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ARTICLE INFO ABSTRACT

Handling Editor: Sgren Juhl Andreasen The injection of hydrogen into the natural-gas grid is an alternative during the process of a gradual decarbon-
ization of the heat and power supply. When dealing with hydrogen-enriched natural gas mixtures, the perfor-
mance of the reference equations of state habitually used for natural gas should be validated by using high-
precision experimental thermophysical data from multicomponent reference mixtures prepared with the
lowest possible uncertainty in composition. In this work, we present experimental density data for an 11-com-
pound high-calorific (hydrogen-free) natural gas mixture and for two derived hydrogen-enriched natural gas
mixtures prepared by adding (10 and 20) mol-% of hydrogen to the original standard natural gas mixture. The
three mixtures were prepared gravimetrically according to ISO 6142-1 for maximum precision in their
composition and thus qualify for reference materials. A single-sinker densimeter was used to determine the
density of the mixtures from (250-350) K and up to 20 MPa. The experimental density results of this work have
been compared to the densities calculated by three different reference equations of state for natural gas related
mixtures: the AGA8-DC92 EoS, the GERG-2008 EoS, and an improved version of the GERG-2008 EoS. While
relative deviations of the experimental density data for the hydrogen-free natural gas mixture are always within
the claimed uncertainty of the three considered equations of state, larger deviations can be observed for the
hydrogen-enriched natural gas mixtures from any of the three equations of state, especially for the lowest
temperature and the highest pressures.
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1. Introduction

Hydrogen-enriched natural gas, H2NG or HENG, is a mixture of
natural gas and hydrogen that can be used on existing natural gas in-
frastructures with little or even no modification to be applied in
advance. The substitution, or at least blending of natural gas with
hydrogen, biomethane and synthetic methane (or e-methane), is
considered a sustainable technology for a gradual decarbonization of the
heat and power supply, with increasing blending fractions planned for
these renewable gases with natural gas [1]. In principle, hydrogen can
be mixed with natural gas in any ratio, but H2NG mixtures with up to 20
vol-% of Hj represent the most realistic near-term option due to tech-
nical and economic reasons [2-5].

Several issues will need to be addressed before large-scale hydrogen
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injection into the natural gas grid is achieved [6]. From the point of view
of end-use appliances, changes in the combustion properties of the
mixture, reflected in its heating value and Wobbe index, can modify the
performance of the equipment [7-10]. Another important issue is
hydrogen embrittlement, which can affect the mechanical properties of
iron and steel pipes [11-13]. Last but not least, the addition of hydrogen
to natural gas alters the thermodynamic properties of the mixture, which
affects its transport and storage characteristics. The design of the pro-
cesses involved in the production, transportation, and storage of natural
gas and H2NG mixtures, with special mention being given to the custody
transfer applications, rely on the accuracy of the volumetric and calorific
thermophysical properties obtained from the reference thermodynamic
models and equations of state [14,15]. Reference equations of state have
also been used to develop alternative methods for estimating the
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Table 1
Purity, supplier, molar mass, and critical parameters for the constituting com-
ponents of the reference natural gas mixtures studied in this work.

Component (CAS  Purity/ Supplier M/ Critical
no.) mol-% g-mol ! parameters”
T/K p/
MPa

Methane (74-82- >99.9995 Linde" 16.0428 190.56 4.5992
8)

Hydrogen (1333-  >99.9999 Linde” 2.01588 33.145  1.2964
74-0)

Nitrogen (7727- >99.9999 Linde” 28.0135 126.19 3.3958
37-9)

Carbon dioxide >99.9995 Air Liquide® 44.0098 304.13  7.3773
(124-38-9)

Ethane (74-84-0)  >99.999 Matheson 30.069 305.32  4.8722

Tri-Gas’

Propane (74-98- >99.999 Air Liquide® 44.0956 369.89  4.2512
6)

n-Butane (106- >99.98 Scott® 58.1222 425.13  3.796
97-8)

Isobutane (75- >99.99 Scott' 58.1222 407.81 3.629
28-5)

n-Pentane (109- >99.8 Sigma- 72.1488 469.70  3.3675
66-0) Aldrich®

Isopentane (78- >99.7 Sigma- 72.1488 460.35 3.378
78-4) Aldrich®

Neopentane >99.0 Linde” 72.1488 433.74  3.196
(463-82-1)

n-Hexane (110- >99.7 Sigma- 86.1754 507.82  3.0441
54-3) Aldrich®

@ Critical parameters were obtained by using the default equation of state for
each substance in REFPROP 10 software [29,30].

b Linde AG, Unterschleifheim, Germany.

¢ Air Liquide AG, Diisseldorf, Germany.

4 Matheson Tri-Gas, Inc., Montgomeryville PA, USA.

¢ Scott UK, Newcastle-under-Lyme, UK.

f Scott Specialty Gases, Inc., Plumsteadville PA, USA.

8 Sigma-Aldrich Chemie GmbH, Steinheim, Germany.

thermophysical properties of natural gas related mixtures without the
need for costly on-line measurements of mixture composition [16-18].

Two of the most commonly used reference equations of state for
natural-gas related mixtures are the AGA8-DC92 EoS [19], developed by
the American Gas Association (AGA), and the GERG-2008 EoS [20,21],
from the Groupe Européen de Recherches Gazieres (GERG), that are both
explicit in the Helmholtz energy. The accuracy of these reference
equations of state directly depends on both the accuracy and range of the
experimental data from where they were derived. Experimental ther-
mophysical data for the pure components of natural gas and for all
corresponding binary mixtures are fundamental for the development
and any further improvement of the existing reference equations of state
for natural gas [22], while experimental data of reference-quality
multicomponent mixtures, resembling the composition of an actual
natural gas mixture, are relevant to test their performance at pipeline
conditions. Consequently, high-precision experimental thermophysical
data originating from reference-quality multicomponent H2NG mix-
tures, which are prepared with the lowest possible uncertainty in
composition, are suitable to test the overall performance of the reference
equations of state used for natural gas [23,24].

In this work, we present experimental density measurements for a
standard 11-compound high-calorific (Hy-free) natural gas mixture and
for two derived H2NG mixtures, obtained by adding 10 % and 20 %
(mol/mol) hydrogen to the initial standard natural gas mixture. All
mixtures investigated were prepared gravimetrically according to ISO
6142-1 [25] for reference quality and maximum precision in their
composition. The density measurements were performed with a
high-precision single-sinker densimeter over a temperature range from
(250-350) K and up to a maximum pressure of 20 MPa. The experi-
mental density results of this work are compared with the
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abovementioned three different reference equations of state for
natural-gas related mixtures: the AGA8-DC92 EoS, the GERG-2008 EoS,
and an improved version of the GERG EoS, which we label as “impro-
ved-GERG-2008 EoS” in this study. Experimental density measurements
for multicomponent mixtures are scarce and necessary to test the per-
formance of reference EoS.

2. Experimental
2.1. Mixture preparation

Three synthetic natural gas mixtures, designated as G 431 (Ha-free
natural gas mixture, BAM cylinder no. 2030-200928), G 453 (Ha-
enriched natural gas mixture, G 431 + 10 % Hj, 2036-201115), and G
454 (Hy-enriched natural gas mixture, G 431 + 20 % Hj, 2043-201124),
were prepared at the Federal Institute for Materials Research and
Testing (BAM Bundesanstalt fiir Materialforschung und -priifung, Berlin,
Germany). The first mixture, G 431, is an 11-compound mixture repre-
sentative of a high-calorific natural gas composed mainly of methane
(>97 %). The following two mixtures, G 453 and G 454, are made by
dilution of hydrogen into the first one until a nominal composition of (10
and 20) mol-%, respectively, is reached. All gas mixtures were prepared
in aluminum cylinders of V = 10 dm® by the gravimetric procedure,
according to the standard ISO 6142-1 [25], which yields the lowest
uncertainty in the composition, using the pure components of purity and
supplier listed in Table 1. These pure components were used without
further purification to make several premixtures and dilutions in
consecutive filling steps (for a detailed filling scheme see the Supple-
mentary File), determining the mass of the gas constituents using an
electronic comparator balance (Sartorius LA 34000P-0CE, Sartorius AG)
and a high-precision mechanical balance (Voland HCE 25, Voland
Corp.). For each mixture of the nominal target composition (i.e., G 431,
G 453, and G 454), two calibration mixtures were prepared indepen-
dently, so that no correlation between the sample mixture and the
calibration mixtures exists. All gas mixtures were homogenized by
rolling and heating after finishing gravimetric preparation, with the
compositions in molar percentage, x;, and corresponding expanded (k =
2) uncertainties in absolute terms, U(x;), given in Table 2.

Subsequent to homogenization and prior to shipment to the Uni-
versity of Valladolid (UVa), the composition of each mixture to be
investigated was validated by Gas Chromatography (GC) at BAM on a
multichannel process analyzer (Siemens MAXUM II, Siemens AG) using
the corresponding calibration gases following the procedure (so-called
“bracketing™) described in the standard ISO 12963 [26]. Additional
details of this validation procedure are given in a previously published
paper [27]. The results of the analysis are reported in Table S2 of the
supplementary material, together with the composition of the corre-
sponding validation mixtures used for this purpose. The uncertainties in
the concentration values of each component for the studied mixtures
and the corresponding validation mixtures have been calculated using
the law of propagation of uncertainty and the procedure specified in the
Guide to the Expression of Uncertainty in Measurement (GUM) [28],
from the purity of the constituents of the mixture, considering the
mixture preparation procedure explained in detail in the Supplementary
Material. The deviations between gravimetric composition and that
from GC analysis had to be sufficiently low as to pass the criteria for
certification established by BAM.

The molar mass M, normalized density py, higher heating value HHV,
and Wobbe index W; for the three mixtures, estimated with the
REFPROP 10 software [29,30] from the normalized composition and at
reference conditions of 288.15 K and 0.101325 MPa, are also included in
Table 2. It can be seen from these values that the G 431 mixture is a
typical high-calorific natural gas mixture and that the addition of
hydrogen results in a decrease in the normalized density, the higher
heating value and the Wobbe index. The higher heating value per unit of
volume of the Hy-enriched natural gas mixtures decreases by 7 % and 14
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Table 2
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Composition of the reference natural gas mixtures studied in this work. Impurity compounds are marked in italic type.

Component G 431 BAM no: 2030-200928 G 453 (G 431 + 10 % Hy) BAM no: G 454 (G 431 + 20 % Hy) BAM no:
2036-201115 2043-201124
10% x;/(mol/mol)  10% U(x)/(mol/mol)  10% x/(mol/mol)  10% U(xy)/(mol/mol) 102 x;/(mol/mol) 102 U(x;)/(mol/mol)
Methane 97.2361 0.0020 87.5221 0.0023 77.7981 0.0023
Hydrogen - - 9.9928 0.0031 19.9945 0.0046
Nitrogen 1.40097 0.00028 1.25838 0.00024 1.11842 0.00027
Carbon dioxide 0.361460 0.000113 0.324953 0.000092 0.288529 0.000084
Ethane 0.398705 0.000033 0.360839 0.000031 0.320307 0.000031
Propane 0.201221 0.000020 0.180328 0.000019 0.160279 0.000019
n-Butane 0.100398 0.000052 0.090235 0.000047 0.079774 0.000042
Isobutane 0.100431 0.000023 0.090531 0.000021 0.079823 0.000019
n-Pentane 0.050072 0.000023 0.045181 0.000021 0.040107 0.000019
Isopentane 0.049928 0.000023 0.045043 0.000021 0.040017 0.000019
Neopentane 0.050781 0.000022 0.044754 0.000020 0.039945 0.000018
n-Hexane 0.049883 0.000018 0.044883 0.000016 0.040092 0.000015
Oxygen 0.000012 0.000012 0.000014 0.000010 0.000014 0.000011
Hydrogen 0.000003 0.000003 - - - -
Carbon monoxide 0.0000003 0.0000003 0.000001 0.000001 0.000002 0.000002
Propene 0.0000002 0.0000002 0.0000002 0.0000002 0.0000002 0.0000002
Ethene 0.00000004 0.00000005 0.00000004 0.00000004 0.00000003 0.00000004
Nitric oxide 0.00000002 0.00000002 0.00000002 0.00000002 0.00000001 0.00000002
Normalized composition without impurities
Methane 97.2362 0.0020 87.5221 0.0023 77.7982 0.0023
Hydrogen - - 9.9928 0.0031 19.9946 0.0046
Nitrogen 1.40097 0.00028 1.25838 0.00024 1.11842 0.00027
Carbon dioxide 0.361460 0.000113 0.324953 0.000092 0.288529 0.000084
Ethane 0.398705 0.000033 0.360839 0.000031 0.320307 0.000031
Propane 0.201221 0.000020 0.180328 0.000019 0.160279 0.000019
n-Butane 0.100398 0.000052 0.090235 0.000047 0.079774 0.000042
Isobutane 0.100431 0.000023 0.090531 0.000021 0.079823 0.000019
n-Pentane 0.050072 0.000023 0.045181 0.000021 0.040107 0.000019
Isopentane 0.049928 0.000023 0.045043 0.000021 0.040017 0.000019
Neopentane 0.050782 0.000022 0.044754 0.000020 0.039945 0.000018
n-Hexane 0.049883 0.000018 0.044883 0.000016 0.040092 0.000015
Molar mass, M / (g/mol) 16.628 15.167 13.705
Normalized density, p,, / (kg/m®) 0.70468 0.64248 0.58032
Higher Heating Value, HHV / ( 37.749 35.174 32.598
MJ/m?)
Wobbe index, W , ( 49.783 48.580 47.373
MJ/m?)

% with respect to the values for the original Ho-free natural gas mixture
(G 431), when 10 % (G 453) or 20 % (G 454) of hydrogen is added. The
variation in the Wobbe index is less pronounced, decreasing only by 2.5
% and 5 %, respectively.

The T, p coordinate of the critical point of the H-free natural gas
mixture (G 431) is (197.2 K, 5.4 MPa), with the corresponding cri-
condentherm at (247.9 K, 3.9 MPa), and the cricondenbar at (225.7 K,
7.5 MPa). Similarly, for the mixture G 453 (G 431 + 10 % Hy), the
critical point is at (176.1 K, 4.3 MPa), the cricondentherm at (247.4 K,
4.3 MPa), and the cricondenbar at (219.3 K, 9.2 MPa). Finally, for the
mixture G 454 (G 431 + 20 % Hy), the critical point is at (160.2 K, 3.9
MPa) the cricondentherm at (246.9 K, 4.9 MPa), and the cricondenbar at
(207.4 K, 11.8 MPa). Note that neopentane is not included in any of the
mixture models used in this work, thus it had to be added to the con-
centration of n-pentane.

2.2. Equipment and measurement procedure description

The experimental part of this work is accomplished with a single-
sinker magnetic suspension densimeter. It consists of a pressurized
diamagnetic CuCrZr cell containing a monocrystalline silicon sinker of
calibrated volume (Vs = 226.4440 + 0.0026 crn3) surrounded by the
sample gas. The buoyancy force is transmitted to an analytical micro-
balance (XPE205DR, Mettler Toledo GmbH) located above the cell at
ambient pressure through a magnetic coupling device. This kind of setup
is currently regarded as the most accurate to determine fluid density
over a large range of temperatures and pressures, providing an absolute
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determination of the density without the need for calibration fluids. The
principles of measurement were developed by Kleinrahm, Wagner, and
Losch [31-33], originally with two-sinker devices (improved accuracy,
especially at low density, mainly due to compensation for adsorption
effects, which may be relevant at very low density) and then with
single-sinker devices (less complex but equally accurate at high density
[34,35]).
The working equation is:

Do = @oMs + (Myi — Mra) + (Wzp — W) /a i+i Xs (&
fluid V(T,p) Po Po Xso \Po
Pt
- _;‘;d)pﬂuid @

where the subscripts fluid, s, Ti, Ta, ZP, and MP stand for the fluid, sinker
(“specific” in case of ys and ys), titanium and tantalum compensation
masses, zero and measuring positions of the magnetic coupling, while
the terms m, V, and p denote the mass, volume, and density, respectively.

a is the so-called calibration factor determined by weighing two
calibrated compensation masses of tantalum and titanium, alternatively
placed in the upper pan of the microbalance by means of an automati-
cally controlled changing device. Both compensation masses have nearly
the same volume and their mass difference is close to the mass of the
sinker. In this way, the balance is always operated near its zero position,
avoiding measurement errors that originate from the non-linearity of the
balance itself.

The magnetic coupling system is composed of two magnets separated
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Table 3

Contributions to the overall expanded (k = 2) uncertainty in density, Ur (Pexp),
for the three reference natural gas mixtures studied in this work.

Source Contribution (k Units Estimation in density (k = 2)
=2
) kg-m3 %

G 431
Temperature, 0.015 K <0.0080 <0.0049

T
Pressure, p <0.005 MPa (0.021-0.068) (0.018-0.37)
Composition, <0.0004 mol-mo] ? <0.0012 <0.0014

Xi
Density, p (0.024-0.048) kg-m~3 (0.024-0.048)  (0.022-0.41)
Sum (0.031-0.078)  (0.028-0.54)
G 453 (G 431 + 10 % Hy)
Temperature, 0.015 K <0.0059 <0.0038

T
Pressure, p <0.005 MPa (0.019-0.051) (0.022-0.37)
Composition, <0.0004 mol-mol ™ <0.014 <0.0084

Xi
Density, p (0.023-0.043) kgm™> (0.023-0.043)  (0.024-0.45)
Sum (0.030-0.064)  (0.034-0.57)
G 454 (G 431 + 20 % Hy)
Temperature, 0.015 K <0.0045 <0.0032

T
Pressure, p <0.005 MPa (0.017-0.040) (0.021-0.37)
Composition, <0.0004 molmol™  <0.015 <0.0099

Xi
Density, p (0.023-0.041) kg-m~> (0.023-0.041)  (0.026-0.49)
Sum (0.029-0.055)  (0.034-0.61)

by the upper cell wall: an electromagnet hanging from the lower hook of
the balance and a permanent magnet attached to the upper end of the
sinker support inside the cell. The actual measuring procedure is carried
out in a differential manner, in the zero position (ZP) the electromagnet
only attracts the sinker support without lifting the sinker, whereas in the
measuring position (MP) a higher force is exerted on the permanent
magnet which also lifts the silicon sinker. The difference between the
readings of the balance, W, in these two positions allows for cancelling
the weights of the sinker support, the magnets, and the balance hook,
which consequently minimizes systematic errors.

Due to the fact that the vertical positions of the ZP and MP are not
exactly the same, together with other possible instabilities in the
alignment of the magnets during the measuring procedure, the density
determination should be corrected for the force transmission error. This
perturbation is divided into two terms: the apparatus-specific effect and
the fluid-specific effect. The apparatus-specific effect is accounted in
Equation (1) by ¢o and determined by measuring the sinker in vacuum
after each isotherm is finished. Neglecting this correcting term can lead
to significant errors [36], therefore, it must always be considered. The
fluid-specific effect is described in Equation (1) by the second term on
the right side and depends (a) on the specific magnetic susceptibility of
the fluid y5 (note that here, the subscript s stands for specific and not for
sinker), (b) the so-called apparatus-specific constant ¢, and (c) the
reducing constants ys = 108 m% kg~ and po = 1000 kg m . The value
of &, was estimated for our apparatus as a function of temperature and
density in a previous work by two different methods [37]. Contrary to
the apparatus-specific effect, the fluid-specific effect is less significant
for diamagnetic fluids, but leads to relative errors of up to 3 % for
paramagnetic fluids (since ys for paramagnetic fluids, which is temper-
ature dependent, can be 100 times stronger compared to diamagnetic
fluids) [38-40].

The pressure of the fluid is determined by two quartz crystal trans-
ducers: one for the low-pressure range from (0-3) MPa (Digiquartz
2300A-101, Paroscientific Inc.) and the other for the higher pressures in
the range between (3-20) MPa (Digiquartz 43 KR-HHT-101, Paros-
cientific Inc.). The estimated expanded (k = 2) uncertainty is U(p) =
(7.5-107° (p/MPa) + 3.5.10~%) MPa for the high-pressure transducer,
and U(p) = (6.0~10_5 (p/MPa) + 1.7~10_3) MPa for the low-pressure
transducer.
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Fig. 1. p, T-phase diagram showing the experimental points measured (e) and
the calculated phase envelope (solid line) using the improved-GERG EoS
[44-46] for: a) (Hy-free) natural gas mixture G 431, b) (Hy-enriched) natural
gas mixture G 453 (G 431 + 10 % H»), and c) (H,-enriched) natural gas mixture
G 454 (G 431 + 20 % Hy), respectively. The marked temperature and pressure
ranges represent the range of validity of the AGA8-DC92 EoS [19] (blue dotted
line) and GERG-2008 EoS [20,21] (red dashed line), and the area of interest for
the gas industry (black dashed line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

The temperature of the cell, thermostated by means of an oil thermal
bath (Dyneo DD-1000F, Julabo GmbH) and an electrical heating cylin-
der around the cell connected to a temperature controller (MC-E, Julabo
GmbH) is measured by two standard platinum resistance thermometers
SPRT-25 (S1059PJ5X6, Minco Products Inc.) controlled by an AC
resistance bridge (ASL F700, Automatic Systems Laboratory). The esti-
mated expanded (k = 2) uncertainty in temperature is U(T) = 0.015 K.

A more detailed description of our equipment and the measurement
procedure can be found in our previous papers [41,42].
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Table 4
Experimental (p, pexp, T) measurements for the (Hy-free) natural gas mixture G 431, absolute and relative expanded (k = 2) uncertainty in density, U (pexp), relative
deviations from the density given by the AGA8-DC92 EoS [19], pagas-pcos, the GERG-2008 EoS [20,211, pgrrg-2008, and the improved-GERG-2008 EoS [44-46],

PGERG-improved-

T/K* p/MPa” Pexp/ U (pexp)/ 10*°U (Pexp)/ 102 (Pexp — PaGAs-DCO2)/ 102 (Pexp — PGERG-2008)/ 102 (Pexp — PGERG-improved)/ PGERG-
(kgm)@ (kgm™) Pexp PAGAS-DCO2 P GERG-2008 improved
250.000 K
250.133 18.23491 219.356 0.048 0.022 —0.053 0.049 <0.001
250.133 17.04296 209.224 0.047 0.022 —0.048 0.041 —0.002
250.133 16.04613 199.707 0.046 0.023 —0.044 0.032 —0.009
250.132 15.04764 189.084 0.044 0.023 —0.038 0.023 —0.019
250.133 14.04021 177.147 0.043 0.024 —0.029 0.018 —0.028
250.132 13.03555 163.969 0.042 0.025 —0.028 0.013 —0.036
250.130 12.03305 149.638 0.040 0.027 —0.033 0.016 —0.034
250.130 11.03005 134.394 0.038 0.028 —0.030 0.034 —0.007
250.130 10.02337 118.610 0.036 0.031 —0.036 0.037 0.013
250.132 9.01924 102.948 0.035 0.034 —0.028 0.045 0.038
250.132 8.01383 87.817 0.033 0.037 —0.023 0.046 0.049
250.133 7.01058 73.591 0.031 0.042 —0.020 0.047 0.051
250.132 6.00807 60.385 0.030 0.049 —0.026 0.038 0.040
250.132 5.00596 48.212 0.028 0.059 —0.035 0.026 0.026
250.132 4.00437 37.010 0.027 0.073 —0.044 0.010 0.008
250.130 3.00344 26.689 0.026 0.097 —0.054 —0.010 —0.013
250.130 2.00266 17.146 0.025 0.145 —0.046 —0.016 —-0.019
250.129 1.00225 8.287 0.024 0.287 0.004 0.021 0.018
275.000 K
275.108 18.67854 181.509 0.044 0.024 —0.016 0.043 —0.004
275.108 18.04554 176.201 0.043 0.024 —0.011 0.043 —0.003
275.106 17.02865 167.199 0.042 0.025 —0.010 0.039 —0.006
275.107 16.03037 157.800 0.041 0.026 —0.008 0.038 —0.003
275.107 15.02829 147.828 0.040 0.027 —0.008 0.038 0.001
275.108 14.02385 137.348 0.039 0.028 —0.010 0.038 0.007
275.108 13.01897 126.477 0.037 0.029 —0.009 0.041 0.017
275.109 12.01820 115.381 0.036 0.031 —0.009 0.041 0.025
275.108 11.01837 104.183 0.035 0.033 <0.001 0.048 0.039
275.107 10.01895 93.003 0.033 0.036 —0.002 0.045 0.041
275.108 9.01383 81.928 0.032 0.039 —0.002 0.045 0.044
275.107 8.00999 71.145 0.031 0.044 —0.003 0.044 0.043
275.107 7.00835 60.751 0.030 0.049 —0.002 0.044 0.044
275.106 6.00705 50.773 0.029 0.056 —0.005 0.039 0.038
275.103 5.00540 41.236 0.028 0.067 —0.006 0.034 0.032
275.105 4.00342 32.143 0.027 0.083 —0.005 0.029 0.026
275.104 3.00300 23.504 0.026 0.109 —0.004 0.023 0.019
275.104 2.00213 15.283 0.025 0.161 0.011 0.029 0.025
275.106 1.00227 7.467 0.024 0.318 0.038 0.048 0.045
300.000 K
300.069 19.83028 160.549 0.041 0.026 0.005 0.041 <0.001
300.066 19.00896 154.521 0.040 0.026 0.003 0.038 <0.001
300.061 18.00697 146.887 0.040 0.027 <0.001 0.037 0.001
300.060 17.00683 138.967 0.039 0.028 —0.003 0.035 0.003
300.049 16.01803 130.872 0.038 0.029 —0.011 0.029 0.001
300.057 15.01473 122.419 0.037 0.030 —0.008 0.034 0.009
300.052 14.04309 114.049 0.036 0.031 —0.012 0.031 0.010
300.059 13.00805 104.984 0.035 0.033 —0.008 0.035 0.018
300.057 12.00698 96.131 0.034 0.035 —0.009 0.033 0.020
300.066 11.00670 87.265 0.033 0.038 <0.001 0.042 0.032
300.064 10.00708 78.432 0.032 0.041 —0.004 0.037 0.029
300.072 9.00658 69.682 0.031 0.044 —0.001 0.038 0.032
300.074 8.00637 61.071 0.030 0.049 <0.001 0.037 0.033
300.073 7.00541 52.630 0.029 0.055 0.002 0.037 0.034
300.072 6.00469 44.394 0.028 0.063 0.002 0.033 0.030
300.072 5.00421 36.387 0.027 0.074 0.004 0.031 0.029
300.067 4.00390 28.621 0.026 0.091 0.003 0.025 0.022
300.068 3.00496 21.112 0.025 0.120 0.009 0.026 0.022
300.071 2.00279 13.828 0.024 0.177 0.021 0.033 0.029
300.069 1.00325 6.807 0.024 0.347 0.027 0.035 0.031
325.000 K
325.063 20.00253 140.124 0.039 0.028 0.008 0.042 0.006
325.065 19.02061 133.677 0.038 0.029 0.005 0.041 0.007
325.063 18.01414 126.885 0.037 0.029 <0.001 0.038 0.007
325.063 17.01119 119.948 0.037 0.030 —0.004 0.036 0.007
325.064 16.00759 112.859 0.036 0.032 —0.005 0.036 0.010
325.065 15.00686 105.660 0.035 0.033 —0.008 0.034 0.011
325.065 14.00756 98.370 0.034 0.035 —0.010 0.033 0.012
325.063 13.00645 90.995 0.033 0.037 —0.010 0.031 0.014
325.064 12.00582 83.578 0.032 0.039 —0.010 0.030 0.015
325.064 11.00642 76.158 0.032 0.041 —0.004 0.034 0.022

(continued on next page)
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/K" p/MPa’ Pexp/ U (Pexp)/ 10% U (exp)/ 102 (pexp — PaGAS-DC92)/ 10? (pexp — PGERG-2008)/ 10? (Pexp — PGERG-improved)/PGERG-
(kgm )@ (kgm™) Pexp PAGAS-DCO2 PGERG-2008 improved
325.063 10.00509 68.733 0.031 0.045 —0.006 0.029 0.020
325.064 9.00636 61.370 0.030 0.049 —0.004 0.028 0.022
325.065 8.00457 54.051 0.029 0.054 —0.003 0.026 0.021
325.063 7.00428 46.834 0.028 0.060 0.001 0.026 0.023
325.064 6.00536 39.734 0.027 0.069 0.003 0.025 0.023
325.063 5.00332 32.737 0.027 0.081 0.004 0.022 0.020
325.064 4.00301 25.888 0.026 0.100 0.002 0.018 0.015
325.066 3.00225 19.184 0.025 0.131 0.005 0.017 0.014
325.067 2.00329 12.644 0.024 0.192 0.011 0.020 0.016
325.069 1.00007 6.234 0.024 0.378 0.027 0.034 0.030
350.000 K
350.055 19.75548 122.747 0.037 0.030 0.005 0.045 0.010
350.060 19.00598 118.326 0.036 0.031 0.001 0.042 0.009
350.062 18.00664 112.330 0.036 0.032 —0.004 0.039 0.008
350.065 17.00571 106.218 0.035 0.033 —0.007 0.036 0.008
350.070 16.00649 100.022 0.034 0.034 —0.007 0.036 0.010
350.069 15.00496 93.728 0.034 0.036 —0.010 0.032 0.009
350.069 14.00607 87.384 0.033 0.038 —0.010 0.030 0.011
350.071 13.00542 80.977 0.032 0.040 —0.009 0.029 0.013
350.074 12.00550 74.541 0.031 0.042 —0.008 0.028 0.015
350.074 11.00471 68.085 0.031 0.045 <0.001 0.033 0.023
350.074 10.00535 61.630 0.030 0.049 —0.002 0.027 0.020
350.073 9.00492 55.186 0.029 0.053 —0.001 0.025 0.020
350.071 8.00374 48.769 0.028 0.058 0.001 0.024 0.021
350.074 7.00271 42.398 0.028 0.065 0.005 0.025 0.023
350.074 6.00345 36.095 0.027 0.075 0.005 0.023 0.021
350.072 5.00322 29.857 0.026 0.088 0.005 0.021 0.019
350.073 4.00241 23.695 0.026 0.108 0.008 0.021 0.019
350.075 3.00359 17.634 0.025 0.141 0.009 0.020 0.017
350.077 2.00208 11.651 0.024 0.208 0.004 0.013 0.010
350.080 1.00190 5.779 0.024 0.407 0.025 0.031 0.028
* Expanded uncertainties (k — 2): U(p > 3)/MPa — 7510 4 35103 U(p < 3)/MPa — 60-10 62— 1 17.10-% U(T) = 15 mK; 2L _25.10% 45
MPa MPa kg-m™3 m3kg™!
111042+ 23102
kg-m™3

3. Experimental results
3.1. Uncertainty of the measurements

The experimental overall expanded (k = 2) uncertainty Ur (pexp) for
the density measurements is reported in Table 3 in both absolute and
relative terms. It takes into account the contributions from the uncer-
tainty of the density determination, U (pexp), which has been thoroughly
evaluated as a function of density and specific magnetic susceptibility in
two previous works for our single-sinker densimeter [37,42]:

Upexp) / (kgm?) = 2,510y, / (m> kg ") + 1.1-10 *pgy, / (kg-m°)
+2.31072
(2)
combined with the uncertainties from pressure, u(p), temperature, u

(T), and composition, u (x;), following the law of uncertainty propaga-
tion [28,43]:

dp

oT

dp

op

p.

Ut (Pexp) _Z[u(pexp)2 + ( . u(p)) + ( u(T)> + ZGQ

u(x;)
T.p.x#X;

where the partial derivatives of the mixture density with respect to
pressure and temperature are estimated with the REFPROP 10 software
[29,30] using the improved-GERG-2008 EoS [44-46]. The most signif-
icant term is due to U (pexp), with values up to 0.05 kg m~2 (0.5 %),
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closely followed by U(p), and then with minor contributions from U(x;)
and U(T), below 0.015 kg m~3 (0.01 %). The overall experimental
expanded (k = 2) uncertainty for the three mixtures ranges from
(0.029-0.078) kg-m’3, i.e., from (0.028-0.61) %.

3.2. Density measurements

The measured points of the three studied mixtures are represented in
the p,T plots of Fig. 1, together with the saturation curves estimated from
the improved-GERG-2008 EoS, the ranges of interest for the gas industry
at pipeline conditions, and the approved application ranges of the
AGAS8-DC92 EoS and GERG-2008 EoS. Measurements were carried out
at five temperatures, (250, 275, 300, 325, and 350) K, in decreasing
pressure steps of 1 MPa starting from 20 MPa down to 1 MPa. Tables 4-6
list the experimental (p, p, T) data for the G 431 (Hy-free high calorific
natural gas), G 453 (G 431 + 10 % Hy), and G 454 (G432 + 20 % Hy)
mixtures, respectively, with the corresponding compositions reported in
Table 2.

)|

Tables 4-6 also display the experimental expanded (k = 2) uncer-
tainty in density, estimated by Equation (3), in absolute terms and as a
percentage, as well as the relative deviations of the experimental density
from the calculated values with the AGA8-DC92 EoS, GERG-2008 EoS,
and improved-GERG-2008 EoS.
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Table 5

Experimental (p, pexp, T) measurements for the (Hy-enriched) natural gas mixture G 453 (G 431 + 10 % Hy), absolute and relative expanded (k = 2) uncertainty in
density, U (pexp), relative deviations from the density given by the AGA8-DC92 EoS [19], pagas-ncoz, the GERG-2008 EoS [20,21], pgerg-2008, and the
improved-GERG-2008 EoS [44-46], pGERG-improved-

T/K* p/MPa” Pexp/ U (pexp)/ 10*°U (Pexp)/ 102 (Pexp — PaGAs-DCO2)/ 102 (Pexp — PGERG-2008)/ 102 (Pexp — PGERG-improved)/ PGERG-
(kgm)@ (kgm™) Pexp PAGAS-DCO2 P GERG-2008 improved
250.000 K
250.038 17.99536 178.985 0.043 0.024 —0.189 —0.181 —0.002
250.037 17.03752 170.862 0.042 0.025 —0.157 —-0.179 —0.055
250.036 16.07095 162.081 0.041 0.026 —0.126 -0.173 -0.107
250.036 15.06005 152.263 0.040 0.026 —0.095 —0.161 —0.152
250.035 14.05220 141.856 0.039 0.028 —0.067 —0.142 —0.184
250.037 13.04991 130.960 0.038 0.029 —0.043 —0.116 —0.199
250.036 12.03622 119.509 0.036 0.031 —0.024 —0.086 —0.199
250.037 11.01667 107.723 0.035 0.033 —0.005 —0.047 —0.181
250.037 10.02226 96.137 0.034 0.035 —0.003 —0.020 —0.168
250.037 9.01596 84.522 0.033 0.038 —0.009 0.002 —0.155
250.038 8.01353 73.224 0.031 0.043 —0.022 0.016 —0.144
250.038 7.00732 62.285 0.030 0.048 —0.037 0.024 —0.133
250.039 6.00617 51.876 0.029 0.055 —0.056 0.020 -0.127
250.041 5.00456 41.980 0.028 0.066 —0.074 0.007 —0.123
250.038 4.00336 32.615 0.027 0.082 —0.090 —0.013 —-0.122
250.038 2.98984 23.663 0.026 0.108 —0.071 —0.005 —0.089
250.037 2.00040 15.401 0.025 0.160 —0.041 0.007 —0.050
250.041 1.00007 7.500 0.024 0.316 0.088 0.115 0.085
275.000 K
275.040 19.52291 158.425 0.041 0.026 —0.092 -0.077 —0.058
275.041 19.06379 155.138 0.041 0.026 —0.087 —0.076 —0.065
275.042 18.04784 147.614 0.040 0.027 —-0.075 —0.074 —-0.079
275.041 17.03708 139.792 0.039 0.028 —0.065 —-0.072 —0.088
275.041 16.03514 131.721 0.038 0.029 —0.057 —0.069 —0.094
275.041 15.03326 123.370 0.037 0.030 —0.048 —0.064 —0.095
275.042 14.02489 114.721 0.036 0.031 —0.041 —0.057 —0.094
275.042 13.02105 105.923 0.035 0.033 —0.035 —0.050 —0.093
275.041 12.01916 97.016 0.034 0.035 —0.033 —0.044 —0.093
275.040 11.01746 88.058 0.033 0.037 —0.027 —0.031 —0.087
275.040 10.01451 79.091 0.032 0.040 —0.031 —-0.027 —0.090
275.040 9.01211 70.208 0.031 0.044 —0.035 —0.021 —0.090
275.040 8.00822 61.445 0.030 0.049 —0.041 -0.017 —0.091
275.042 7.00789 52.898 0.029 0.055 —0.042 —0.010 —0.086
275.042 6.00482 44.545 0.028 0.063 —0.046 —0.009 —0.082
275.041 5.00325 36.450 0.027 0.074 —0.048 —0.009 —0.077
275.041 4.00231 28.623 0.026 0.091 —0.045 —0.007 —0.066
275.040 2.98906 20.977 0.025 0.120 —0.026 0.007 —0.040
275.041 2.00066 13.782 0.024 0.177 —0.007 0.018 —0.016
275.040 1.00071 6.767 0.024 0.349 0.039 0.054 0.035
300.000 K
300.080 19.86739 137.734 0.039 0.028 —0.021 —-0.012 —-0.017
300.079 19.01352 132.264 0.038 0.029 —0.019 —0.013 —0.017
300.080 18.01111 125.661 0.037 0.030 —0.017 —0.012 —0.016
300.078 17.01112 118.891 0.036 0.031 —0.016 —-0.013 —0.015
300.078 16.01481 111.982 0.036 0.032 —0.014 —0.013 —0.014
300.078 15.01186 104.882 0.035 0.033 —0.014 —0.013 —0.014
300.078 14.01252 97.691 0.034 0.035 —0.011 —0.011 —-0.014
300.079 13.00993 90.386 0.033 0.037 —0.010 —0.009 —0.015
300.078 12.00725 83.021 0.032 0.039 —0.009 —0.007 —-0.017
300.078 11.00800 75.658 0.031 0.042 —0.003 <0.001 —0.016
300.078 10.00623 68.274 0.031 0.045 —0.006 0.001 —0.021
300.079 9.00729 60.948 0.030 0.049 —0.006 0.003 —0.024
300.078 8.00532 53.664 0.029 0.054 —0.006 0.006 —0.025
300.078 7.00595 46.488 0.028 0.061 —0.004 0.011 —0.023
300.077 6.00506 39.409 0.027 0.069 —0.005 0.012 —0.022
300.076 5.00463 32.462 0.027 0.082 —0.005 0.013 —0.020
300.077 4.00398 25.655 0.026 0.101 —0.004 0.014 —0.017
300.078 3.00382 19.004 0.025 0.132 —0.001 0.015 —0.011
300.076 2.00305 12.509 0.024 0.194 0.005 0.018 —0.001
300.076 1.00193 6.175 0.024 0.382 0.018 0.027 0.016
325.000 K
325.081 19.89360 121.127 0.037 0.030 —0.023 —0.012 —0.004
325.082 19.01219 116.089 0.036 0.031 —0.024 —-0.013 —0.001
325.081 18.01151 110.255 0.035 0.032 —0.025 —0.015 <0.001
325.084 17.01191 104.312 0.035 0.033 —0.024 —0.015 0.002
325.082 16.01309 98.270 0.034 0.035 —0.026 —0.018 <0.001
325.081 15.01025 92.117 0.033 0.036 —0.025 —-0.018 <0.001
325.081 14.00797 85.892 0.033 0.038 —0.024 —0.018 —0.002
325.081 13.00865 79.626 0.032 0.040 —0.022 -0.017 —0.004
325.081 12.00826 73.311 0.031 0.043 —0.022 —-0.018 —0.008

(continued on next page)
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Table 5 (continued)

/K" p/MPa’ Pexp/ U (Pexp)/ 10% U (exp)/ 10% (Pexp — PAGAS-DC92)/ 10? (pexp — PGERG-2008)/ 10? (Pexp — PGERG-improved)/PGERG-
(kgm )@ (kgm™) Pexp PAGAS-DCO2 PGERG-2008 improved
325.079  11.00604  66.966 0.031 0.046 -0.015 -0.011 —0.006
325.081  10.00712  60.628 0.030 0.049 -0.015 -0.011 -0.010
325.080 9.00677  54.294 0.029 0.054 —0.015 —0.010 —0.014
325.079  8.00716  47.990 0.028 0.059 -0.016 —0.010 -0.018
325.079  7.00597  41.721 0.028 0.066 -0.013 —0.007 -0.017
325.081  6.00383  35.499 0.027 0.076 -0.016 —0.008 -0.021
325.082  5.00406  29.362 0.026 0.089 —0.017 —0.009 —0.022
325.084  4.00309  23.297 0.026 0.110 -0.019 -0.011 ~0.024
325.084  3.00294  17.324 0.025 0.143 -0.033 -0.024 -0.036
325.084 200276  11.450 0.024 0.211 —0.038 —0.030 —0.039
325.077 1.00145  5.672 0.024 0.415 —0.041 —0.034 —0.040
350.000 K
350.077  19.87136  108.394 0.035 0.032 —0.022 —0.009 0.012
350.079  19.00817  103.959 0.035 0.033 -0.023 —0.010 0.013
350.078  18.00707  98.733 0.034 0.035 -0.026 -0.013 0.013
350.079  17.00650  93.431 0.034 0.036 —0.026 —0.014 0.013
350.079  16.00701  88.062 0.033 0.037 -0.025 —0.015 0.014
350.077  15.00673  82.624 0.032 0.039 -0.025 -0.016 0.012
350.075  14.00468  77.121 0.032 0.041 —0.024 -0.017 0.009
350.075  13.00594  71.590 0.031 0.043 —0.022 —0.017 0.007
350.075  12.00520  66.012 0.030 0.046 —0.020 -0.016 0.005
350.074  11.00582  60.421 0.030 0.049 -0.012 -0.009 0.008
350.075  10.00544  54.804 0.029 0.053 -0.013 —0.011 0.003
350.074  9.00462  49.183 0.028 0.058 -0.013 -0.011 —0.001
350.073  8.00495  43.575 0.028 0.064 -0.014 -0.012 ~0.005
350.075  7.00384  37.977 0.027 0.072 —0.009 —0.006 —0.002
350.075  6.00276  32.405 0.027 0.082 —0.011 —0.007 —0.005
350.076  5.00261 26.873 0.026 0.096 -0.011 —0.007 —0.007
350.075  4.00245  21.385 0.025 0.118 -0.015 -0.009 -0.011
350.075  3.00247  15.949 0.025 0.155 —0.022 —0.016 —0.019
350.074  2.00193  10.569 0.024 0.228 -0.028 -0.022 —0.025
350.072  1.00211 5.257 0.023 0.446 -0.014 -0.008 -0.011
2 Expanded uncertainties (k = 2): U(p > 3)/MPa = 7510°5-2_ 4 35103 U(p< 3)/MPa = 601052+ 17.10°3; U(T) = 15 mK; ule) 2510445 4
MPa MPa kg-m3 m3kg™!
11104 123102
kg-m™
AGAS8-DC92 EoS [19] is the reference mixture model from the (methane + n-butane) and (methane + isobutane) were reparametrized.
American Gas Association (AGA). This equation was initially formulated In this way, it became possible to reproduce the density measurements
as a virial expansion series of the compressibility factor of fluid mixtures of LNG-type mixtures within their experimental uncertainty [48,49],
and then recast as an explicit form of the Helmholtz energy to also ac- whereas the calorific properties representation was also improved with
count for the calorific properties in addition to volumetric ones [47]. Its respect to the original GERG-2008 EoS.
application range is restricted to homogeneous gas and supercritical The second modification was adopted to improve the accurate
phases in the temperature ranges from (250-350) K and pressures up to description of the thermophysical properties for hydrogen-rich multi-
30 MPa. component mixtures in the wider temperature, pressure, and composi-
Its — nowadays in Europe more widespread — counterpart is the tion ranges of processes involved in the hydrogen economy [46]. For this
GERG-2008 EoS [20,21] from the Groupe Européen de Recherches Gaz- purpose, the first step was to switch from the original pure-fluid equa-
ieres (GERG), which was extended to also cover the liquid and tions from GERG-2008 EoS to the current reference pure-fluid equations.
vapor-liquid equilibria (VLE) regions, covering the ranges from Then, three new binary specific departure functions were developed for
(60-700) K and up to 70 MPa [44]. Both multiparametric models were the binary systems (N3 + Hj), (CO2 + Hy), and (CO + Hy), whereas the
developed to describe the thermophysical properties of natural gas original specific departure function for the binary system (CH4 + Hy)
mixtures, including 21 components (C; to Cjp, and additionally iso-C4 was reparametrized. The most significant improvement, however, was

and iso-Cs, Np, CO;, CO, H0, O,, Hy, Ar, He, and HjS), at pipeline the correction of the unphysical behavior for the predicted phase en-
conditions. The accuracy of the EoS is directly determined by the velope from the GERG-2008 EoS at temperatures lower than 120 K for
availability and uncertainty of the experimental VLE, density, speed of the binary system (CH4 + Hj), lower than 100 K for the (N2+ Hg), 80 K

sound, enthalpy differences, and heat capacity databases. for the (CO + H,), and lower than 260 K for the (CO5 + Hs). At these

Two major modifications to the GERG mixture model, taking the states, the original GERG-2008 EoS produces an open phase envelope,
formulation of the GERG-2008 EoS as a basic framework, were subse- which means a liquid-liquid equilibrium, contradicting the experimental
quently implemented based on more comprehensive and consolidated data available. Apart from fixing these artifacts, the differences with
experimental data as well as on new modified fitting techniques. The experimental VLE, homogeneous density and speed of sound data were
application ranges of temperature, pressure, and composition were not significantly reduced in several cases or, at least, remained similar to
modified. The first modification focused on meeting the demand for the that of GERG-2008 EoS for the remaining fluid regions. In this work, we
accurate calculation of thermophysical properties in the subcooled denote the modified GERG model with the two above described ad-

liquid region between (90-180) K with pressures of up to 10 MPa from justments as improved-GERG-2008 EoS.
the liquefied natural gas (LNG) industry [45]. Thus, new binary specific
departure functions for (methane + n-pentane) and (methane + iso-
pentane) were developed and the departure functions for the binaries
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Table 6

Experimental (p, pexp, T) measurements for the (Hy-enriched) natural gas mixture G 454 (G 431 + 20 % Hy), absolute and relative expanded (k = 2) uncertainty in
density, U (pexp), relative deviations from the density given by the AGA8-DC92 EoS [19], pagas-ncoz, the GERG-2008 EoS [20,21], pgerg-2008, and the
improved-GERG-2008 EoS [44-46], pGERG-improved-

T/K* p/MPa” Pexp/ U (pexp)/ 10*°U (Pexp)/ 102 (Pexp — PaGAs-DCO2)/ 102 (Pexp — PGERG-2008)/ 102 (Pexp — PGERG-improved)/ PGERG-
(kgm)@ (kgm™) Pexp PAGAS-DCO2 P GERG-2008 improved
250.000 K
250.134 19.85938 160.136 0.041 0.026 -0.119 —0.108 —0.123
250.133 19.05712 154.693 0.040 0.026 —0.089 —0.099 —0.146
250.134 18.06430 147.637 0.040 0.027 —0.053 —0.085 -0.167
250.132 17.03403 139.940 0.039 0.028 —0.019 —0.070 —0.181
250.132 16.04267 132.179 0.038 0.029 0.008 —0.054 —0.186
250.130 15.04385 124.038 0.037 0.030 0.035 —0.032 -0.179
250.131 14.03791 115.535 0.036 0.031 0.056 —0.011 —0.167
250.133 13.03272 106.796 0.035 0.033 0.077 0.018 —0.144
250.132 12.03336 97.915 0.034 0.035 0.080 0.035 —0.131
250.135 11.02191 88.824 0.033 0.037 0.085 0.060 -0.111
250.133 10.02295 79.806 0.032 0.040 0.071 0.070 —0.106
250.133 9.01852 70.792 0.031 0.044 0.056 0.080 —0.100
250.133 8.01228 61.881 0.030 0.048 0.030 0.078 —0.102
250.131 7.01013 53.193 0.029 0.054 0.007 0.074 —0.101
250.131 6.00760 44.730 0.028 0.063 —0.021 0.059 —0.104
250.132 5.00600 36.542 0.027 0.074 —0.046 0.040 —0.106
250.133 4.00423 28.641 0.026 0.091 —0.060 0.022 —0.101
250.149 3.00373 21.046 0.025 0.120 —0.063 0.008 —0.087
250.147 2.00285 13.751 0.024 0.178 —0.029 0.025 —0.040
250.147 1.00235 6.747 0.024 0.350 0.066 0.096 0.063
275.000 K
275.111 19.79474 135.100 0.038 0.028 —0.057 —0.053 -0.114
275.105 18.04682 124.117 0.037 0.030 —0.043 —0.049 —0.107
275.105 17.04594 117.552 0.036 0.031 —0.034 —0.044 —0.099
275.104 16.03762 110.752 0.035 0.032 —0.028 —0.042 —0.092
275.104 15.03508 103.826 0.035 0.033 —0.023 —0.039 —0.086
275.102 14.03092 96.750 0.034 0.035 —0.021 —0.037 —0.083
275.085 13.02770 89.570 0.033 0.037 —0.030 —0.043 —0.091
275.094 12.02608 82.322 0.032 0.039 —0.026 —0.034 —0.087
275.098 11.01666 74.976 0.031 0.042 —0.022 —0.024 —0.082
275.100 10.01570 67.674 0.031 0.045 —0.031 —0.025 —0.090
275.097 9.01262 60.383 0.030 0.049 —0.042 —0.027 —0.099
275.096 8.01109 53.160 0.029 0.054 —0.053 —0.029 —0.106
275.096 7.00908 46.020 0.028 0.061 —0.059 —0.029 —0.107
275.098 6.00648 38.986 0.027 0.070 —0.064 —0.029 —0.104
275.098 5.00590 32.097 0.027 0.083 —0.067 —0.029 —0.098
275.089 4.00439 25.349 0.026 0.102 —0.065 —0.028 —0.089
275.098 3.00345 18.761 0.025 0.133 —0.056 —0.022 —0.070
275.097 2.00254 12.341 0.024 0.197 —0.029 —0.003 —0.036
275.094 1.00209 6.093 0.024 0.387 0.026 0.042 0.024
300.000 K
300.065 19.88020 118.054 0.036 0.031 —0.030 —0.024 —0.034
300.062 19.02143 113.328 0.036 0.032 —0.029 —0.024 —0.028
300.064 18.02455 107.722 0.035 0.033 —0.026 —0.022 —0.020
300.065 17.01538 101.923 0.034 0.034 —0.024 —0.022 —0.014
300.064 16.01979 96.095 0.034 0.035 —0.022 —0.022 —0.011
300.065 15.01664 90.124 0.033 0.037 —0.019 —0.020 —0.008
300.065 14.01926 84.105 0.032 0.039 -0.017 —0.020 —0.009
300.065 13.01358 77.969 0.032 0.041 —0.016 —-0.019 —0.012
300.064 12.01564 71.830 0.031 0.043 —0.016 —0.018 —0.016
300.062 11.01460 65.644 0.030 0.046 —0.010 —0.010 —0.016
300.061 10.00901 59.408 0.030 0.050 —0.015 —-0.013 —0.025
300.060 9.01290 53.239 0.029 0.054 —0.013 —0.008 —0.027
300.061 8.00924 47.042 0.028 0.060 —0.015 —0.007 —0.031
300.059 7.00775 40.898 0.028 0.067 —0.014 —0.003 —0.031
300.062 6.00537 34.800 0.027 0.077 —0.014 <0.001 —0.029
300.061 5.00462 28.778 0.026 0.091 —0.014 0.002 —0.026
300.061 4.00319 22.830 0.025 0.112 —0.013 0.003 —0.021
300.062 3.00277 16.975 0.025 0.146 —0.012 0.004 —0.017
300.062 2.00253 11.219 0.024 0.215 0.007 0.020 0.006
300.063 1.00253 5.564 0.023 0.422 0.033 0.042 0.034
325.000 K
325.068 19.91762 105.164 0.035 0.033 —0.029 —0.022 0.004
325.070 19.03166 100.796 0.034 0.034 —0.030 —0.023 0.008
325.072 18.02626 95.755 0.034 0.035 —0.032 —0.026 0.010
325.075 17.02502 90.653 0.033 0.037 —0.031 —0.027 0.012
325.074 16.02207 85.467 0.033 0.038 —0.031 —0.028 0.012
325.078 15.01620 80.196 0.032 0.040 —0.030 —0.028 0.010
325.080 14.01608 74.897 0.031 0.042 —0.028 —0.028 0.008
325.081 13.01381 69.537 0.031 0.044 —0.027 —0.028 0.004

(continued on next page)
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Table 6 (continued)

/K" p/MPa’ Pexp/ U (Pexp)/ 10% U (exp)/ 102 (pexp — PaGAS-DC92)/ 10? (pexp — PGERG-2008)/ 10? (Pexp — PGERG-improved)/PGERG-
(kgm )@ (kgm™) Pexp PAGAS-DCO2 PGERG-2008 improved
325.081  12.01465  64.153 0.030 0.047 —0.026 -0.028 —0.001
325.080 11.01158 58.724 0.030 0.050 —0.018 —0.021 0.001
325.080 10.00777 53.265 0.029 0.054 —0.020 —0.022 —0.007
325.083  9.01024 47.834 0.028 0.059 —0.017 —0.019 —0.009
325.080 8.00638  42.370 0.028 0.065 -0.021 -0.021 -0.016
325.076  7.00438 36.931 0.027 0.073 —0.019 —0.017 —0.016
325.076  6.00516 31.529 0.026 0.084 —0.021 —0.017 —0.019
325.078  5.00390  26.146 0.026 0.099 —0.024 -0.018 -0.022
325.077  4.00361 20.810 0.025 0.121 —0.026 —0.020 —0.023
325.081 3.00304 15.519 0.025 0.159 —0.035 —0.027 —0.031
325.076  2.00278  10.288 0.024 0.234 -0.036 -0.028 -0.031
325.078 1.00254 5.117 0.023 0.458 —0.035 —0.029 —0.031
350.000 K
350.086 19.91259  95.026 0.034 0.035 —0.030 —0.025 0.017
350.083 19.01409  91.018 0.033 0.037 —0.032 —0.027 0.019
350.088 18.01116  86.481 0.033 0.038 —0.030 —0.026 0.022
350.089 17.01022  81.891 0.032 0.039 —0.030 —0.027 0.023
350.090 16.00870  77.239 0.032 0.041 —0.028 —0.027 0.023
350.091 15.01019  72.551 0.031 0.043 —0.025 —0.025 0.024
350.092 14.00745  67.794 0.031 0.045 —0.023 —0.025 0.022
350.093  13.00789  63.011 0.030 0.048 —0.021 -0.024 0.019
350.091 12.00843 58.193 0.029 0.051 —0.019 —0.023 0.016
350.092 11.00574 53.335 0.029 0.054 —0.011 —0.015 0.019
350.092  10.00748  48.471 0.028 0.059 -0.011 -0.015 0.015
350.091 9.00560 43.576 0.028 0.064 —0.012 —0.015 0.010
350.095  8.00468 38.677 0.027 0.071 —0.010 —0.012 0.009
350.096  7.00500 33.785 0.027 0.079 —0.008 —0.009 0.008
350.094 6.00374  28.888 0.026 0.091 -0.012 -0.012 0.003
350.094  5.00298 24.006 0.026 0.107 —0.018 —-0.016 —0.004
350.093  4.00375 19.151 0.025 0.131 —0.024 —0.020 —0.011
350.092  3.00275  14.311 0.024 0.171 -0.038 -0.032 —0.025
350.094  2.00271 9.507 0.024 0.252 —0.051 —0.045 —0.040
350.094 1.00247 4.739 0.023 0.494 —0.057 —0.051 —0.049
@ Expanded uncertainties (k — 2): U(p > 3)/MPa — 75-10--—F 4 35.10-%; U(p < 3)/MPa — 601062+ 1.7.10%; U(T) = 15 mk; 2P _ 2510445
MPa ? MPa ’ > kg-m3 m3ke™!
11104 123102
kg-m3
4. Discussion Fig. 2 shows that relative deviations between experimental density
data for the H-free natural gas mixture (G 431) and any of the three EoS
4.1. Relative deviations of experimental data from the reference equations used for comparison are always smaller than the claimed uncertainties
of state of the EoS (U (pgos) = 0.1 %). The three EoS applied to our results
represent the experimental density data very well, with maximum
Percentage relative deviations of experimental density data from the relative deviations around 0.05 % and AARD between 0.012 % when

density calculated with the mixture models of AGA8-DC92 EoS, GERG- comparing to AGA8-DC92 and 0.032 % with respect to the GERG-2008
2008 EoS, and improved-GERG-2008 EoS are depicted in Figs. 2-4, for EoS.

the G 431, G 453, and G 454 mixtures, respectively. Regarding the G 453 Hj-enriched natural gas mixture (G 431 + 10 %

Table 7 reports a statistical comparison of the experimental density Hy), the relative deviations from the EoS, as shown in Fig. 3, are larger
data obtained in this work and other literature data dealing with Ho- than the EoS uncertainty, U (pgos), stated by the EoS only for the lowest
enriched multicomponent mixtures [27,50] with respect to AGA8-DC92 isotherm of 250 K and pressures above 16 MPa when comparing to the
EoS, GERG-2008 EoS, and improved-GERG-2008 EoS. Here, AARD AGA8-DC92 EoS; above 13 MPa when comparing to GERG-2008 EoS;
stands for the average absolute relative deviations, BiasRD the average and only above a pressure as low as 4 MPa when comparing to the
relative deviation, RMSRD the root mean square relative deviation, and improved-GERG-2008 EoS. Maximum relative deviations of near 0.20 %
MaxRD maximum relative deviation, as expressed in Egs. (4)—(7): can be seen with respect to any of the three EoS for the lowest tem-

perature. The average absolute value of the relative deviation of the

4) experimental density data with respect to the AGA8-DC92 and GERG-

2008 EoS is around 0.030 %. A slightly worse agreement, however, is

obtained with respect to the improved GERG-2008 EoS, with an AARD of

BiasRD — 1 i ( 1 02/)i,exp - /)l;l.;os> ©) 0.047 %. A similar behavior could be observed in the density of a binary

N & mixture composed of methane and hydrogen (0.90 CH4 + 0.10 Hy),

performed with this same experimental technique and published in a
previous work [51].

1 ul 2pi‘exp — PiEos
AARD = Z 102texe  TLEoS

i=1

PiEos

PiEos

N _ 2

RMSRD = 1 Z (102M> 6) Fig. 4 shows that the relative deviations of the experimental density
N = PiEos data for the G 454 Hp-enriched natural gas mixture (G 431 + 20 % Hy),

with respect to the AGA8-DC92 and the GERG-2008 EoS, are always

MaxRD — max|1 02,01»_,3xp = PiFos o) sm.aller than the stated uncertalntz of the EoS, excePt for one single
Pikos point at the lowest temperature (T = 250 K) and the highest pressure (p
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Fig. 2. Relative deviations in density of experimental (p, pexp, T) data of the (H,-free) natural gas mixture G 431 from density values calculated from (a) AGA8-DC92
EoS [19], pacas-nco2, (b) GERG-2008 EoS [20,21], pgerg-2008, and (c) improved-GERG-2008 EoS [44-46], pGerG-improved> as @ function of the pressure for different
temperatures: [ ] 250 K, > 275 K, /\ 300 K, % 325 K, O 350 K. Dashed lines indicate the expanded (k = 2) uncertainty of the corresponding EoS. Error bars on the
275-K data set indicate the expanded (k = 2) uncertainty of the experimental density.
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Fig. 3. Relative deviations in density of experimental (p, pexp, T) data of the (Ha-enriched) natural gas mixture G 453 (G 431 + 10 % H») from density values
calculated from (a) AGA8-DC92 EoS [19], pacas-ncoz, (b) GERG-2008 EoS [20,211, pgerg-2008, and (c) improved-GERG-2008 EoS [44-46], pGERG-improved> @S @
function of the pressure for different temperatures: [ ] 250 K, <> 275 K, /\ 300 K, < 325 K, O 350 K. Dashed lines indicate the expanded (k = 2) uncertainty of the
corresponding EoS. Error bars on the 275-K data set indicate the expanded (k = 2) uncertainty of the experimental density.
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Fig. 4. Relative deviations in density of experimental (p, pexp, T) data of the (Ha-enriched) natural gas mixture G 454 (G 431 + 20 % H») from density values
calculated from (a) AGA8-DC92 EoS [19], pacas-ncoz, (b) GERG-2008 EoS [20,211, pgerg-2008, and (c) improved-GERG-2008 EoS [44-46], pGERG-improved> @S @
function of the pressure for different temperatures: [ ] 250 K, <> 275 K, /\ 300 K, < 325 K, O 350 K. Dashed lines indicate the expanded (k = 2) uncertainty of the
corresponding EoS. Error bars on the 275-K data set indicate the expanded (k = 2) uncertainty of the experimental density.
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Table 7

Statistical analysis of the (p, p, T) data sets with respect to AGA8-DC92 EoS [19], GERG-2008 EoS [20,21], and improved-GERG-2008 EoS [44-46] for all the natural gas mixtures studied in this work, including literature

maximum value of the relative

data for comparable mixtures. AARD = average absolute value of the relative deviations, BiasRD = average relative deviation, RMSRD = root mean square relative deviation, MaxRD

deviations.

Experimental vs improved-GERG-2008 EoS

Experimental vs GERG-2008 EoS

Experimental vs AGA8-DC92 EoS

n Covered ranges

Xu,

Reference”

MaxRD/

%

RMSRD/

%

BiasRD/

%

AARD/

%

MaxRD/

%

RMSRD/
%

BiasRD/

%

AARD/

%

MaxRD/

%

RMSRD/
%

BiasRD/

AARD/
% %

p/

T/K

MPa

0.051
0.

0.023
0.070

0.019 0.016

0.049
0.18
0.11
0.31

0.034

0.032

0.032
0.029
0.030
0.10

0.054
0.

0.018

—0.0066
—0.029
—0.020
—0.066

0.012

1-20
1-20
1-20
1-20

250-350
275-350
250-350
260-350

97
98
929
99

G 431 (this work)
G 453 (this work)
G 454 (this work)

20

—0.042
—0.043

-0.12

0.047

0.049
0.037
0.13

—-0.021
—0.015
—-0.10

19
12
0.20

0.045

0.032

0.099928
0.199945
0.030097

0.19

0.072
0.15

0.052
0.13

0.

0.039

0.033

0.33

0.074

0.066

Hernandez-Gémez et al., 2018

[27]
Richter et al., 2014 [50] ¢

0.14
0.10

0.10

—0.094
—0.054
—0.26

0.094
0.054
0.26

0.075
0.055
0.27

0.044
0.026
0.21

—0.041
0.019

0.041

0.078
0.039
0.27

0.061

—0.059
—0.010
—0.26

0.059

1-8
1-8
1-8

273-293
273-293

283

37
36
13

0.053681
0.104106
0.304705

0.061
0.27

0.021
0.21

0.021
0.26

0.019
0.26

Richter et al., 2014 [50] ¢

0.32

-0.21

Richter et al., 2014 [50] ©

# Only vapor and supercritical phase measurements have been considered.

b Number of experimental points.

¢ Only experimental mass densities were considered.
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= 20 MPa). The AARD value from these two EoS is around 0.030 %,
similar to the value obtained for the natural gas mixture with 10 % of
hydrogen (G 453). Again, a slightly worse agreement is obtained with
the improved GERG-2008 EoS, with a maximum relative deviation of
0.19 % and an AARD of 0.052 %. Surprisingly, when comparing the
experimental density data to the improved GERG-2008 EoS, not only
some points at the lowest temperature (T = 250 K) and highest pressures
(p > 10 MPa) have deviations larger than the stated uncertainty of the
EoS, but also some points at T = 275 K.

It can be observed that the relative deviations at the lowest pressures
for the Hy-free natural gas mixture (G 431) do not exactly tend to zero, as
would be expected for approximating an ideal gas behavior; while for
the two Hy-enriched natural gas mixtures (G 453 and G 454), there is
additionally a pronounced dispersion, that is, a wider range of deviation
for different temperatures, in the low-pressure data (p = 1 MPa). Sorp-
tion phenomena, which can slightly change the composition of the
mixture and thus alter the density measurements, mainly in complex
mixtures with numerous components as the three mixtures studied here,
may be related with the deviation and dispersion of the lowest pressure
data. The influence of adsorption and desorption on accurate density
measurement of multicomponent gas mixtures was investigated in depth
by Richter and Kleinrahm in Ref. [52]. The applied measurement pro-
cedure aims to minimize these sorption phenomena by evacuating and
filling the cell several times and repeating some selected points within
the challenging p, T region over long periods of time, but in the exper-
imental technique used in this work, the single-sinker densimeter is not
appropriate to quantify this effect. In any case, we consider these de-
viations well below the uncertainty of the experimental data, which at
lower pressures and densities is relatively high.

In general, we could prove that the AGA8-DC92 EoS is the model that
performs best for the Hy-free sample (AARD = 0.012 %), while GERG-
2008 EoS is slightly better at predicting the densities for the two
investigated Hg-enriched mixtures (AARD = 0.030 %), although the
differences between these two equations are not significant. In contrast,
the improved-GERG-2008 EoS reproduces the data with larger de-
viations in comparison to the other two reference models for the three
mixtures, with AARD values as high as 0.052 % and MaxRD about 0.20
% for the samples containing hydrogen. In multiparametric Helmholtz
models, the fitting of a single property affects the description of the other
properties, with an accuracy strongly dependent on the amount and
quality of the experimental data used for the adjustment. Thus, it seems
that the corrections made in the improved GERG-2008 EoS to cover the
subcooled temperature range of LNG applications and to correct
unphysical phase envelopes of binary mixtures with hydrogen for iso-
therms below 120 K have shifted the density estimations for some of the
points at supercritical pipeline conditions to slightly worse values than
those obtained by the original GERG-2008 EoS.

In a previous study, Hernandez-Gomez et al. [27] determined den-
sities for a 3 % Hy-natural gas mixture, using the same single-sinker with
magnetic coupling employed here. The measurements were carried out
in temperature and pressure ranges similar to the ones explored here,
namely between (260-350) K and up to 20 MPa, estimating an experi-
mental expanded (k = 2) uncertainty ranging from (0.029-0.50) %.
They found relative deviations that rise to 0.19 % as compared to pre-
dictions from AGA8-DC92 EoS, and to 0.29 % according to estimations
from GERG-2008 EoS, at the lowest isotherm of 260 K and pressures
higher than 15 MPa. Though these discrepancies are of the same order of
magnitude as the ones obtained for the G 453 mixture (G 431 + 10 % Hy)
at similar conditions, we assume that they could be caused not only by
the relatively small addition of 3 % Hj, but by the significant amounts of
CO3 (4 mol-%) and N3 (12 mol-%), as well as the higher concentrations
of ethane, propane, and butane of that mixture. These differences could
be partly explained by the deviations found for the binary mixtures of
(CH4 4 COy) [53] and (CH4 + Ny) [41].

Richter et al. [50] studied the density of a pipeline natural gas
blended with hydrogen at three different concentrations of (0.05, 10,
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Table 8
Derived isothermal compressibility xr values for all the reference natural gas
mixtures studied in this work at various temperatures T and pressures p.

kr/MPa~!?

T/K
p/MPa 250 275 300 325 350
G 431
19 0.0335 0.0480 0.0495 0.0497
18 0.0378 0.0486 0.0530 0.0540 0.0539
17 0.0435 0.0548 0.0581 0.0583 0.0579
16 0.0509 0.0615 0.0636 0.0632 0.0625
15 0.0599 0.0692 0.0698 0.0686 0.0675
14 0.0711 0.0776 0.0766 0.0746 0.0730
13 0.0844 0.0869 0.0840 0.0813 0.0793
12 0.0995 0.0970 0.0923 0.0889 0.0865
11 0.1160 0.1079 0.1016 0.0976 0.0949
10 0.1329 0.1199 0.1123 0.1077 0.1048
9 0.1497 0.1333 0.1247 0.1197 0.1165
8 0.1670 0.1489 0.1397 0.1345 0.1311
7 0.1861 0.1678 0.1585 0.1531 0.1495
6 0.2097 0.1923 0.1830 0.1775 0.1739
5 0.2418 0.2258 0.2169 0.2114 0.2077
4 0.2900 0.2757 0.2672 0.2618 0.2580
3 0.3711 0.3590 0.3509 0.3457 0.3423
2 0.5361 0.5215 0.5142 0.5088 0.5001
G 453 (G 431 + 10 % H,)
19 0.0468 0.0488 0.0494 0.0493
18 0.0515 0.0533 0.0535 0.0534
17 0.0519 0.0567 0.0577 0.0575 0.0571
16 0.0585 0.0624 0.0627 0.0621 0.0614
15 0.0664 0.0688 0.0682 0.0671 0.0662
14 0.0754 0.0758 0.0743 0.0727 0.0716
13 0.0854 0.0836 0.0811 0.0791 0.0777
12 0.0963 0.0922 0.0887 0.0863 0.0846
11 0.1082 0.1019 0.0976 0.0947 0.0928
10 0.1212 0.1129 0.1078 0.1047 0.1026
9 0.1354 0.1256 0.1200 0.1165 0.1142
8 0.1516 0.1408 0.1348 0.1311 0.1286
7 0.1710 0.1598 0.1535 0.1496 0.1470
6 0.1956 0.1845 0.1781 0.1741 0.1713
5 0.2292 0.2184 0.2120 0.2079 0.2051
4 0.2789 0.2686 0.2624 0.2585 0.2554
3 0.3614 0.3522 0.3463 0.3424 0.3397
2 0.5286 0.5165 0.5106 0.5064 0.4989
G 454 (G 431 + 20 % Hy)
19 0.0452 0.0479 0.0489 0.0491 0.0489
18 0.0497 0.0520 0.0529 0.0529 0.0527
17 0.0549 0.0568 0.0570 0.0567 0.0564
16 0.0608 0.0618 0.0616 0.0610 0.0605
15 0.0673 0.0674 0.0666 0.0658 0.0651
14 0.0746 0.0737 0.0723 0.0712 0.0703
13 0.0827 0.0806 0.0787 0.0773 0.0763
12 0.0917 0.0884 0.0860 0.0843 0.0831
11 0.1018 0.0974 0.0945 0.0925 0.0912
10 0.1132 0.1079 0.1045 0.1023 0.1008
9 0.1263 0.1202 0.1164 0.1140 0.1123
8 0.1419 0.1352 0.1310 0.1285 0.1266
7 0.1611 0.1540 0.1496 0.1468 0.1449
6 0.1860 0.1786 0.1741 0.1712 0.1692
5 0.2200 0.2126 0.2080 0.2050 0.2029
4 0.2703 0.2631 0.2585 0.2555 0.2532
3 0.3533 0.3470 0.3424 0.3394 0.3374
2 0.5215 0.5121 0.5073 0.5040 0.4975

@ Expanded (k = 2) uncertainty: U, (k1) = 0.7 %.

and 30) mol-%. The characterization was performed with a two-sinker
magnetic suspension densimeter in a narrow temperature range of
(273.15, 283.15, and 293.15) K and up to a pressure of 8 MPa. They
estimated a low experimental expanded (k = 2) uncertainty of only 0.02
% for densities larger than 3 kg m . Note that the data for the mixture
with 30 % of Hy in the work of Richter et al. are reported in Table 7 just
for completeness but not considered in the discussion of our work
because, first, the density is only determined for one isotherm, 283.15 K,
and second, the results show a negative deviation of 0.26 %, indepen-
dently of the pressure. The authors of that work attributed this issue to
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the technical impossibility of a correct analysis of the mixture compo-
sition. It is tackled by fitting the mass density results to a second order
virial expansion, from which an average experimental molar mass is
determined, differing from the one given by the analyzed gas composi-
tion. Then, adjusted results are obtained in terms of shifted molar den-
sities, which are calculated using the experimental value for the molar
mass and the original data sets. Notably, in the limited pressure range of
8 MPa and intermediate isotherms explored by Richter et al. [50], there
is a good agreement between our data for the G 453 mixture (G 431 + 10
% H>) and the results of their work for the 10 % Hy mixture. Both works
show relative deviations of experimental data increasing as the tem-
perature decreases, but only within a 0.05 % band, and a nearly constant
discrepancy with temperature between AGA8-DC92 EoS and
GERG-2008 EoS of about 0.04 %, which cancels out for pressures around
8 MPa. The differences between their work and ours are that we see
negative deviations and a better performance of the GERG-2008 EoS
model; while in their case, all deviations are positive and the
AGAB8-DC92 EoS reproduces their data in a better way. We assume this is
again related to the difference in the composition between the studied
mixtures, the 10 % Hy mixture of Richter et al. has a lower CH,4 content,
but a concentration of CO; five times higher and significant amounts of
CoHg and C3Hg, apart from traces of heavier hydrocarbons (Cy.).

4.2. Isothermal compressibility

From the values of the experimental density, further information can
be obtained from its derivatives. Fig. 5 illustrates the partial derivatives

. . . 9 .
of experimental density as a function of pressure, % , and Table 8 lists
T
L A 9
the corresponding isothermal compressibility values, k7 = % %;‘" , for
exp
T

the three studied mixtures in this work. They were obtained by a cubic
spline interpolation of the measured density data sets; for this reason,
the values at maximum and minimum pressure of each isotherm were
not considered and consequently discarded. These partial derivatives
show an increasingly convex shape as the temperature decreases, which
flattens with increasing hydrogen content for the range of pressures and
temperatures studied. The xr values range from (0.0335-0.5361) MPa*
at 250 K for the Hp-free natural gas mixture, decreasing when both the
temperature and hydrogen concentration increase.

As can be seen from the solid lines in Fig. 5, there is a good agreement

with the predicted d”# from the improved-GERG-2008 EoS, and the
T

relative deviations of experimental 7 from predicted values from the
improved-GERG-2008 EoS result in AARD of (0.18, 0.14, and 0.13) %
and MaxRD of (2.0, 1.7, and 1.3) % for the Ho-free (G 431), 10 % H> (G
453), and 20 % H; (G 454) mixtures, respectively. In all cases, they are
within the estimated experimental expanded (k = 2) uncertainty of xr,
U; (k1) = 0.7 %.

5. Conclusions

The performance of the reference equations of state commonly used
for natural gas when applied to H2NG mixtures should be checked
before its generalized use for process design and custody transfer ap-
plications. For this purpose, density measurements of three synthetic
natural gas related mixtures from (250-350) K and pressures up to 20
MPa were performed using a high-accuracy single-sinker magnetic
suspension densimeter. The first mixture is an 11-compound mixture
representative of a typical high-calorific natural gas composed mainly of
methane (>97 %). The following two mixtures were elaborated by the
addition of hydrogen to the first one until a nominal composition of (10
and 20) mol-%, respectively, is reached. The three mixtures were pre-
pared gravimetrically in order to achieve the maximum possible accu-
racy in their composition.
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The experimental density results were compared to the densities
given by three different reference equations of state for natural gas
related mixtures: the AGA8-DC92 EoS, the GERG-2008 EoS, and an
improved version of the GERG-2008 EoS. In general, while relative de-
viations of the experimental density data for the hydrogen-free natural
gas mixture are always within the claimed uncertainty of the three
considered equations of state, larger deviations can be observed for the
H2NG mixtures from any of the three equations of state, especially for
the lowest temperature and the highest pressures, with maximum rela-
tive deviations of near 0.20 % with respect to any of the three EoS, above
their claimed uncertainty of 0.1 %.

The conclusions obtained from this study are only valid for natural
gas mixtures composed mainly of methane when hydrogen is added up
to 20 %. More research is needed to evaluate the performance of these
reference EoS for H2NG mixtures when the starting natural gas to which
hydrogen is added has a different composition and/or the hydrogen
added gives a concentration above 20 mol-%. The study of H2NG mix-
tures with up to 20 mol-% of hydrogen obtained by injecting hydrogen
to natural gas mixtures with significant amounts of ethane, propane,
butane, nitrogen, or carbon dioxide are of special interest.
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