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Abstract A special reference densimeter has been developed for accurate mea-
surements of densities of natural gases and multicomponent gas mixtures at standard
conditions of temperature and pressure (7s = 273.15Kand p; = 0.101325 MPa).
The densimeter covers the range from 0.7kg-m™> to 1.3 kg- m~3; the total measure-
ment uncertainty in density is 0.020 % (95 % level of confidence). The measurement
principle used is the two-sinker method, which is based on the Archimedes buoyancy
principle. The certified calibration laboratory of E.ON Ruhrgas AG, Germany, uses
this densimeter to verify the standard densities of certified calibration gases (binary
and multicomponent gas mixtures). Moreover, the densimeter is used to determine the
compositions of commercially available binary gas mixtures with a small uncertainty
of (0.01-0.03) mol%.

Keywords Calibration gas - Gas composition - Natural gas - Standard density -
Two-sinker densimeter

1 Introduction

Large quantities of natural gas are transported through pipelines from suppliers to
customers. For the billing of the quantity delivered, its energy must be determined
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very accurately. The energy of natural gas is the product of the volume at standard
conditions (7y = 273.15K, ps = 0.101325 MPa) and the superior calorific value
(upper heating value) at standard conditions. The superior calorific value has been
calculated in recent times by means of the gas composition, measured with process
gas chromatographs (PGCs). In order to determine the volume at standard conditions,
the volume flow and the density of the natural gas are measured at flowing conditions
in natural gas meter runs and then converted to standard conditions by means of the
density at standard conditions. Both the density at flowing conditions and the density
at standard conditions are nowadays calculated from reliable equations of state for
natural gases, namely, from the AGA8-92DC equation of state [1] or the GERG-2004
wide-range reference equation of state [2]. For this calculation, the composition of the
natural gas is also required in addition to the temperature and pressure. Consequently,
the accuracy of the composition of the natural gas, determined with PGCs, is very
important for an accurate calculation of the delivered energy. Therefore, PGCs used
in large natural gas meter runs have to be calibrated at regular time intervals with
certified binary gas mixtures and synthetic natural gases.

In Germany, gas quality measurements in measurement plants relevant to fiscal
metering are subject to official verification. For this reason, the PGCs used must
first be calibrated with officially certified calibration gases. Accurate calibration gas
determination is even more important as gas quality is usually measured in only one
measurement plant considered representative of a great number of volume flow mea-
surement plants or of an entire supply area. Therefore, the certified calibration labo-
ratory of E.ON Ruhrgas AG certifies approximately 400 calibration gases annually,
mainly for PGCs. The calibration gases are used throughout Germany in fiscal gas
metering. These “third-order calibration gases” (working standards) are derived from
highly accurate reference standards, the so-called second-order calibration gases (sec-
ondary standards) that are tested and certified in Germany by the Federal Institute for
Materials Research and Testing (Bundesanstalt fiir Materialforschung und -priifung,
BAM) in Berlin. The third-order calibration gases are determined by a chromato-
graphic comparative PGC measurement against a secondary standard of the Federal
Institute for Materials Research and Testing. In order to confirm the measurement
result, a comparative analysis with a laboratory GC and another check with a “direct”
measurement method are additionally performed. For this purpose, the density of
the calibration gas at standard conditions is measured very accurately, and the stan-
dard density, calculated by means of the analyzed gas composition, is compared with
this reference value. The gas will not be certified officially as a third-order calibra-
tion gas until the check measurement has confirmed the results obtained with the
PGC being within the permissible specified deviations. (The deviation of the calcu-
lated standard density from the measured value should not be greater than 0.02 % to
0.05%.)

With this background, a special reference densimeter has been developed for very
accurate measurements of the densities of natural gases and multicomponent gas mix-
tures at standard conditions. For binary gas mixtures, it is also possible to determine
the composition of the gases from the measurements with high accuracy. The den-
simeter was developed for E.ON Ruhrgas AG at the Chair of Thermodynamics of
the Ruhr University Bochum, Germany in 2002 and 2003 [3,4], and it was improved
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and updated in 2008 and 2009. The measurement principle used is the two-sinker
method, which is based on the Archimedes buoyancy principle. The article describes
the reference densimeter and presents some typical measurement results.

2 Densimeter Design

Figure 1 shows a photo of the reference densimeter. It consists of the measuring device,
a48cm (19in) rack, an aluminum base frame (140cm wide, 70 cm high), a pressure
regulator, a small liquid circulation thermostat, and a diaphragm vacuum pump. The
gas cylinder with the sample gas is located to the right of the apparatus; it is connected
to the two-stage pressure regulator of the apparatus via a small stainless steel tube.
The measuring device is accommodated in a thin-walled cylinder made of PVC
(polyvinyl chloride). The electronic balance used for the density measurement is
installed above the cylinder in an aluminum case. The design of the measuring device
and the density measurement method applied are described in the next section. Seven
diaphragm valves and two flowmeters are installed on the front of the measuring
device, which are used, for example, for admitting the sample gas and for controlled

Fig. 1 Photo of the two-sinker reference densimeter
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flushing of the device with sample gas. The diaphragm valves and flowmeters are
connected to the pressure regulator and to the measuring device via small stainless
steel tubes. A membrane-type filter is installed within the connection tube from the
pressure reducer to the valves. In this way, the measuring device is protected if a gas
sample is slightly contaminated with oil. On the right of the measuring device, the
48 cm (191n) rack houses the required measuring instruments and control devices of
the apparatus (temperature measurement unit, pressure measurement unit, pressure
control unit, electronic balance display, power control unit for the electric heater of
the measuring cell, control unit for stepper motor to change the two sinkers in the
measuring cell, etc.). The liquid circulation thermostat is located below the measuring
device and serves to control the temperature of the measuring cell (see Sect. 3.1). The
measuring cell can be evacuated, if required, with the diaphragm vacuum pump on
the right. The photo does not include the PC which serves to virtually fully automate
the measurements (see Sect. 4).

3 Measuring Device
3.1 Design of the Measuring Device

The basic design of the measuring device is shown schematically in Fig. 2. The device
consists of a measuring cell, the measuring-cell plate, a protection shield, a ring ther-
mostat, an outer insulation cylinder (360 mm diameter, 420 mm height, made of PVC),
and an electronic balance in an aluminum case above the base plate. The measuring
cell, filled with the gas to be measured, includes two sinkers that serve to measure the
density of the gas. The principle of the density measurement is explained in Sect. 3.2.
The direction of gas flow to the measuring cell is indicated by arrows in the figure.
This is explained in more detail in Sect. 4.

In order to control the temperature of the measuring cell, a cooling liquid (a mix-
ture of ethylene glycol and water) flows through the copper ring thermostat, where the
cooling liquid temperature is controlled with a small circulation thermostat (Huber
Ministat, Germany). As soon as the desired measuring-cell set-point temperature of
t; = 0°C is obtained, the coolant is admitted to the ring thermostat with a tempera-
ture of approximately t+ = —1 °C. The measuring-cell plate as well as the measuring
cell, with the protection shield which is screwed firmly to the measuring-cell plate,
can be adjusted quickly to the desired set-point temperature with an electric heater
(50 W rating, approximately 7W at steady-state conditions) attached to the copper
ring. The space between the outer PVC cylinder and the protection shield, as well as
between the base plate and the measuring-cell plate, is insulated with foamed plas-
tic to reduce heat flow from the environment to the measuring cell. The aluminum
protection shield conducts the major part of the remaining low heat flow of approxi-
mately 6 W directly into the copper measuring-cell plate. With this temperature control
concept, the measuring cell and the measuring-cell plate are almost adiabatic and, in
connection with the high thermal conductivity of the measuring cell material (copper,
A > 350W.m~!. K1), the temperature gradient along the measuring cell is very
low (see below).
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Fig. 2 Basic design of the measuring device. The gas flow through the densimeter is indicated by arrows
(=), and the cooling liquid flow through the ring thermostat is also indicated by arrows (—>)

The temperature of the measuring cell is determined with two accurate Pt-100 2
platinum resistance thermometers (main measurement and check measurement) in
conjunction with a resistance-measuring bridge (ASL F250, UK). In order to con-
trol the temperature of the measuring cell, the voltage of the electric heater in the
ring thermostat is controlled with an AC controller (0V to 36 V). The input signal
to the controller is calculated by means of the PC of the measuring device using a
PI algorithm (proportional plus integral controller). The temperature variations of the
measuring cell over time are 2 mK in a steady-state condition. The total uncertainty
in temperature att = 0 °Cis 15 mK (expanded uncertainty, k = 2), including variations
over time and local gradients.
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During a measurement, the pressure of the test gas in the measuring cell and in
the entire measuring device is adjusted very quickly to the desired set-point value
of p; = 0.101325MPa and then kept constant by means of a pneumatic pressure
controller (DH-Instruments PPC3, USA). The pressure controller is connected to the
measuring device via two tubes. The pressure variations over time are +2 Pa. Two
very accurate pressure sensors are used to measure the pressure. A Digiquartz sensor
from Paroscientific is used for the main measurement, and it also serves for pressure
control. A sensor from Mensor (Model 6100) is used for the check measurement. The
uncertainty in the pressure measurement is 5 Pa (k = 2) at p; = 0.101325 MPa.

3.2 Density Measurement Principle

The density measurement principle applied is that of “two-sinker method.” The method
was developed by the Chair of Thermodynamics of Ruhr University Bochum, Ger-
many, in the early 1980s [5,6]; the current status of development is described in two
more recent articles [7,8]. This density measuring method also forms the basis of the
certified precision gas densimeter [9] of E.ON Ruhrgas AG. The density measurement
principle is explained in the following as shown in Fig. 2. (Annotation: In contrast
to the earlier densimeters [5-9] of our group, we did not need a magnetic suspension
coupling in the present case. Here, the measuring cell and the balance case could be
directly connected via a tube, see Fig. 2, because the pressure is only about 0.1 MPa and
the balance case is at ambient temperature. Moreover, the temperature of the gas in the
measuring cell is always lower than the temperature of the same gas in the balance case.
Hence, gas convection between the balance case and the measuring cell does not occur.)

The two-sinker method is based on the Archimedes buoyancy principle which is
applied in a special way as a differential method [5—-9]. Instead of the usual single
sinker, two sinkers are used that are specially matched to each other. In the case of
the densimeter described here, one sinker is a relatively large hollow cylinder made
of stainless steel (Ve & 500 cm?; pc ~ 0.40 g - cm™>; mc = 200 g; gold-plated sur-
face), and the other is a triple ring also made of stainless steel (VR = 25 cm’; PR R~
8.00g-cm™3; mg A 200 g; gold-plated surface). Both sinkers have identical masses,
virtually identical surface areas (A = 360 cm?) and identical surface materials; how-
ever, their volumes differ considerably (Vp = Vc — VR =~ 475 cm’ ). Each of the two
sinkers can be placed on a sinker support or lifted from it (see Fig. 2). The sinker sup-
port is connected to an electronic balance via a small rod. A special sinker changing
device is used to change the two sinkers. The device is fitted to the underside of the
base plate of the measuring device. It consists of a small stepper motor connected to
a pulley (20 mm diameter) that can be rotated through £45°. A thin coated stainless
steel wire is fitted to the pulley, and the two ends of the wire are introduced vertically
into the measuring cell through two small tubes. There, the wire ends are connected
to the two sinker lifting devices. The two sinker lifting devices basically consist of
two suitably designed stainless steel rings guided vertically in the measuring cell by
means of two rods. The lifting height of each ring is 16 mm.

The basic design of the sinker lifting devices is schematically shown in Fig. 3. The
real construction is much more complex. Basically, the sinker lifting unit is designed
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Fig. 3 Basic design of the sinker lifting devices in the measuring cell

like a cage. This cage consists of an upper and a lower cage ring which are connected
by four rods, and the entire cage is attached to the measuring-cell plate. Each of the
two sinker lifting devices consists of a horizontal ring that is connected with a vertical
guide block about 135 mm in length. On the top and on the bottom of this guide block,
two guide sleeves (10 mm high) are integrated. Each guide sleeve includes a small
cylindrical tube (inner diameter 4.2 mm, outer diameter 5.0 mm). These thin tubes
are made of PTFE (polytetrafluoroethylene, Teflon), because this material has a very
small friction coefficient of only 0.04. In this way, the two lifting devices can smoothly
glide up and down the cage rods. This design of sinker lifting devices have already
been used for the earlier two-sinker densimeters [5-9] developed by our group.

It is very important that there is no magnetic interaction between the two sinkers
and the sinker support, the cylinder lifting device, and the ring lifting device (see
Fig. 3). Therefore, these components are made of suitable stainless steels that are as
non-magnetic as possible. Otherwise, small magnetic forces between the sinkers and
the sinker support or the sinker lifting devices can occur, and even small forces can
cause elusive errors of several 0.01 mg in the weighing result of mp, oas (see below).
Moreover, these components were demagnetized before assembly by means of an
alternating electrical field to eliminate any residual magnetism. It is important that the
measuring device is also assembled with non-magnetic tools, because even slightly
magnetic tools can again magnetize the stainless steel components of the measuring
device.
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In order to measure the density of a gas in the measuring cell, the two sinkers
are alternately placed on and lifted from the sinker support. In this way, the differ-
ence in balance reading mB sas between the two sinkers, surrounded by the sample
gas, can be measured very accurately by the electronic balance (Sartorius/Rubotherm,
BP 211D model, 210 g weighing range, 0.01 mg resolution). The density of the gas in
the measuring cell at standard conditions (t; = 0°C, ps = 0.101325 MPa) can now
be calculated by means of the simple equation:

*
mD,gas — mp

1
Vb (&, ps) W

psts, ps) =

Here, mp = (mr —mc) is the difference in the masses of the two sinkers (subscripts:
R =ring, C=cylinder, D = difference), m]*)’ gas = (m]’;’ aas —mé’ gas) is the difference in
the balance reading between the two sinkers when they are immersed in a sample gas,
and Vp(ts, ps) = [Ve(ts, ps) — VrR(ts, ps)] is the difference in the volumes of the
two sinkers at standard conditions. The volumes of the two sinkers were calibrated' by
the National Metrology Institute (PTB) in Braunschweig at t = 4°C and t = 15°C;
from this, the difference in volumes Vp(#s, ps) can be calculated with an uncertainty
of 0.003% (k = 2). The difference in the masses of the two sinkers mp, resulting
from a minor production-inherent difference in masses of approximately —0.56 g, can
be determined accurately and also simply checked (see Sect. 4), if required, by means
of a reference measurement with methane.

In order to increase the accuracy of the measured value myp, ., the two sinkers
are exchanged and each sinker is connected to the balance 30 times during one mea-
suring run (30 double changes, 60 measured values, over a period of about 24 min),
and the statistical average is calculated. With a consistent application of the Archi-
medes principle as a differential method, all the interfering side effects that could
affect measurement accuracy are compensated for automatically with this two-sinker
density measurement method. Even the effect of gas adsorption on the sinker sur-
faces is approximately compensated for, because both sinkers have identical surface
areas and identical surface materials (the surfaces were polished electrolytically and
subsequently gold-plated) and, therefore, virtually the same mass of gas is adsorbed
on both sinker surfaces. The uncertainty in the measured value m]*)’ aas is, therefore,

relatively low and amounts to only 0.03 mg. For gas densities between 0.7 kg - m ™3

and 1.3kg - m~3, and a resulting measured value (m]*lgaS — mp) between 0.33 g and
0.62 g, this corresponds to a relative measurement uncertainty in density of between
0.005 % and 0.009 % (k = 2).

' The volume calibration of the two sinkers were carried out by weighing them in air and in water using a
hydrostatic balance. Since the density of the hollow cylinder (oc ~ 0.40 g - cm™3) is less than that of water,
a small hook is integrated at the underside of this sinker (see Fig. 3). For the calibration of the cylinder in
water, a specially produced calibration mass (myw =~ 430g; Vi ~ 54 cm3; pw ~ 7.96¢ - cm™3; diameter
60 mm; height 19 mm) with an integrated hook on its top side was suspended at the hook of the hollow
cylinder. Hence, the combined density of the cylinder and the calibration mass was p ~ 1.14 g - cm3 and
larger than that of water.
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4 Performance of Measurements

Depending on ambient temperature, approximately 1.5h are required to put the
reference densimeter into operation and reach the set-point temperature of 7, = 0 °C.
In general, the device is operated in the stand-by mode with the measuring cell filled
with methane at p ~ 0.1 MPa and controlled to maintain a temperature of 7, = 0 °C.

The balance must be calibrated before the measurements start. For this calibration,
the balance case contains methane at a pressure of p = 0.101325 MPa and a temper-
ature of r ~ (21 % 3) °C. The buoyancy effect of methane on the internal calibration
masses of the balance is taken into account in an appropriate way. Next, the difference
in the masses of the two sinkers is checked to ensure that it is within the permissible
tolerance. For this check measurement, the density of methane at standard conditions
(ts = 0°C, ps = 0.101325 MPa) is measured instead of the density of a sample gas
(which will be explained in the following). The measurement result corresponds to the
difference in the balance reading ml*)’CH4 = (ml*i’CH4 —macm) of the sinkers in meth-
ane used as a reference gas. This value must agree within +0.02 mg with the calibrated
and stored reference value mB cn, = —0.215037 g. If not, then it must be clarified why
the deviation is greater (e.g., possible contamination of sinker surfaces). The difference
in sinker masses mp = (mr — mc) can now be determined from the reference value
mD CH, and the standard density of methane ps cn, = (0.71745 £ 0.00006) kg - m—3
[10] (Wthh is accurately known, see Sect. 5) by rearranging Eq. 1. As an alternative,
Eq. 1 can also be rearranged as shown below to calculate the standard density of the
sample gas:

* *
Mp gas — Mp,cHyY

2
Vb (s, ps) @

ps(ts, ps) = Ps,CH; +

With methane, the main component of natural gas, as the reference gas, the densime-
ter is intentionally calibrated at the standard density of pure methane as the “density
reference point,” and this reference point can be checked quite easily.

In order to measure the standard density of a sample gas, the gas cylinder must be
connected to the pressure regulator (approximately 0.25 bar gauge outlet pressure; see
Fig. 1). Then, in a first step, the inlet tubes are flushed with the test gas via a bypass (for
approximately 1 min at an approximately 2dm? - min~! standard volume flow rate).
It is not necessary to evacuate the measuring system for filling the measuring cell
with the sample gas. Rather, it is sufficient to purge the measuring system adequately
with the new sample gas at p = 0.1 MPa. For the first flushing cycle, the measur-
ing cell (approximately 1.1 dm?> volume) is flushed at a standard volume flow rate of
approximately 2 dm?> - min~! over a period of approximately 4 min. For this purpose,
the sample gas is passed into the measuring device via an inlet valve and a small
stainless steel tube. Then, the sample gas is thermostated in the ring thermostat to a
temperature of within approximately 1 K and, subsequently, in special inlet channels
in the measuring-cell cylinder to a temperature of within approximately £5 mK from
the measuring-cell set-point temperature of 7, = 0°C. In Fig. 2, arrows are used to
indicate gas flow. Once it has passed through the measuring cell, the sample gas is
channeled to the balance case via the connecting tube which also accommodates the
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small rod connecting the sinker support in the measuring cell to the balance. From
there, the gas is discharged to the waste gas line via a flowmeter. Approximately 15 min
after the first purge cycle, the measuring cell must again be purged in the same way as
described for the first flushing cycle. This is necessary to preclude any measurement
errors resulting from desorption of the gas last measured from the inner surfaces of
the measuring cell, as well as from diffusion of the gas from gaps or dead spaces in
the measuring cell. Any desorption or diffusion effects could significantly distort gas
composition and thus also the density measured for the new sample gas.

After the second purging cycle, pressure control can be started immediately. The
density measurement can be started after a waiting period of approximately 15 min
to allow for establishing thermal equilibrium in the measuring cell. Approximately
24 min are required for one measuring run. During this time, the two sinkers are alter-
nated, and each sinker is connected to the electronic balance via the sinker support 30
times (30 double changes of the sinkers). The measured values are displayed continu-
ously on the PC screen. Figure 4 shows, as an example, the online screen recorded for
a natural gas standard density measurement. The upper chart plots the density values
measured and a comparison density while the chart below plots the deviations from
temperature and pressure set points. Both charts are plotted over a measurement period
of approximately 24 min (abscissa). The density in kg - m~3 is plotted along the upper
left ordinate. The scaling is calculated once the first density values are available. It
is automatically divided into six fields with the height of each field corresponding to
a 0.01 % change in density. The chart also plots a calculated standard density value
for comparison (displayed as a solid line). This value is usually calculated from the
GERG-2004 equation of state for natural gases [2]. (It can be seen in Fig. 4 that the cal-
culated value agrees well with the measured values. The reason is that the composition
of the measured certified multicomponent gas mixture is very accurately known; see
also Sect. 6). The deviations of the measured temperature values from the set-point
temperature of t; = 0°C within the limits of £20 mK are plotted along the lower
ordinate on the left, and the deviations of the measured pressure values from the set-
point pressure of ps = 0.101325 MPa within the limits of +10 Pa are plotted along
the lower ordinate on the right. The example also shows the small scatter over time of
the temperature and the pressure during one measuring run. The two windows in the
lower part of the online screen display further information which is not explained in
more detail at this point.

The measurements are performed automatically using a PC. The densimeter is
operated via a screen menu. The PC is connected to all electronic devices via a serial-
to-ethernet device server, and controls the temperature of the measuring cell and the
density measurement, collects all measured data, and displays the online charts. Once
a measuring run has been completed, all required measured values are stored and a
detailed measurement record is printed, if required.

When the measurements of a gas have been completed, other gas cylinders can
be connected successively to the reference densimeter for testing. Testing of a gas
requires approximately 1.5h in total. Up to four gases can be tested daily, including
verification of the density reference point with methane prior to and after completion
of the measurements.

@ Springer



690 Int J Thermophys (2010) 31:680-697

Pa) ormdicht emessgerat =lsix
Haptmend  Wahimend  Hancher Extras  Fonster  Hife (03,04, 2003 130832
080859

Pridgurid Nr.: DED - 110 - DPEIN3

Oidnatenteistich
80es | .0 = A010%

0
L]

i =
E 10 l;-
E 20 10 ]
g
[1] =]
&
5
] 1 ) 1 1 1 ) 1 ) ) ' I"a
0 2 i ] 8 10 12 " 16 18 F] 2
Zed [mn]
MP- S8vonB0 || MZ-Tempershs | Druck Dichte-Zgh 000001 Zyedes
Metswerte [Haupimessung Viergerchismetiung Druckiegekng  Tempersharegehing | Pasamater T-Regelung |
Dichta p | DBOB74  kg/m® wa .f\-'nl 0001 K Soltwort (w): [10,00000] *C Heidleistung = 1018 W Ug, = 337 V
Abweichung & p = -0,004 % Prongt Pug | 7003 mbar  jswert (x): (@000 °C e = =
= ek
Temperatur | popl G AT (ew): 0001 K Aptastze 5
Druck PPC3 p | 101325 mbar  Mensor p | 101328 mbar | Soliwert Ministat: 510000 *C  Istwert Ministat: 151,200 *C
#istart| (3 ) @ [ A vormdichtemessgerst T )@ «odSEP 130

Fig.4 Online screen for a standard density measurement displayed on the PC. The diagram plots measured
density values as well as the deviations of measured temperatures and pressures from set-point values over
the measuring time

The total uncertainty in the standard density measured can be calculated in accor-
dance with an ISO guide [11] from the uncertainties of the individual influencing fac-
tors. These individual uncertainties are the uncertainty in temperature of 15 mK (both
for testing a gas and for calibration of the densimeter with methane), the uncertainty
of 5Pa in pressure (for testing and calibration), the uncertainty in weighing of 0.03 mg
or 0.02 mg (for testing and calibration, respectively), the uncertainty of 0.008 % in the
standard density of the reference gas methane (see Sect. 5), and the uncertainty of
0.003 % in the difference of sinker volumes. The resulting total uncertainty is 0.020 %
(95 % level of confidence, k = 2) for standard densities of p; = (0.7 —1.3) kg - m3.
The typical repeatability of the measured values is & 0.005 %. The densimeter oper-
ating manual [10] explains in detail how the total uncertainty is calculated.

5 Verification of Measurement Uncertainty

In order to verify the measurement uncertainty of 0.020 % calculated for the reference
densimeter, the standard densities of nine selected pure gases were measured after
the density reference point was calibrated with methane. The test gases are listed in
Table 1. With the exception of propane and isobutane, the standard densities of the
gases are known very accurately; their uncertainties are between 0.002 % (nitrogen)
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Table 1 Standard densities® pg
of selected pure gases used for
test measurements

Test gas Standard density

Methane (reference gas) ps cH, = (0.71745 £ 0.00006) kg - m—3

Neon Ps.Ne = (0.89988 £ 0.00004) kg - m—3
Nitrogen (check gas) Ps,N, = (1.25039 £ 0.00003) kg - m—3
Ethylene Ps,CHy = (1.26109 £ 0.00010) kg - m—3
Ethane Ps,CHg = (1.35500 £ 0.00013) kg - m—3
Argon ps.Ar = (1.78396 % 0.00005) kg - m—3
Carbon dioxide Ps,co, = (1.97681 £ 0.00010) kg - m~3
2These standard densities were Propane Ps,C3Hg = (2.0103 £ 0.0005) kg - m~3
calculated from accurate Isobutane Ps.CyH g = (2.6886 = 0.0008) kg - m=3

equations of state; see

Footnote 2 and Ref. [10] Sulphur hexafluoride Ps,SFg = (6.6163 £ 0.0005) kg - m—3

and 0.010 % (ethane) [10].> While the density measurement range of the densimeter is
specified to range from p; = (0.7 to 1.3) kg-m~3, thus covering the standard densities
of all natural gases, higher densities can also be measured without any problem, such
as the density of SFg with p; ~ 6.6kg - m™>.

The results of the test measurements are shown graphically in Fig. 5. The figure
shows, for each gas, the percentage deviation of the measured density value from the
density reference value (zero line) specified in Table 1. It is obvious that the measure-
ment results agree very well with the density reference values. The deviations are less
than +0.005 % in most cases.

Following prior verification of the density reference point with methane {ps =
(0.71745 £ 0.00006) kg - m~3 [10]}, such a test measurement is also suitable for
easily and quickly verifying the measurement uncertainty of the device. Apart from
being a main component of natural gas, nitrogen is best suited as a check gas with its
standard density of p; = 1.25039kg - m~3 and a small uncertainty of only 0.002 %.
The deviation of the measuring result from the density reference value should be less
than £0.01 %. Greater deviations, if any, have to be investigated and clarified.

6 Presentation of Typical Measurement Results

Figure 6 shows the results of typical measurements on four certified gas mixtures (two
binary gas mixtures and two synthetic natural gases) to illustrate the results obtained

2 The values given in Table 1 for the standard densities ps (as well as the values given in Table 2 for
the compression factors Zs) of the 10 gases were calculated from the currently most accurate equations of
state in most cases, for example, for methane [12] and nitrogen [13] (see Ref. [10]). The uncertainties given
for the standard densities (95 % level of confidence) were calculated from the uncertainties of the individ-
ual quantities using the following equation: ps = (psM)/(TsRmZs); with ps = 0.101325MPa, Ty =
273.15K, the molar gas constant R, = (8.314472 £+ 0.000030)J - mol~1. K1 [14], the molar mass
M, for example Mcy, = (16.04246 = 0.00108) g - mol ! for methane [15] and Mn, = (28.0134 £

0.0004) g - mol~! for nitrogen [15], and the compression factors at standard conditions, for example,
Zs,cay = (0.997613 =+ 0.000015) for methane [12] and Zs N, = (0.999543 =+ 0.000010) for nitrogen
[13]. The uncertainty of the compression factor at standard conditions is derived from the uncertainty of
the equation of state as well as from the uncertainty of the basic experimental data.
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Fig. 5 Verification of the 0.020 % measurement uncertainty of the reference densimeter by measure-
ment of the standard density of nine selected pure gases. The diagram shows, for each gas, the percentage
deviation of the measured density ps expt from the reference density p ref [10] (zero line) listed in Table 1.
The uncertainties of the reference values are 0.002 % to 0.010 % for seven of the nine gases
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Fig. 6 Typical measurement results for four gas mixtures (two binary gas mixtures and two synthetic
natural gases). The diagram plots the percentage deviations over time of day of the standard densities
measured ps expt from the values calculated ps Gerg from the GERG-2004 equation of state for natural
gases [2]. For checking purposes, the standard density of methane was measured at the beginning and at

the end of the measurements

with the reference densimeter. In order to check repeatability, the measurements were
performed twice and a check measurement with methane was performed before and
after the measurements. The abscissa of the diagram plots the time of day, and the
ordinate plots the deviations of the measured values from the calculated values (zero
line). The standard density values for comparison were calculated with the GERG-
2004 wide-range reference equation of state for natural gases [2]. The uncertainty in
the standard densities calculated with this equation was estimated to be 0.01 % for
typical natural gases. To this, the uncertainty in gas composition determined with a
laboratory gas chromatograph must be added. Since the gas composition is required
as input to the equation of state, the uncertainty in the calculated standard densi-
ties is approximately several +0.01 % depending on the test gas and gas analysis
accuracy.
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It is obvious from Fig. 6 that the two values measured for each gas agree very well
and that, as a consequence, the repeatability of gas mixture density measurements is
also very good. It is further obvious that the calculated standard densities (zero line)
agree very well with the measured values (measurement uncertainty of 0.020 %). The
good agreement in this case is due to the highly accurate production of each of the
four measured gas mixtures so that their compositions are very well known (compo-
sitions of the gas mixtures in mole fraction x, rounded: gas 1: xcy, = 0.884,xN, =
0.116, ps =~ 0.78kg - m3; gas 2: xcy, = 0.935, xc,gs = 0.065, ps ~ 0.76kg -
m3; gas 3: natural gas (H), xcy, = 0.873,xn, = 0.010, xco, = 0.015, xc,n, =
0.078, xc3uy = 0.019, xc 1,0 tocoria = 0.005, ps ~ 0.83kg - m~3; gas4: natural
gas (L), xcn, = 0.829,xn, = 0.133,xco, = 0.009, xc,n, = 0.024, xc;1y =
0.003, xc, 1,0 to oot = 0.002, pg ~ 0.82kg - m™3).

7 Determination of the Composition of Binary Gas Mixtures

Binary gas mixtures are often used for calibration and checking of PGCs and laboratory
GCs. Moreover, they are used for calibration and checking of gas calorimeters and
gas densimeters. Many such binary gas mixtures are commercially available in several
quality grades for many various applications. The uncertainty of the composition is
usually not better than 1% with respect to the mole fraction of the minor compo-
nent. Even in the best quality, which is expensive and the delivery time is quite long,
the uncertainty is usually not better than 0.1 % for mole fractions between 0.05 and
0.5, and not better than 0.5 % for mole fractions between 0.001 and 0.05. With this
background, it is important to realize that the composition of binary gas mixtures,
consisting of natural gas components, can usually be determined from the measured
standard density with an uncertainty of (0.01-0.03) mol%, which is, in many cases,
far superior to that obtained from the manufacturer.

The molar mass Mp;x of a binary gas mixture is defined by the following equation:

Muix = x1 M1 + x2M>, 3)

where M is the molar mass of the main component methane (CHy), M> is the molar
mass of a further major component in natural gases, i.e., nitrogen (N»), carbon diox-
ide (CO»), ethane (CyHg), propane (C3Hg), n-butane, or isobutane (C4Hjg), and x
is the mole fraction of a component. In typical natural gases and in binary gas mix-
tures used for calibration purposes, the mole fraction of methane is xcy, > 0.80
and the mole fraction of the second component usually is xo < 0.20, e.g., xn, <
0.20, xco, < 0.10, xc,H, < 0.20, and Xothers < 0.05. The rearrangement of Eq. 3
with x; = (1 — x) yields the mole fraction x, of the second component:

Muyix — M
xz:Ll. 4)
My — M,
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The equation of state for real gas mixtures at standard conditions can be written as

pstix
————— = Zs mix> (5)
0s,mix Ts Rm i

where Ry, = (8.314472 £ 0.000030) J - mol~! - K~! [14] is the molar gas constant
and Z; nix is the compression factor of the gas mixture. Equation 5 can be rearranged
to obtain the molar mass,

TsRim
Mpix = Ps,mist,mixp_v (6)

S
and the combination with Eq. 4 yields the mole fraction® x;:

R T

X2 = (ps,mixzs,mix - Ml)/(M2 — My). @)

Ps

Here, ps mix 1s the value of the measured standard density, and Z i« is a calculated
value from the GERG-2004 equation of state [2].

The uncertainty Ax> of the mole fraction x, can be calculated in accordance with
an ISO guide [11] with the result:

Axy = (Aps,mix Mmix )2 T (AZs,mix M mix )2
Ps,mix M, — M, Zs,mix M, — M,

,05

M, AM;\? M, AM,
e o : ®)
My — My M, My — My M;

Hence, the uncertainty Ax, of the mole fraction x, depends on the uncertainty
(Aps,mix/ps,mix) of the measured standard density, which is 0.020 %, the uncer-
tainty (AZs mix/Zs mix) of the compression factor, and the uncertainty (AM;/M;)
and (AM>/M>) of the molar masses of the main component methane and the second
component Ny, CO,, C2Hg, C3Hg, or C4Hjg. The compression factor and the molar
mass of these pure gases are listed in Table 2 along with their particular uncertainty.
The value Mnix/(M> — M) in Eq. 8 characterizes the difference in the molar masses
of the two components, and this ratio significantly influences the accuracy of the
calculated mole fraction x;.

The molar mass of each gas listed in Table 2 and its uncertainty can be cal-
culated from the molar mass of the elements and its uncertainty (Wieser [15]).

3 The mole fraction x7 should be determined from Eq. 7 with two iteration steps. In the first step, the
required compression factor Zg mix should be calculated from the GERG-2004 equation of state [2] with
the gas composition, which is approximately known from the gas analysis. In the second step, the compres-
sion factor can usually be calculated with sufficient accuracy with the mole fraction x, determined in the
first iteration step. This iteration is appropriate because an uncertainty of, e.g., 0.1 mol% in the gas compo-
sition can cause an uncertainty of up to 0.002 % in the calculated compression factor, and this uncertainty
can cause a subsequent uncertainty of up to 0.003 mol% in the gas composition to be determined.
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Table 2 Compression factor® Zg at standard conditions (Ts = 273.15K, ps = 0.101325 MPa) and molar
mass M of several selected pure gases along with their particular uncertainty

Gas Molar mass Uncertainty Compression Uncertainty
M (g-mol—1) (AM/M)10° factor Zs (AZs/Zs)10°
Methane 16.04246 68 0.997613 15
Nitrogen 28.0134 14 0.999543 10
Carbon dioxide 44.0095 32 0.993259 20
Ethane 30.06904 67 0.990052 50
Propane 44.09562 67 0.97860 200
n-Butane 58.12220 67 0.9591 800
Isobutane 58.12220 67 0.9645 300

4The compression factors Zg were calculated from accurate equations of state; see Footnote 2 and Ref. [10]

The compression factor at standard conditions of the listed gases and its uncertainty
were determined by Glos et al. [3] and Richter et al. [10]. They were determined spe-
cifically for each gas on the basis of the currently most reliable equations of state, as
well as from the uncertainty in the basic experimental data. For example, the equation
of state of Wagner and de Reuck [12] was used for methane, and the equation of state of
Span et al. [13] was used for nitrogen (see Footnote 2). The compression factor Zg mix
for a binary gas mixture can currently be calculated with the best possible accuracy
from the GERG-2004 reference equation of state [2]. At present, this equation is in
the process of being adopted as the international standard ISO 20765-2 [16]. Based
on our experience, the uncertainty of Zs nix can be conservatively estimated by means
of the following equation:

AZS mix AZs,Z
Zs mix Zs,2

®

As an example, the uncertainty Ax; of the mole fraction x, of the second component
was calculated with Eq. 8 for six binary gas mixtures for the case x; = 0.90 meth-
ane and xp = 0.10 nitrogen, carbon dioxide, ethane, propane, n-butane, or isobutane.
The calculated uncertainties Axp are 0.030 mol%, 0.014 mol%, 0.030 mol%, 0.015
mol%, 0.016 mol%, and 0.011 mol%, respectively. Hence, the composition of selected
binary gas mixtures, with a concentration of the second component between 1 mol%
and 20 mol%, can be determined from the measured standard density with a small
uncertainty of only (0.01 to 0.03) mol%. In order to illustrate these explanations, the
measurements of the standard density of the two binary gas mixtures plotted in Fig. 6
can be considered. The four measured values correspond with the calculated densities
(zero line) within 0.012 %. Hence, the calculation of the concentration of the second
component in both gas mixtures (about 11.6 mol% nitrogen and 6.5 mol% ethane,
respectively) agrees with the analyzed concentration within 0.018 mol%.

The densimeter operating manual [10] (147 pages) contains a detailed description
of the reference densimeter design, measurement performance, measurement uncer-
tainty calculation, as well as other information. General information concerning the
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two-sinker density measuring method used here, along with accurate gas and lig-
uid density measurements and reference equations of state for fluids, are given on
the homepage of the Chair of Thermodynamics (http://www.ruhr-uni-bochum.de/
thermo/).

8 Conclusions

A special two-sinker densimeter was developed for the gas industry. It is used to mea-
sure the density pg of natural gases and multi-component gas mixtures at standard
conditions (7 = 273.15K, ps = 0.101325 MPa). This density ps is an important
value for the calculation of energy of natural gases and the billing of quantities deliv-
ered. In spite of the low gas densities, which are usually between 0.7kg - m~ and
0.9kg - m™3, the total uncertainty of the density measurements is very small, namely
0.020 % (k = 2). Moreover, the new densimeter can be used to determine the compos-
iton of commercially available binary gas mixtures with a small uncertainty of only
(0.01 to 0.03) mol%. Such binary gas mixtures are often used by the gas industry for
the calibration of process gas chromatographs.
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