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Abstract
Densities of two methane-rich binary mixtures were measured in the homogeneous 
liquid and the supercritical region at temperatures between (100 and 160) K using 
a low-temperature single-sinker magnetic-suspension densimeter. For each mixture, 
four isotherms were studied over the pressure range from (0.3 to 10.8) MPa. Molar 
compositions of the gravimetrically prepared methane-rich binary mixtures were 
approximately 0.01 butane and 0.02 isopentane, respectively, with the balance being 
methane. The relative expanded combined uncertainty (k = 2) of the experimental 
densities was estimated to be in the range of (0.02 to 0.06) %. Due to a supercritical 
liquefaction procedure and the integration of a special VLE-cell, it was possible to 
measure densities in the homogeneous liquid phase without changing the compo-
sition of the liquefied mixture. Based on the supercritical liquefaction procedure, 
a new time-saving measurement procedure was developed and applied. Moreover, 
saturated-liquid densities were determined by extrapolation of the experimental sin-
gle-phase liquid densities to the vapor pressure calculated with an equation of state 
(EOS); here, the relative expanded combined uncertainty (k = 2) is less than 0.05 % 
in most cases. The new experimental results were compared with the GERG-2008 
equation of state, the EOS-LNG and the enhanced revised Klosek and McKinley 
(ERKM) method.
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1 Introduction

The anthropogenic climate change driven by emissions of greenhouse gases 
(GHG) increases risks for natural and human systems [1, 2]. The European Union 
strives to reduce GHG emissions continuously and aims to achieve an economy 
with net-zero GHG emissions by 2050 [3]. Nevertheless, the global natural gas 
demand is expected to rise, and it is increasingly supplied as liquefied natural 
gas (LNG) [4]. Reaching higher efficiencies in all kinds of technological pro-
cesses along the LNG value chain could, at least to a certain extent, reduce GHG 
emissions. The process efficiency improves significantly with the availability of 
accurate thermodynamic properties of LNG. Against this background, a series of 
Joint Research Projects as part of the European Metrology Research Programme 
(EMRP) and the European Metrology Programme for Innovation and Research 
(EMPIR) focusing on metrology for LNG, i.e., achieving smaller uncertainties for 
the quantities to be measured in custody transfer, were carried out.

Accurate determination of the energy quantity of the transferred LNG is essen-
tial in custody transfer; it depends (among other properties) on the density. State-
of-the-art online density measurements would result in larger uncertainties in the 
calculated energy quantity compared to well-established equations of state (EOS) 
or correlation equations that are commonly used to calculate the density through 
online measurements of temperature, pressure and LNG composition as input 
variables. In our previous paper [5], we presented density data for seven binary 
methane-rich mixtures, including (methane + isobutane) and (methane + pen-
tane) mixtures that were used for the development of a new fundamental equa-
tion of state for liquefied natural gases (EOS-LNG) by Thol et  al. [6] in 2019. 
The EOS-LNG is based on the GERG-2008 equation of state by Kunz and Wag-
ner [7], which was adopted as an ISO-standard for the calculation of thermody-
namic properties of natural gas [8]. With new binary-specific departure functions 
developed for butanes and pentanes, the EOS-LNG could improve its prediction 
of densities for LNG containing these compounds compared to the GERG-2008 
equation [6].

In the present paper, we report the results of accurate density measurements 
of two further selected methane-rich binary mixtures, one containing butane and 
one isopentane over the temperature range from (100 to 160) K at pressures up 
to 10.8 MPa. Such measurements of binary mixtures, in particular in the homo-
geneous liquid and the supercritical region, at low temperatures and over a wide 
pressure range are unique thus far. To the best of our knowledge, measurements 
like reported here have not been carried out elsewhere before as already discussed 
in our earlier work [5, 9–12]; other authors only measured data for saturated-liq-
uid densities of binary mixtures and LNG-like mixtures [13–21] but not in the 
homogeneous liquid region below the cricondenbar pressure. For the presented 
two mixtures, however, no measurements of saturated-liquid densities could be 
found in literature. Hence, the new (p, ρ, T, x) data measured within this work can 
be used to assess the capability of the new EOS-LNG regarding these two binary 
systems and, moreover, can be used for further improvements of the model, if 
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needed. The apparatus utilized for density measurements is a special single-sinker 
densimeter for cryogenic liquid mixtures [9–11].

2  Experimental Section

2.1  Apparatus Description

The density measurements reported in this paper were carried out with a precision 
densimeter, which was deliberately designed for accurate density measurements of 
cryogenic liquid mixtures such as LNG; it covers a temperature range from (90 to 
300) K at pressures up to 12 MPa. Single-sinker densimetry, based on the Archime-
des (buoyancy) principle, in conjunction with a magnetic-suspension coupling is uti-
lized. The design of the cryogenic densimeter, the temperature and pressure meas-
urement and the implementation of a special “VLE-cell” as a novel feature were 
described in detail previously [9–11]. In our latest paper [5], we presented some 
improvements of the core apparatus to reduce diffusion effects and the force-trans-
mission error (FTE) [22, 23]. Here, for the convenience of the readers of the pre-
sent data paper, we summarize the description of the apparatus presented by Richter 
et al. [11]. Overviews of this general type of densimeter were compiled by Wagner 
and Kleinrahm [24] as well as by McLinden [25].

The single-sinker method basically allows an absolute determination of the den-
sity of fluids. This method is applied in combination with a magnetic-suspension 
coupling and a load-compensation mechanism (differential method). A sinker of 
known volume VS(T , p) and known mass mS (in the present case: a single-crystal sili-
con, mS  ≈ 60.95 g, VS  ≈ 26.17 cm3, �S  ≈ 2.329 g·cm−3) is weighed in the fluid under 
study inside a pressure-tight measuring cell. Thus, the result of weighing the sinker 
immersed in the fluid, m∗

S,fluid
 , is the difference between the mass of the sinker and 

the buoyancy of the fluid:

where �fluid is the density of the fluid. When weighing the sinker inside the evacu-
ated measuring cell via the magnetic-suspension coupling, the weighing result is not 
the mass of the sinker, mS , but a slightly different result, m∗

S,vac
 , due to a small FTE 

of the magnetic-suspension coupling [22, 23]. Rearranging Eq. (1) yields the fluid 
density:

Equation (2) actually requires additional terms since essential details of the meas-
urement procedure (e.g., the correction of the FTE due to the magnetic-suspension 
coupling) as discussed by Richter et al. (see Ref. [11], Appendix A) have to be taken 
in account. Moreover, the problem of the FTE due to the magnetic-suspension cou-
pling is described in detail by Kleinrahm et al. [23].

(1)m∗
S,fluid

= mS − �fluid ⋅ VS(T , p),

(2)�fluid =
m∗

S,vac
− m∗

S,fluid

VS(T , p)
.
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To measure fluid density, the sinker is connected to an analytical balance 
(readability: 0.01  mg) employing an appropriate coupling/decoupling device. 
Gravity and buoyancy forces acting on the sinker are transmitted to the balance 
via the magnetic-suspension coupling, thus, isolating the fluid sample (which 
may be at high pressure and very low temperature) from the balance which is 
at ambient conditions. For compensation of the balance’s zero-point drift, the 
weighing procedure considers the small drift of the balance reading in the tare 
position by subtracting it from the balance reading in the measuring position. 
The balance is operated near its tare point using a load-compensation mecha-
nism to reduce possible errors of the balance due to changes in the slope of the 
characteristic curve over the weighing range.

2.2  Experimental Material

The binary methane-rich gas mixtures were gravimetrically prepared and deliv-
ered in aluminum cylinders with an internal volume of 50 dm3 by Praxair Inc. 
The gas mixtures have been produced from high-purity starting materials, to 
minimize effects from impurities. The mole fractions of the principal compo-
nents (methane and butane, and methane and isopentane, respectively) have 
been determined by comparison with the Dutch primary measurement standards 
in accordance with ISO 6143 [26] using gas chromatography. The configura-
tion and measurement procedure have been described elsewhere [27]. This pro-
cedure establishes the metrological traceability of the measured mole fractions 
as well as the smallest uncertainties, both required to obtain credible reference 
data. Results of the analyses, which are traceable to primary and internationally 
accepted measurement standards, are listed in Table 1. The stated uncertainties 
in composition were reported by VSL in the calibration certificates as expanded 
uncertainties (k = 2), whereby the underlying standard uncertainties were deter-
mined according to the Guide to the expression of uncertainty in measurement 
(GUM) [28]. Further information on the mixtures is summarized in Tables 1 and 
2. These are relevant for the experimental procedures described in Sect. 2.3. 

To prevent any kind of change of the mixture composition (e.g., due to phase 
separation), we were very mindful regarding the sample handling. Filling the 
sample into the measuring cell of the densimeter with the correct composition 
was crucial. Hence, the sample cylinder was prepared according to the follow-
ing procedure: (1) Rolling the sample cylinder for at least two hours. (2) Heating 
the cylinder at the bottom part for at least 3 h using a heating jacket to obtain 
vortices inside the sample cylinder for homogenizing the gas. (3) Filling the gas 
mixture into the well evacuated system to a pressure of about 0.2 MPa through 
the evacuated filling line and leaving the sample with a residence time of about 
2 min before evacuating the apparatus again. Step (3) was repeated three times 
before the final filling. Thereby, residual components from previously studied 
samples are removed to prevent unwanted impurities of the new sample under 
study.
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2.3  Experimental Procedures

Filling the densimeter and the basic procedure of running the apparatus were 
described exhaustively by Richter et  al. [11]. This procedure was already used 
for our previous density measurements on synthetic LNG mixtures and methane-
rich binary mixtures [5, 11, 12]. In the present work, this established procedure 
was applied for the density measurements on the (0.989 955 methane + 0.010 045 
butane) mixture. For the density measurements on the (0.98 017 methane + 0.01 983 
isopentane) mixture, however, a new procedure of running the apparatus after filling 
and cooling was developed and applied. Both procedures keep the sample composi-
tion as determined for the gas mixture in the sample cylinder before filling.

Table 1  Composition (mole fraction), expanded uncertainties (k = 2) for each component, and molar 
mass M of the studied mixtures

a As reported in the certificate of VSL (Dutch Metrology Institute). Uncertainties were determined in 
accordance with GUM [28]
b The calculation of physical and chemical properties of gas mixtures requires that the gas composition, 
expressed in mole  fractions of all components in the mixture, adds up to 1. If the composition of the 
mixture is calculated from gravimetric preparation, then by default it adds up to 1 and is thereby ‘normal-
ized’ [29, 30]. This procedure has been applied to the non-normalized data obtained from the compari-
son with the primary measurement standards

Component Mole fraction (certificate)a Mole fraction 
(normalized)b

Expanded uncertainty (k = 2) 
[mole fraction (certificate)a]

Methane + butane
 CH4 99.0000 × 10−2 98.9955 × 10−2 0.1500 × 10−2

 C4H10 1.0045 × 10−2 1.0045 × 10−2 0.0030 × 10−2

 M/(g·mol−1) – 16.4655 –
Methane + isopentane
 CH4 97.980 × 10−2 98.017 × 10−2 0.150 × 10−2

 iso-C5H12 1.982 × 10−2 1.983 × 10−2 0.016 × 10−2

 M/(g·mol−1) – 17.1549 –

Table 2  Additional information on the studied mixtures relevant for the supercritical liquefaction proce-
dure

a Initial pressure in the sample cylinder (V = 50 dm3)
b The critical temperature TC, the critical pressure pC, the cricondenbar pressure pccp and the criconden-
therm temperature TccT were calculated with the EOS-LNG equation of state [6]

Mixture pcyl/MPaa
p
C
 /MPab TC/Kb pccp/MPab TccT/Kb

0.989 955 methane + 
 0.010 045 butane

11.9 5.607 199.55 6.464 231.09

0.98 017 methane + 
 0.01 983 isopentane

11.6 6.679 206.76 10.133 276.24
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Measurements of the (0.98 017 methane + 0.01 983 isopentane) mixture showed 
an inexplicable increase (parallel offset) in the homogeneous liquid density at a cer-
tain step of the established basic method of Richter et al. [11]. It happened along all 
isotherms when the first vapor-liquid equilibrium (VLE) state point was set inside 
the VLE-cell (target value: approximately 20 % to 80 % liquid-volume fraction), and 
the increase in density was approximately (0.36 to 0.72) %, depending on tempera-
ture. This strange behavior was repeatable, and it is explained in more detail in the 
Electronic Supplementary Material (see Online Resource 1). Nevertheless, this issue 
was solved by applying a new procedure that does not involve the formation of a 
VLE inside the VLE-cell.

The new procedure is very similar to the basic procedure, by adopting a super-
critical liquefaction method (filling above the cricondenbar pressure before cooling) 
in conjunction with a VLE-cell. The VLE-cell still serves as an essential buffer for 
the unavoidable phase transition caused by a VLE between the measuring cell at 
cryogenic conditions and the pressure measurement circuit that is thermostatted at 
a constant temperature of about 313.15 K (see Fig. 1). For comparison, the phase 
boundaries of the (0.98 017 methane + 0.01 983 isopentane) mixture were calculated 
with the GERG-2008 equation of state and the EOS-LNG equation of state and plot-
ted in Fig. 1. The filling pressure was set conservatively above the cricondenbar cal-
culated with the EOS-LNG.

However, the new procedure differs in two ways from the original one: (1) the 
pressure reductions to points (2 to 7) are not realized by venting sample. Instead, 

Fig. 1  Principle of the filling and liquefaction procedure shown for the example of the binary (0.98 017 
methane + 0.01 983 isopentane) mixture in a p, T-diagram with subsequent density measurements along 
the 100 K isotherm.  , phase envelope calculated using the EOS-LNG equation of state by Thol et al. 
[6];  , phase envelope calculated using the GERG-2008 equation of state of Kunz and Wagner [7, 8]; 
MC, measuring cell; P, pressure measurement circuit; C, critical point; ccp, cricondenbar; ccT, cricond-
entherm
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only the temperature of the VLE-cell is adjusted; (2) the VLE-cell remains in a 
homogenous liquid state even when the pressure is below the cricondenbar pressure 
and, therefore, is filled completely with homogenous liquid sample. The inevitable 
VLE will form somewhere between the VLE-cell and the pressure measurement cir-
cuit. Here, it is important to mention that the temperatures of the measuring cell and 
the VLE-cell can be controlled independently of each other at different set points 
and that all volumes of the measurement system are interconnected. Hence, the pres-
sure is everywhere the same (apart from a pressure head correction).

As can be seen in Fig. 1, the VLE-cell is not being cooled to the same tempera-
ture as the measuring cell (MC) due to the fact that this cell is being used to control 
the pressure of the entire system. This control can be achieved because the appara-
tus becomes a closed system by closing the sample inlet as soon as the target tem-
peratures are reached and, thus, the filling is completed. From this point on, the total 
mass of the sample in the system msys remains constant:

The internal volumes Vi of the components filled with fluid as well as the tem-
peratures of measuring cell TMC and the pressure measurement circuit TP are vir-
tually constant. Hence, due to the conservation of mass, a reduction of the VLE-
cell temperature TVLE will cause a reduction of the system pressure p since the fluid 
density in the VLE-cell ρVLE will increase due to the decreasing temperature of the 
VLE-cell.

This interrelationship is utilized to sequentially reduce the pressure to approach 
the different state points along the isotherm of interest. Using appropriate equations 
of state for the fluid under investigation, the temperatures of the VLE-cell to reach 
certain pressures can be calculated in advance by using a self-written software tool. 
Because the difference between the isotherm T = 100 K and the temperature of the 
saturated-liquid line is quite large (see Fig. 1), venting of sample was not required 
for density measurements along the T = 100  K isotherm of the (0.98  017 meth-
ane + 0.01  983 isopentane) mixture at all. For the temperatures of (120, 140 and 
160) K, however, the VLE-cell would need to be cooled to temperatures below the 
measuring cell temperature to reach the lowest pressures; but this has to be avoided 
to maintain the composition of the liquid mixture in the measuring cell. Hence, as 
a precautionary measure, the last 1, 2, and 3 state points at T = (120, 140, 160) K, 
respectively, were realized by venting sample from the system. For these state points 
the volume of the vapor phase in the VLE-cell was less than 20 %, except for the 
T = 120 K where it was approximately between (20 % and 50 %). To monitor the liq-
uid level in the VLE-cell, a special liquid-level indicator was used, that is integrated 
in the VLE-cell; it enables the reliable determination of the liquid level in the VLE-
cell (see Sect. 2.3 in Ref. [11]).

In most cases, the new procedure enables the operation of the apparatus for 
density measurements along an isotherm almost entirely via remote access to 
the lab computer. Only for the initial filling and cooling as well as for evacua-
tion of the apparatus, presence in the laboratory is necessary. These changes in 
the procedure accelerated the measurements significantly. Furthermore, the total 

(3)
msys = const. = VMC ⋅ �MC

(
TMC, p

)
+ VVLE ⋅ �VLE

(
TVLE, p

)
+ VP ⋅ �P

(
TP, p

)
.
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composition of the sample in the entire measurement system remains unchanged 
until eventual venting was required to reach certain state points. Moreover, since 
the VLE-cell is kept in the homogenous liquid region during almost the entire 
investigation, it serves as an even more effective buffer between the measuring 
cell and the phase transition (liquid to vapor).

2.4  Uncertainty in Density Measurement

The uncertainty in density measurement was determined in line with the GUM 
[28]. Assuming that there is no correlation of the input quantities, the expanded 
combined uncertainty U for the determination of cryogenic liquid densities using 
the above described densimeter can be determined by:

where u(�) , u(T) and u(p) are the standard uncertainties in density, temperature and 
pressure, respectively; u(�(x)) corresponds to the standard uncertainty in the den-
sity resulting from the uncertainty of the gas composition; u

(
�repro

)
 accounts for an 

additional uncertainty from the reproducibility of our measurements; and u
(
�corr

)
 

takes into account the uncertainty of the correction of the force-transmission error. 
Detailed description of the uncertainty analysis was given in previous works [5, 
11, 12]. The expanded combined uncertainty in measurement was determined for 
each measured state point. Table  3 shows the contributions to the relative com-
bined expanded uncertainty in density of an exemplary density measurement of the 
(0.98 018 methane + 0.01 982 isopentane) mixture at T = 100 K and p = 0.3018 MPa.

The main contribution (almost 89 %) to the combined standard uncertainty in 
density for the (0.98 017 methane + 0.01 983 isopentane) mixture is the uncer-
tainty of the gas composition u(�(x)) . Compared to results of methane-rich binary 
mixtures presented in a previous paper [5] and compared to the (0.989 955 meth-
ane + 0.010 045 butane) mixture, the (0.98 017 methane + 0.01 983 isopentane) 
mixture reveals the largest u(x) (see Table 1).

3  Results and Discussion

The densities of two selected methane-rich binary mixtures, one containing 
butane and one isopentane, were measured in the homogeneous liquid and the 
supercritical region. Furthermore, saturated-liquid densities were determined.

(4)

U(�) = k ⋅ uc(�(T , p, x)) = k ⋅

⎡⎢⎢⎢⎣

u(�)2 +
��

��

�p

�
T
⋅ u(p)

�2

+

��
��

�T

�
p
⋅ u(T)

�2

+u(�(x))2 + u
�
�repro

�2
+ u

�
�corr

�2

⎤⎥⎥⎥⎦

1∕2

,
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3.1  Results for Homogeneous Liquid and Supercritical Densities

For both mixtures, the densities were measured along the four isotherms T = (100, 
120, 140 and 160) K; six to nine state points were investigated along each iso-
therm. Starting always with the supercritical filling pressure and ending close to 
the saturated-liquid pressure results in a pressure range from about (0.3 to 10.8) 
MPa. To avoid a change in composition for the liquefied samples, the filling of the 
apparatus as well as all measurements in the supercritical region were carried out 
at pressures at least 0.5 MPa above the cricondenbar pressure pccp (see Table 2). 
Furthermore, to avoid vaporization of the mixture in the measuring cell, all meas-
urements in the liquid region were carried out at pressures at least 0.1 MPa above 
the vapor pressure psat. Two or three replicates were measured at each state point, 
and in total for both mixtures, density measurements were carried out at 27 to 29 
(p, T) state points.

The experimental results of the (p, ρ, T, x) measurements of the (0.989  955 
methane + 0.010 045 butane) and the (0.98 017 methane + 0.01 983 isopentane) 
mixture are listed in Table 4 together with the corresponding state point uncer-
tainties as discussed in Sect.  2.4. The relative expanded combined uncertainty 
(k = 2) in density was estimated to be less than 0.020 % for the (0.989 955 meth-
ane + 0.010 045 butane) mixture, and for the (0.98 017 methane + 0.01 983 iso-
pentane) it was estimated to be between (0.041 and 0.062)  %. The difference 
between these two uncertainties is primarily caused by the uncertainty contribu-
tion resulting from the uncertainty of the gas composition u(�(x)) , which is more 
than five times higher for the (0.98 017 methane + 0.01 983 isopentane) mixture 
(see Table 1).

Table 3  Uncertainty budget for the density measurements

As an example, the uncertainty was calculated for the binary mixture (0.98 017 methane + 0.01 983 iso-
pentane) at T = 100 K, p = 0.3018 MPa, and ρexp = 458.358 kg·m−3 (see Table 4)
Relative expanded combined uncertainty in density (k = 2): U(ρ) = 0.041%
a The expanded uncertainty of the individual sources is the same for both mixtures, except for the compo-
sition of a mixture (see Table 1)
b The value of pmax corresponds to the maximum pressure of the utilized pressure transmitter 
(pmax = 13.8 MPa, 3.45 MPa, and 0.69 MPa), which depends on the investigated pressure range
c Correction of the measured densities due to the force-transmission error (FTE); see Sect. 3.7 in Richter 
et al. [11]

Source of uncertainty Expanded  uncertaintya 
(k = 2 or 1.73)

Distribution Standard uncer-
tainty in density 
(%)

Density measurement 0.0080 % Normal 0.0040
Pressure measurement 0.010 %·pb

max Rectangular 0.0003
Temperature measurement 15 mK Rectangular 0.0022
Composition of the mixture 0.016 mol-% Rectangular 0.0194
Reproducibility of the measurements 0.0100 % Normal 0.0050
Density  correctionc 0.0030 % Normal 0.0015
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Table 4  Experimental densities 
for two synthetic binary 
mixtures (compositions see 
Table 1) and relative deviations 
of experimental densities ρexp 
from densities ρGERG calculated 
with the GERG-2008 equation 
of state of Kunz and Wagner [7, 
8] (as implemented in TREND 
4.0 [35]), where p is the 
pressure, T is the temperature 
(ITS-90), and 100 (U(ρ)/ρ) is 
the relative expanded combined 
uncertainty (k = 2)

p/MPa ρexp/
(kg·m−3)

100 (U(ρ)/ρ)a 100 (ρexp − ρGERG)/ρGERG

0.989 955 methane + 0.010 045 butane
 T = 100.000 Kb

  7.69 429 452.028 0.015 0.0957
  5.00 481 450.179 0.015 0.0948
  4.00 571 449.474 0.015 0.0942
  3.00 161 448.759 0.015 0.0940
  2.00 366 448.038 0.015 0.0937
  0.99 894 447.302 0.015 0.0934
  0.30 032 446.784 0.015 0.0931

 T = 120.000 Kb

  7.69 599 425.417 0.015 0.0974
  5.00 384 422.847 0.015 0.0997
  4.00 252 421.857 0.015 0.1005
  2.99 955 420.844 0.016 0.1013
  1.99 774 419.810 0.016 0.1019
  0.99 988 418.759 0.016 0.1029
  0.40 053 418.114 0.016 0.1027

 T = 140.000 Kb

  7.64 593 396.147 0.016 0.1019
  5.00 327 392.413 0.016 0.1059
  3.99 476 390.902 0.016 0.1073
  3.02 246 389.393 0.016 0.1078
  2.00 128 387.750 0.017 0.1085
  1.40 094 386.754 0.017 0.1086
  0.80 108 385.735 0.017 0.1091

 T = 160.000 Kb

  7.65 456 362.519 0.017 0.0928
  5.00 510 356.267 0.018 0.0886
  3.99 938 353.610 0.018 0.0849
  3.00 216 350.778 0.019 0.0794
  2.29 000 348.615 0.019 0.0746
  1.80 175 347.049 0.019 0.0697

0.98 017 methane + 0.01 983 isopentane
 T = 100.000 Kb,c

  10.76 954 465.482 0.041 2.1445
  8.99 778 464.340 0.041 2.1515
  7.10 408 463.091 0.041 2.1599
  5.10 178 461.739 0.041 2.1682
  3.50 151 460.634 0.041 2.1747
  1.78 406 459.424 0.041 2.1829
  0.30 177 458.358 0.041 2.1911
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Table 4  (continued)

p/MPa ρexp/
(kg·m−3)

100 (U(ρ)/ρ)a 100 (ρexp − ρGERG)/ρGERG

 T = 120.000 Kb

  10.60 918 439.666 0.044 2.1506
  8.96 181 438.229 0.044 2.1616
  7.17 997 436.629 0.044 2.1740
  6.28 370 435.805 0.044 2.1805
  5.10 418 434.699 0.044 2.1891
  3.30 348 432.966 0.045 2.2034
  1.84 996 431.521 0.045 2.2157
  0.52 003 430.162 0.045 2.2277
  0.35 431 429.987 0.045 2.2285

 T = 140.000 Kb

  10.60 842 411.965 0.048 2.1616
  9.02 562 410.019 0.048 2.1763
  7.07 701 407.511 0.049 2.1955
  5.10 286 404.823 0.050 2.2157
  3.43 897 402.430 0.050 2.2342
  2.28 422 400.690 0.051 2.2476
  1.01 902 398.702 0.051 2.2633
  T = 160.000 Kb

  10.66 193 381.205 0.054 2.1488
  9.00 657 378.119 0.055 2.1649
  7.10 459 374.288 0.056 2.1845
  4.90 565 369.368 0.059 2.2051
  3.51 681 365.926 0.060 2.2190
  2.55 690 363.348 0.062 2.2263

The measurements were carried out in the homogenous liquid phase 
and the supercritical region
a The expanded uncertainty (k = 1.73) in temperature is 
U(T) = 0.015  K. The expanded uncertainty (k = 1.73) in pressure is 
U(p) = 0.01%·pmax. The value of pmax corresponds to the maximum 
pressure of the three utilized pressure transmitters (pmax = 0.69 MPa, 
3.45 MPa, and 13.8 MPa); we used the transmitters up to approxi-
mately 0.8·pmax, i.e., (> 0.18 to ≤ 0.50; > 0.50 to ≤ 2.7, and > 2.7 
to ≤ 10.8) MPa, respectively. According to our experience, the trans-
mitters show then a better long-term stability of the calibration curve
b The measured temperatures were rounded to the even target tempera-
tures. Accordingly, the experimental densities were corrected using the 
sensitivity of density to temperature (δρEOS/δT)p calculated with the EOS-
LNG [6]. For a maximum temperature correction of less than 100 mK, 
the uncertainty of density correction due to the uncertainty of the equa-
tion of state can be neglected in the uncertainty budget of the relative 
expanded combined experimental uncertainty (k = 2). A table with the 
uncorrected temperatures and densities are given in Online Resource 2
c Here, the density values  ρGERG were calculated with the GERG-2008 
equation of state as implemented in NIST’s REFPROP v10.0 database [34]
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The relative deviations of the experimental densities from values calculated with 
the GERG-2008 equation of state of Kunz and Wagner [7, 8] (as implemented in 
TREND 4.0 [35]) are also reported in Table 4. The GERG-2008 equation of state [7, 
8] (as implemented in TREND 4.0 [35]) predicts an equilibrium of two liquid phases 

Fig. 2  Relative deviations of experimental and calculated densities ρ for the (0.989  955 meth-
ane + 0.010 045 butane) mixture from densities ρGERG calculated with the GERG-2008 equation of state [7, 
8]. (p, ρ, T, x) data measured in the present work: ○, T = 100 K; ✕, T = 120 K; ☐, T = 140 K; +, T = 160 K. 
Densities calculated with the EOS-LNG [6]:  , T = 100 K;  , T = 120 K;  , T = 140 K;  , 
T = 160 K. Densities calculated with the ERKM method [31]:  , T = 100 K;  , T = 120 K

Fig. 3  Relative deviations of experimental and calculated densities ρ for the (0.980 17 methane + 0.01 983 
isopentane) mixture from densities ρGERG calculated with the GERG-2008 equation of state [7, 8]. 
(p, ρ, T, x) data measured in the present work: ○, T = 100 K; ✕, T = 120 K; ☐, T = 140 K; +, T = 160 K. 
Densities calculated with the EOS-LNG [6]:  , T = 100 K;  ,  T = 120  K;  ,  T = 140 K; , 
 T = 160 K. Densities calculated with the ERKM method [31]:  , T = 100 K;  , T = 120 K
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(LLE) for the (0.98 017 methane + 0.01 983 isopentane) mixture below the homog-
enous liquid phase at temperatures T ≈ (107.6 to 114.0) K at p = (0.3 to 11.0) MPa, 
respectively, where the phase boundary between these two points is approximately 
a straight line. However, due to the stability of our density measurements at T = 
100 K and comparing flash calculations with the EOS-LNG [6] (as implemented 
in TREND 4.0 [35]) we are convinced that the temperatures of this phase boundary 
are below 100 K. NIST’s REFPROP v10.0 database [34] calculates with the GERG-
2008 equation of state [7, 8] the density values in the homogenous liquid phase as 
REFPROP v10.0 does not address LLE (see Table 4, footnote c).

In Figs. 2 and 3, the relative deviations of the experimental densities from values 
calculated with the GERG-2008 equation of state are plotted versus pressure. The 
relative deviations for the (0.989 955 methane + 0.010 045 butane) mixture are less 
than 0.11 %. The experimental densities of the (0.98 017 methane + 0.01 983 iso-
pentane) mixture deviate by approximately 2.2 % from values calculated with the 
GERG-2008 equation of state. The authors of the GERG-2008 equation report an 
uncertainty (k = 2) of (0.2 to 0.5) % for the binary (methane + butane) system and 
(0.5 to 1)  % for the (methane + isopentane) system. These estimated uncertainties 
are valid for the liquid phase at pressures up to 40 MPa and T/Tr ≤ 0.7. For example, 
the reduced temperatures Tr for the two mixtures mentioned above are Tr = 193 K 
and Tr = 197 K, respectively. Hence, the GERG-2008 equation represents the experi-
mental data of the (0.989  955 methane + 0.010  045 butane) mixture within the 
uncertainty reported for this equation. Nevertheless, the uncertainty of less than 
0.02 % of the new experimental density values is much smaller. For the (0.980 17 
methane + 0.01 983 isopentane) mixture, however, the relative deviations of approx-
imately 2.2 % exceed the reported uncertainty of the equation of Kunz and Wagner 
[7, 8]. The reason for these larger deviations was the insufficient data situation in the 
liquid phase when the GERG-2008 equation was developed. The accuracy of this 
equation for both binary mixtures depends on its capability to describe the residual 
mixture behavior of these mixtures, which can be done in the most accurate way by 
so-called binary-specific departure functions. For both mixtures this was not possi-
ble because there were no experimental densities in the homogeneous liquid region 
available at that time. Against this background and the availability of new data [5], 
a new equation of state for LNG (EOS-LNG) was developed by Thol et al. [26] in 
2019. The development of the new equation of state for liquefied natural gases was 
also carried out within the scope of a Joint Research Project within the European 
Metrology Programme for Innovation and Research (EMPIR). 

The relative deviations of densities calculated with the EOS-LNG equation [6] 
(as implemented in TREND 4.0 [35]) from values calculated with the GERG-2008 
equation [7, 8] are also shown in Figs. 2 and 3. It can be seen that the deviations of 
these calculated values from the new experimental densities of the (0.989 955 meth-
ane + 0.010 045 butane) mixture are less than 0.03 % in most cases, except for the 
160 K isotherm, where the deviations increase up to 0.10 % at lower pressures. For 
the (0.98 017 methane + 0.01 983 isopentane) mixture, the EOS-LNG describes the 
new experimental values within 0.22 %. The authors reported, that their deviations 
from experimental densities were in general smaller than or at least similar to those 
of the GERG-2008 equation of Kunz and Wagner [7, 8]. Therefore, its uncertainty 
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is ≤ (0.2 to 0.5) % for the binary (methane + butane) system and ≤ (0.5 to 1) % for the 
(methane + isopentane) system.

Moreover, we compared the new data for both mixtures with the enhanced 
revised Klosek and McKinley (ERKM) method by Tietz et al. [31] (as implemented 
in TREND 4.0 [35]). This method is based on a well-established model for the cal-
culation of saturated-liquid densities within the field of LNG custody transfer, which 
is the revised Klosek and McKinley (RKM) method [32] of 1980. In Europe, for 
example, the RKM is recommended for the calculation of LNG densities by the 
GIIGNL LNG Custody Transfer Handbook [33]. The new ERKM method of 2017 
also enables density calculations of LNG mixtures in the homogeneous liquid region 
in the temperatures range from (100 to 135) K at pressures up to 10 MPa. The esti-
mated expanded uncertainty (k = 2) of the new method is reported by the authors to 
be 0.10 % for the temperature range from (100 to 115) K and 0.15 % for the tem-
perature range from (115 to 135) K at pressures up to 10 MPa. The relative devia-
tions of these calculated values from the new experimental densities are less than 
0.08 % for both mixtures. However, we note that the ERKM method was developed 
for multicomponent mixtures and is not recommended for density calculation of 
binary mixtures.

Table 5  Saturated-liquid densities ρsat,exp for the two synthetic binary mixtures (compositions see 
Table 1) and their relative deviations from densities ρsat,GERG calculated with the GERG-2008 equation of 
state of Kunz and Wagner [7, 8] (as implemented in TREND 4.0 [35]), where psat is the vapor pressure, T 
is the temperature (ITS-90), and 100 (U(ρ)/ρ) is the relative expanded combined uncertainty (k = 2)

a The saturated-liquid densities were determined by extrapolating the relative deviations of the experi-
mental densities from values calculated with the EOS-LNG equation of state along isotherms in the 
homogenous liquid region to the vapor pressure. The vapor pressure psat was calculated from the EOS-
LNG equation of state of Thol et al. [6]. Its uncertainty was reported by the authors to be ≤ (1 to 5) %. 
For T = 160 K, the larger uncertainties of the extrapolated values, ρsat,exp, is caused by the larger isother-
mal compressibility (∂ρ/∂p)T near the phase boundary in combination with the uncertainty of the calcu-
lated vapor pressure

T/K psat/MPa ρsat,exp/(kg·m−3)a 100 (U(ρ)/ρ) 100 (ρsat,exp − ρ sat,GERG)/ρ sat,GERG

0.989 955 methane + 0.010 045 butane
 100.000 0.03 406 446.585 0.015 0.0932
 120.000 0.18 953 417.888 0.016 0.1036
 140.000 0.63 405 385.447 0.019 0.1094
 160.000 1.57 086 346.292 0.052 0.0696

0.98 017 methane + 0.01 983 isopentane
 100.000 0.03 374 458.162 0.041 2.1917
 120.000 0.18 774 429.816 0.045 2.2305
 140.000 0.62 778 398.067 0.052 2.2683
 160.000 1.55 345 360.463 0.087 2.2401
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3.2  Determination of Saturated‑Liquid Densities

For both binary mixtures, saturated-liquid densities in the temperature range from 
(100 to 160) K were determined with the same method as in previous papers of 
our group [5, 11, 12]. The results are listed in Table 5. For their determination, the 
relative deviations of the experimental densities in the homogenous liquid phase 
from values calculated with the EOS-LNG equation of state (as implemented in 
TREND 4.0  [35]) were extrapolated to the mixture’s vapor pressure. The vapor 
pressures needed for the extrapolation of the densities along isotherms were com-
puted with the EOS-LNG equation of state by Thol et al. [6] (as implemented in 
TREND 4.0)  [35]. The authors reported, that their deviations from experimen-
tal vapor pressures were in general smaller than or at least similar to those of 
the GERG-2008 equation of Kunz and Wagner [7, 8]. Therefore, its uncertainty 
is ≤ (1 to 5) % (see Table 5, footnote a). The influence of the extrapolation on the 
uncertainty of the saturated-liquid density is relatively small in most cases, except 
for the highest temperature T = 160 K. The reason for the larger uncertainties (see 
Table 5) are larger isothermal compressibility (∂ρ/∂p)T near the phase boundary 
in combination with the uncertainty of the calculated vapor pressure.

In Fig. 4, the relative deviations of the experimental saturated-liquid densities 
of the two binary mixtures from values calculated with the GERG-2008 equation 
of state [7, 8] (as implemented in TREND 4.0 [35]) are plotted versus tempera-
ture. The values of these relative deviations and of the densities ρsat,exp, deter-
mined by extrapolation, are listed in Table 5.

The uncertainty of the saturated-liquid densities of the (0.989  955 meth-
ane + 0.010  045 butane) mixture calculated with the GERG-2008 equation of 
state [7, 8] was reported by the authors to be (0.2 to 0.5) % for 100 K ≤ T ≤ 140 K. 

Fig. 4  Relative deviations of experimental and calculated saturated-liquid densities ρsat for two (meth-
ane + hydrocarbon) mixtures from densities ρsat,GERG calculated with the GERG-2008 equation of state 
[7, 8] (zero line). Diagrams: left (0.989 955 methane + 0.010 045 butane), right (0.980 17 methane + 0.01 
983 isopentane). ○, (p, ρ, T, x) data of the present work;  , densities calculated with the EOS-LNG 
[6]. The uncertainties of our new saturated-liquid density data are listed in Table 5. Note that the scaling 
of the ordinate is different for the two diagrams
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Due to a missing departure function for the (methane + isopentane) system, the 
uncertainty of the saturated-liquid densities of the (0.980 17 methane + 0.01 983 
isopentane) was reported by the authors of the GERG-2008 equation as (0.5 to 
1) % for 100 K ≤ T ≤ 140 K. Hence, the GERG-2008 equation describes the new 
experimental saturated-liquid densities for the (0.989  955 methane + 0.010  045 
butane) mixture within its uncertainty. For the (0.980  17 methane + 0.01    983 
isopentane) mixture, however, the deviations are approximately 2.25 %. For both 
mixtures and temperatures T > 140 K, the uncertainty of the calculated saturated-
liquid densities by the GERG-2008 equation is not specified by the authors.

For comparison, the behavior of the new equation of state of Thol et al. [6] (as 
implemented in TREND 4.0 [35]) is also plotted in Fig. 4. As in the case of the 
experimental densities in the homogeneous liquid region, the new equation of 
state of Thol et al. [6] predicts the presented experimental saturated-liquid den-
sities better than the GERG-2008 equation of state, except for the experimental 
saturated-liquid density of the (0.989 955 methane + 0.010 045 butane) mixture 
at 160 K.

Moreover, the values calculated with the ERKM method [31] agree within 
0.08 % with the new experimental data at T = (100 and 120) K which is in the valid-
ity range of the method. Thus, the ERKM method represents the new experimental 
saturated liquid densities within its uncertainty although, as mentioned in Sect. 3.1, 
the method is not recommended for binary mixtures.

4  Conclusion

Accurate density measurements of two methane-rich binary mixtures were carried 
out along isotherms from T = (100 to 160) K at pressures up to 10.8 MPa, utilizing a 
special single-sinker densimeter for cryogenic liquid mixtures. A set of 56 (p, ρ, T, 
x) data and 8 (ρsat, T, x) data were determined. The experimental results were com-
pared with the GERG-2008 equation of state of Kunz and Wagner [7, 8], the EOS-
LNG equation of state of Thol et al. [6] and the ERKM method of Tietz et al. [31]. 
The relative deviations of the experimental values from values calculated with the 
GERG equation are less than 0.11 % for the (0.989 955 methane + 0.010 045 butane) 
mixture, whereas the experimental densities of the (0.98  017 methane + 0.01  983 
isopentane) mixture deviate by approximately 2.2 % from values calculated with the 
GERG-2008 equation of state in most cases.

Thus, the GERG-2008 equation is able to describe the experimental values of 
the (0.989  955 methane + 0.010  045 butane) mixture within the reported uncer-
tainty of (0.2 to 1.0)  % for the liquid phase, however, this does not apply to the 
(0.98 017 methane + 0.01 983 isopentane) mixture. The reason for the relative large 
deviations between the GERG-2008 equation and the measurements is discussed in 
Sect. 3.1. Thol et al.  [6] developed a new equation of state for LNG on the basis of 
the GERG-2008 equation of Kunz and Wagner [7, 8]. This new fundamental equa-
tion of state describes the new experimental densities better than the GERG-2008, 
and in most cases within the experimental uncertainty. The EOS-LNG describes 
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the experimental densities of the (0.989 955 methane + 0.010 045 butane) mixture 
in most cases within deviations of less than 0.03 %, and the experimental densities 
of the (0.98 017 methane + 0.01 983 isopentane) mixture where represented within 
0.22 %.

An enhanced model for the calculation of the densities of liquefied natural gases 
(LNG) is the Enhanced Revised Klosek and McKinley (ERKM) method [31], which 
is valid in the temperature range from (100 to 135) K at pressures up to 10 MPa. 
A comparison of the new experimental densities with values calculated from the 
ERKM method reveals only small deviations in the homogenous liquid phase and 
along the saturated-liquid line within 0.08 %.
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