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Introduction

This deliverable summarizes the work of Task 3.3 of the NEWGASMET project. The aim of this task is to
investigate the applicability of currently available flow calibration standards (or test benches respectively)
for testing the accuracy of gas meters with hydrogen and/or hydrogen-enriched natural gas (HENG). In
this task, PTB and NEL have tested domestic gas meters with air and hydrogen gas flows with two different
flow meter types using critical nozzles or rotary meter as references. VSL, supported by HONEYWELL,
ITRON and SICK have performed test with a rotary gas meter at elevated pressure (9 and 16 bar) with
HENG using a piston prover. This document summarizes all performed tests and results.
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Domestic gas meter tests

PTB test facility

In order to carry out accuracy tests with different gases as part of conformity assessments, PTB
developed a test rig based on critical nozzles. A 3D drawing is shown in Figure 1. The main part is the
nozzle holder (2). Via flanges in total 10 nozzles may be installed. The nozzles are used with
overpressure, that means the nozzle holder will be pressurized via the valves (left and ride side).

Figure 1 Test rig with critical nozzles
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Figure 2 Photography of the nozzle bench

In order to measure the pressure and temperature of the gas flowing through the nozzles 2 temperature
and 2 pressure taps are foreseen on the top, left and right side of the nozzle block (not shown in figure 1
and 2). The flow rate can be adjusted either by changing the inlet pressure to the nozzles via the
upstream pressure regulator, or by opening or closing isolation valves downstream of each nozzle. The
nozzles (see figure 3) are manufactured in accordance to ISO 9300 [1], but for throat diameters below
dwnr< 0,2 mm the specification of the shape cannot be reached. The smallest nozzles have only a
cylindrical throat and a conical outlet. The nozzle bench was designed for input pressure range of pabs1
=2...6 bar. Each nozzle was calibrated in accordance to WP 3.1 by air. A calculation of the flow rates for
hydrogen may be carried out by the relations given in ISO 9300 [1] and by the equation of state available
by REFPROP[5]. The nozzles with a diameter below dir< 0,2 mm were calibrated with methane and
hydrogen as well.
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Figure 3 Photography of the front and backside of the used nozzles.

.ﬂl (12 (P2

Vi

BT

Figure 4 Schematic of the nozzle bench
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As described above, the flow rate will be determined by the input pressure and input temperature of
the nozzles and the calibrated Re-behaviour or input pressure behaviour of the nozzles respectively.
Downstream to the nozzles the MUT is installed.

Examples of the calibration results of the nozzles are shown in the following figures.
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Fig. 5a calibration results of nozzle TG 02 with air (dir= 1,004 mm).
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Fig. 5b calibration results of nozzle TG 12 with air (dwr= 0,199 mm).

The results of nozzle TG 02 and TG 12 show the typical behaviour of Venturi nozzles described in [6]. As
long as the results are in agreement with a linear regression between Quor and p:%° the nozzle is in
choked conditions. For nozzles with a throat diameter above 0,2 mm the critical conditions is to expect
for a ratio p2/p1 < 0,5. For smaller nozzle this ratio is smaller.

TG 01 1,418 2020
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Fig. 6 Calibration results of nozzle TG 01 with air (dir= 1,418 mm).

The results of TG 01 show a nontypical behaviour, that means the linear regression does not fit nicely.
Probably a machining error is the reason. There is a replacement by a new nozzle needed.

For nozzles with a diameter below dinr < 0,1 mm 2 effects are to state. The pressure ratio for reaching
choked conditions are decreasing to p./pi1< 0,3 and partly, the nozzle need a stabilisation time for the
flow rate in case of stable input conditions of several hours.
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Fig. 7 Time dependency of a nozzle with a throat diameter of 0,051 mm

Figure 7 shows the results of a nozzle calibration with hydrogen at two days without changing the setup.
The results of the second day are in agreement with first day but a clear time dependency was observed.
In order to investigate the time dependency in more depth, during the second day a measurement
series over nearly 4 h was carried out. The first measurement was done after 10 min run in time, which
is sufficient for larger nozzles. The time dependency is an uncertainty influence and need to be
considered during the application.

There is the assumption, that the gas temperature at the inlet is influenced by the outlet temperature of
the gas in the outlet cone of the nozzle. Figure 8 shows a scanning electron microscopy (SEM) picture of
the inlet of nozzle TG 16 with a throat diameter of dir= 0,04 mm. At the throat wall material remnants
can be observed. An Energy Dispersive X-ray Analysis (EDX analysis) has shown that this material is
partly identical to the body material but also calcium and oxygen was detected, probably these elements
belong to the polishing material. A risk of these remnants is a changing flow characteristic, if these
remnants break away.
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EHT = 10.00 kV Signal A = SE2 Date: 19 Sep 2022
AG:244 WD=100mm Mag= 162KX Time: 9:14:05

Figure 8 REM picture of nozzle TG 16 with air (dwr= 0,04 mm).

10um  45° tijt EHT = 10.00 kV Signal A = SE2 Date: 19 Sep 2022
AG:244 WD=110mm Mag= 158KX Time: 10.01:27

Figure 8 REM picture of nozzle TG 16 with air (dir= 0,04 mm) inclined view

Because of delays during the design and construction of the nozzle bench as described in A.3.3.1 it was
not possible to use the nozzle bench for A 3.3.2. That is why the accuracy tests described in A.3.3.3 were
carried out by rotary meter, which was calibrated by a wet gas meter traceable to air as reference, the
same as used for task A.3.2.2. Figure 9 shows a photography of this device. The rotary meter was the
working standard used for measuring the error curves of the diaphragm gas meters. The difference to
the usage of nozzles is only the type of the applied working standard. The traceability has the same root.
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Figure 10 Photography of a wet gas meter (type NB 2) used for calibration of the rotary meter as
working standard for task A3.3.2.

The measurement setup was developed within the framework of a previous project (see Figure 11). The
gas stream is delivered by gas bottles and flows through a heat exchanger in order to compensate
temperature changes due to the gas expansion. The volume flow rate is controlled by a pressure
regulator for households upstream to the meter under tests (MUT 1 and MUT 2). A rotary displacement
meter, which was calibrated with all test gases previously as described above, is used as flow rate
reference. After passing the reference the test gases are burned.

Heat exchanger MUT 1 MUT 2 Reference

(=) ()
R DRkl ‘@‘ DT@@

Flare

Gas

Figure 11: PTB’s measurement setup
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NEL test facility

NEL used its hydrogen calibration facility for domestic gas meters in this work. The facility operates as an
open loop with high-pressure gas supplied from either hydrogen bottles, methane bottles or the site
nitrogen supply. There are two inlet streams, allowing the possibility to operate with various binary
mixtures. However, the facility was operated with nitrogen and hydrogen as single gases for the domestic
meter calibrations in NEWGASMET. Sonic nozzles are used for reference measurements in most of the
flow rate range covered by the facility. For hydrogen flow rates below 0.5 m3/h, reference laminar flow
elements are used, although these were not used for the domestic gas meter calibrations. A schematic of
the facility is shown in Figure 12.

Water

Bath Reference
Critical Flow :;ahc
Nozzles ixer

Water —-@—
Bath Reference GD Test

Critical Flow Heat Meter
Nozzles Exchanger

> ToVent
Reference Laminar
Flow Elements
CH/N; H

Gas Supply To Vent

Figure 12: NEL’s hydrogen calibration facility for domestic gas meters

Due to the lack of available primary flow standards for hydrogen, the reference sonic nozzles were
calibrated with air. The uncertainty of the reference nozzles operating with either nitrogen or hydrogen
is approximately 0.3 % (k=2). It is assumed that the discharge coefficient behaviour is consistent with air.
The limited available data of critical flow nozzles calibrated with air and then compared with hydrogen
and other gases supports this assumption [2][1].

Description of MuTs at NEL and PTB
The following flow meters were calibrated by both NEL and PTB

o 3x G6 diaphragm meters, Manufacturer A
e 3x G6 diaphragm meters, Manufacturer B
o 1x G4 (prototype) thermal mass meter, Manufacturer C (Only by NEL)

For the diaphragm gas meters, the mechanical counter is removed and replaced by a cross shaped metal
piece, see Figure 13. The signal generation is realized by using a NAMUR-sensor. By using this signal
generation setup, the measurement duration can be reduced and it can be guaranteed, that only full
rotations of the diaphragm gas meters are measured thus reducing the measurement deviation.
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Figure 13: Diaphragm gas meter with a magnetic fixed NAMUR-sensor and the cross-shaped metal
piece

The thermal mass meter of manufacturer C was calibrated by NEL only, since PTB had no possibility to
connect the thermal mass meter properly to the measurement setup described previously.

Calibration protocol at NEL and PTB

Each meter was calibrated at atmospheric pressure only, with 2 gases at 3 flow rates. The selected flow
rates were 0.6, 1.2 and 10 m3/h. The thermal mass meter could not measure nitrogen flow rates above 6
m3/h. Therefore, for the nitrogen calibrations of that meter the maximum flow rate was decreased from
10 m3/h to 6 m3/h. The comparison is based on the flow rate at metering conditions, the measuring
point was repeated 3 times.

The meters of manufacturer A were calibrated first at PTB and then shipped to NEL. In case of
manufacturer B it was vice versa. Between the measurements of both institutes at least 1 month delay
took place. The meters were packed for transport inside shock reducing wrapping, The shipping was
carried out by common shipper without special precautions except the hint to the sensitivity of the
goods to shocks and other mechanical influences, but there was no shock logger.

Gas composition at NEL and PTB

Each meter was calibrated with pure nitrogen and with pure hydrogen. Both labs used gases with purity
grade 4.0 or above.
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This chapter summarizes the intercomparison measurement results of the domestic gas meters, in
specific, the diaphragm meters and the thermal mass meter results.

Domestic gas meter tests

As mentioned above a total of six diaphragm gas meters of G6 size from two different manufacturers
have been tested with nitrogen and hydrogen. The reference flow rates are converted to the
thermodynamic conditions at the input of the meter under test (MUT). In principle, a conversion of
reference flow rate to standard conditions (that means 1013,15 hPa and 0°C) and a conversion of the
measured flow rate by the MUT to standard condition leads to identical results. It is important to
measure the actual pressure and temperature at the inlet of the MUT.

Manufacturer A

In Figure 14, the measurement results for the three meters of manufacturer A using nitrogen as
calibration media are plotted. The results show that in particular at 600 |/h the calculated errors
determined by PTB and by NEL differ about 1 % for meter 1, 3 % for meter 2 and about 2 % for meter 3.
For example, the measured error value at PTB for meter 2 at 600 |/h is about +1 % whereas NEL
measured an error value of about -2 %. Nevertheless, with respect to the separation flow at 1,0 m3/h
(see DIN EN 1359:2017-11) all measured values are within the MPE of £3 % for flow rates lower than
1,0 m3/h and 1,5 % for flow rates greater than 1,0 m3/h, except for meter 1 measured by PTB.

For the hydrogen measurements it can be seen, that all measurements are within the MPE, see Figure
15. While the calculated errors of PTB and NEL for the meter 2 and 3 differ for about 4 % and 1,5 %,
respectively, the results for meter 1 are in good agreement. Agreement between the measurement
errors determined by NEL and PTB improved as flow rates were increased. At about 9 m3/h, the
measurement error values for all meters differ from each other by only approximately 0.6 %.
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Figure 14: Measurement errors of manufacturer A's meters when applying nitrogen

The figures show all repeats, that means the results are not averages of different measurements. This
allows also to analyze the spreading of the results
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Figure 15: Measurement errors of manufacturer A’s meters when applying hydrogen

The metering errors determined for both gases show a similar flow rate dependency, this concerns the
results of PTB and NEL as well. The results of PTB differ for the 3 different meters less then results
determined by NEL at lower flow rates. For Q = 0,6 m3/h are the differences are largest.

It is notable that the results of NEL and PTB agree closely for meter 1 at all flowrates. meter 2 and 3
disagree at 1,1 m3/h and 0,6 m3/h to a larger extent. For the metering behavior of a diaphragm gas
meter the valves inside the metering part of the meter are relatively sensitive to mechanical influences.
In case of damages, the meter errors are shifting to negative errors. That is why a mechanical influence
may be the cause of the differences observed for meter 2 and 3 at lower flow rates.
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Manufacturer B

Figure 16 shows the measurement errors measured by PTB and NEL for the three meters of
manufacturer B. In contrast to the results for the meters of manufacturer A, the results of PTB and NEL
are much closer to each other, independent from the flow rate. For 600 |/h the calculated measurement
errors differ only about 1 % for each meter under test in a range from about - 0.5 % to + 0.5%. By
increasing the volume flow rate, the deviation becomes even less — at about 9.5 m3/h there is no
significant deviation of the calculated measurement errors (the measurement errors range from about
— 0.8 % to—0.4 % for all meters tested). All measurement error values are within the MPE limit of +3 %
and +1.5 %, respectively.
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Reference standard flow rate [m3/h]

Figure 16: Measurement errors of manufacturer B's meters when applying nitrogen

The measurement results of manufacturer B's meters using hydrogen are shown in Figure 17.
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Figure 17: Measurement errors of manufacturer B's meters when applying hydrogen

The determined measurement errors of type B meter show generally similar values for hydrogen and
nitrogen as well. The differences between the results of PTB and NEL are also lower than the values
determined for type A meter. At Q = 600 I/h there is a small difference between the calculated
measurement errors of PTB and NEL, ranging from 0.5 % to 1.5 %. By increasing the reference standard
flow rate to about 1.2 m3/h, the deviation decreases to about 0.5 % with errors in a range of 0 % to

0.5 %. At the highest flow rate measurement errors in the range from —1 % to -0.5 % were calculated by
NEL and from -0.5 % to about -0.2 % by PTB. Overall, the measurement results are in good agreement
with the requirements for MPE and the repeatability given in EN 1359:2017. It shall be mentioned that
type B meters were selected out of a larger number of meters by the manufacturer, in order to reach
very reproducible results. This is for the purpose to compare the calibration results of two institutes
reasonable.
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Fig.18 Results of the calibration of a thermal gas meter by hydrogen and nitrogen

Figure 18 shows the results of a thermal mass meter calibrated with nitrogen and hydrogen at NEL. The
results are inside the MPE. Note that two different brackets are shown, representing the MPE limits. The
dark red limits are for the hydrogen data, which has a maximum flow rate of 10 m3/h. The lighter red
limits are for the nitrogen data which has a qma.x = 6 m3/h. A significant shift in error is observed
between the results for hydrogen and nitrogen. However, the difference is smaller than the “gas-air
relationship” clause in EN 17526:2021. The differences are caused by the adjustment (parameter setting
of the microchip-based flow sensor) during the production process. The sensor is able to distinguish
between the calibration gases.

The comparison measurements carried by NEL and PTB show the ability to carry out tests needed
for the conformity assessments of gas meters with the needed quality. The uncertainty
requirements for such tests given in OIML R137 are fulfilled by the used test facilities of both
partners. The agreement between the results is acceptable for meters of type B, even if there is no
additional uncertainty influence by a meter shift taken into account. For all meters there is no
systematically difference between type A and B meter to observe, when nitrogen and hydrogen is
used as test gas. This statement is valid for diaphragm gas meter only because such meter using a
volumetric principle. For other gas meter principles this has to be investigated separately. Meter
type A shows partly differences between the results determined by the partners involved. It is not
possible to identify the reason, because this would need further tests. Probably this deviation is
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caused by shipping influences. Hence it is to recommended to use meters selected for
performance, and very carefully packaging for such comparisons. In addition, shock sensors should
be used to log mechanical stress like severe shocks and vibrations.

Rotary gas meter tests at elevated pressure

METHODS

Gas Oil Piston Prover

To investigate the effect of HENG on the performance of the flow meter, VSL’s Gas Qil Piston Prover
(GOPP) was used. The GOPP is the primary standard for high-pressure natural gas flow measurements in
The Netherlands. Using the GOPP for traceability, VSL is part of EuReGa, a consortium of institutes aimed
at harmonizing reference values for high-pressure gas flow measurements [2]. The GOPP has a direct
relation to the Sl-unit "meter": through measurement of its diameter and length. The prover contains a
total of four well-known volumes. The piston acts as a separator between gas and oil. An oil pump is used
to move the piston by drawing gas through the Meter-under-Test (MuT). For more information on the
working principle of the GOPP, see [3].

The uncertainty in the determination of the error of the MuT has the following main components:

Volume of the discrete prover sections

Pressure and temperature measurement of the gas in the prover and at the MuT
Line-pack effects

Leakage across the piston (along the seals)

e Repeatability of the MuT

No significant changes were observed in the readings of the GOPP’s leak detection system when adding
hydrogen to the natural gas.

Figure 8. MuT mounted on VSL’s GOPP, accompanied by hydrogen gas cylinders.
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Meter-under-Test

The MuT is a rotary gas meter with the following specifications:

Manufacturer: | Itron

Type: Delta S1
Flow G100

Body material: | Steel

Size: G100

Nominal DN50

diameter:

Qmin (m3/h) 0.8
Qmax (m3/h) 160
Pmax (bar): 101.2
Being a rotary gas meter, at low flow rates the meter tends to underreport flow as gas leaks along the
rotating pistons. It can be expected that this effect becomes more pronounced when changing from NG
to HENG, as the latter has lower viscosity, although this difference is very small for the used hydrogen
concentrations [4] with respect to the difference between NG and pure hydrogen [5].

Calibration protocol

The MuT was calibrated at 9 and 16 bar at 7 different flow rates from 5 to 160 m3/h, with both NG and
HENG. Flow rates were chosen according to EN 12480, with the exception of the lowest flow rate, which
was limited by GOPP to 5 m3/h.

Gas composition

A sample of the gas in the prover was taken directly after calibration of the flow meter. All samples were
analysed by VSL’s gas analysis laboratory. As there is a certain solubility of gases in the oil of the GOPP,
some changes of gas composition were observed when decreasing pressure from 16 bar to 9 bar HENG.
The nominal amount fraction of hydrogen in the HENG was 15 %.

High-pressure calibration results of all four calibration conditions are shown in Figure 2. Error bars indicate
the expanded measurement uncertainty (k = 2). The curves show that the meter has similar behaviour at
all calibration conditions used with the GOPP. The error curves for NG and HENG agree fairly well. Small
differences between the two different pressure levels can be observed. A calibration curve with air from
VSL’s atmospheric air calibration facility reveals significant deviation from the NG and HENG-curves. This
indicates that, for the best accuracy, a calibration at process conditions is required.
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Figure 9. Error of the MuT under the different conditions. Calibration data from VSL’s atmospheric air flow facility is also
included.

To further investigate the difference between the NG- and HENG-curves, the difference between the two
curves was calculated and plotted in Figure 10. Most differences are negative, indicating that the meter
tends to underreport flow of HENG, as expected due to increased leakage along the rotors of the meter.
One could interpret that the negative values are decreasing with decreasing flow, which would be
expected from the fact that leakage effects of a rotary gas meter manifest stronger at low flow rates.
However, the differences are smaller than the measurement uncertainty for all flow rates. Hence, from a
metrological standpoint it is not possible to distinguish the performance of the meter between NG and
HENG. Note that the lowest flow rate used is significantly higher than the Qmin of the flow meter (0.8
m3/h). Larger differences may occur at Qmin of the meter as leakage through the meter will play a more
dominant role there. Furthermore, for the HENG used (< 20 % hydrogen), dynamic viscosity changes
between NG and HENG are very small compared to the differences between NG and pure hydrogen [5].
Consequently, one can expect larger (negative) differences between the meter response with NG and
pure hydrogen.
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Figure 10. Difference in meter error between the NG and HENG calibration results for the two pressure levels.

Using VSL's high-pressure Gas Qil Piston Prover primary standard (GOPP), the effect of mixing hydrogen
with natural gas on the accuracy of a high-pressure flow meter was assessed for the first time. The
accuracy of a G100 rotary flow meter was determined by direct calibration against primary reference
values. The rotary flow meter was calibrated using both NG and HENG, at two different pressures: 9 bar
and 16 bar. Although differences between errors with NG and HENG are mostly negative, these changes
are insignificant from a metrological standpoint. Results indicate that, for the rotary flow meter and
hydrogen admixtures (<20 % H») used, the meter error differences between high-pressure hydrogen
admixture calibration and high-pressure natural gas calibration are smaller than the meter error
differences between atmospheric pressure air calibration and high-pressure natural gas calibration.
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General Discussion and Conclusions

The tasks described in WP 3 were completed even if the nozzle rig developed by PTB could not be finalized
during the project time. The investigations provided information, which is very useful for future projects
and the application of nozzles with small throat diameters dinroat < 0,1 mm. Usage of the nozzle rigs in the
upper flow rate ranges is already possible, but for small nozzles the run in time issue and measures for
cleaning the nozzles need to be sorted out.

The comparison of flow rate calibration as part of the accuracy tests shows, that the concerned
laboratories NEL and PTB come to comparable results for diaphragm meters. Taking into account the
intercomparison results of task 3.2 we can conclude, that type tests carried out by both institutes will
come to comparable results which is quite important for manufacturers of domestic gas meters.

In accordance to A.3.3 it was possible to show, that the oil piston prover of VSL is able to be used by 20 %
hydrogen content of the test gas. This also an important step for further investigation of commercial gas
meter like rotary meters. The rotary meter tested in this task appears influenced by hydrogen enriched
test gas, but the effect is small in comparison to the MPE. This is an important output for accuracy test
requirements given in EN 12480.
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