et al. [8] were
again adopted for correlating the parameters of Eq. (1). Some further data
given in Chao’s work for comparison reasons were not used for the correla-
tion procedure but are presented in Fig. 1 to test Eq. (1) at intermediate
temperatures [the maximum deviation of these data from Eq. (1) is
+0.05% due to the scatter of Chao’s data]. The agreement of other
experimental data with Chao’s data is in general about +0.5% for ethane
and about +1% for propane.

Results calculated from Eq. (1) and the parameters of Savidge and
Shen [2] are also shown in Fig. (1). These parameters were correlated in
the temperature range from 150 to 450 K. Within this temperature range
the values calculated from Eq. (1) using their parameters agree in most
cases with the original literature data within the estimated uncertainty. For
higher temperatures, from 450 to 1000 K, the calculated values deviate at
most 0.05% for methane, 0.1% for carbon dioxide, and 0.5% for ethane
and propane from the literature data.

2.2. Comparison for the Hydrocarbon Compounds Butane to Decane

The data from Chen et al. [9] for n-butane show great inconsistency
with the data from Ewing et al. [35] and Colgate et al. [36], which were
determined from speed-of-sound measurements (see Fig. 2). Whereas the
data from Ewing et al. [35] systematically show a negative deviation
between — 1.3 and —2 %, the data from Colgate et al. [ 36] show a positive
deviation of up to +2.4%. The relatively good agreement ( < +0.5%) of
Chen’s data with the experimental data from Daily and Felsing [30] is
expected, since the data from Daily and Felsing were used in Chen’s
calculation to adjust an empirical correction. To predict the true values for
c:’, for n-butane, additional measurements would be necessary.

For isobutane more good-quality experimental data are available than
for n-butane. The values from Wacker et al. [37] and Ernst and Biisser
[34], which agree within +0.1%, were used inter alia for the determina-
tion of Chen’s [9] data.

For the hydrocarbon compounds pentane to decane, the parameters
for Eq. (1) were adjusted to data published by TRC [10]. The TRC data

840/16/6-6
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were computed following Scott’s [38] calculation procedure (group-con-
tribution theory). In cases where experimental cg values were available, the
calculation has been adjusted. Therefore (i) Scott’s assumptions and (ii)
the experimental data used to adjust contribute to the uncertainty of the
computed data. The excellent agreement for n-pentane, isopentane, and
n-hexane between calculated values from Scott and those from TRC (Fig. 2)
most probably results from the same experimental data being used to adjust
in both works.

The equation of Aly and Lee [3] was correlated for the most impor-
tant pure components in natural gas in the temperature range from 300 to
1500 K (see Figs. 2 and 3). The temperature range from 250 to 350K
important for the gas industry is thus only partly covered. At 250 K, for
example, the deviation of the equation of Aly and Lee [3] from the newly
correlated equation of this work mostly exceeds 1%.

2.3. Comparison for Inorganic Compounds (Hydrogen, Oxygen,
Carbon Monoxide, Water, Hydrogen Sulfide)

For hydrogen, oxygen and carbon monoxide the different data sets
calculated from spectroscopic data in general show good agreement (see
Fig. 3). The data of Schifer and Auer [ 11] were selected for hydrogen and
those of Baehr et al. [12] for oxygen and carbon monoxide.

For water, the data of Woolley [14] show significant differences
against data from older works of Woolley [13] only for temperatures
above 650 K. Due to the higher data density, therefore, the data of Woolley
[13] were used for the 100 to 650 K range and the data of Woolley [ 14]
for the 650 to 1000 K range.

For hydrogen sulfide, the data of JANAF [15] were used. The devia-
tions from other data sets are less than +0.2% for the 100 to 400 K range
(see Fig. 3). For higher temperatures, the data from TRC [10] deviate by
up to +1.9% at 1000 K.

3. CONCLUSIONS

The GERG project presented consists of a round-robin test on speed-
of-sound measurements in methane, a binary mixture, and a natural gas
and of an examination of existing equations of state for their suitability for
calculating caloric data.

In a first step in this work, equations for ideal-gas isobaric heat
capacities were examined and newly determined by fitting the parameters
of Eq. (1) to selected literature data. These parameters will be used in an
assessment of equations of state.
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As a preliminary test, the cg correlation of this work was used to

predict caloric properties from the AGA 8 equation [41]. A comparison
with experimental pv7, speed-of-sound, and enthalpy data indicated that
the target uncertainty of 0.1% for predicting speed-of-sound values and of
1-2% for predicting enthalpy change values can be met only over a restric-
ted range. A more substantiated statement will be possible only after
completion of the GERG round-robin test and the current measurements
of enthalpy changes on three gages.
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