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GENERAL CONTEXT 

Gas meters and gas volume conversion devices are instruments that have to be placed into use and in 
the market of European Union according to Directive 2014/32/EU (MID). Until now these instruments 
are mainly used for the measurement of the consumption of natural gas.   
 
The European Green Deal, however, aims at increased use of hydrogen and biogas in the future. These 
and other renewable gases will be blended into natural gas if circumstances allow in terms of measuring 
accuracy and ensuring safety.  For this reason, the durability of the materials of domestic gas meters 
and conversion devices after exposure to renewable gases, the effects that renewable gas flow has on 
the durability of gas meters, and recommendations for improving current calibration and verification 
practices were goals of this project and are studied and discussed in this report.      

1 INTRODUCTION 

Within the framework of the European Metrology Programme for Innovation and Research (EMPIR) 
and the thereby funded research project NewGasMet (Flow metering of renewable gases 18NRM06) it 
was proposed to initiate an inter-comparison for renewable gases. This includes measurements with 
hydrogen, nitrogen, methane and air. The flow rate ranges covered by this inter-comparison are 25 l/h 
up to 9,000 l/h, which are commonly used flow rates of domestic gas meters. 
The aim of this pilot study was to develop a robust flow transfer calibration standard which can be used 
for inter-comparisons measurements with renewable gases. The transfer-packages were designed as two 
instruments for redundancy. 
The results of this pilot study could be used as the basis for future inter-comparisons that will be 
performed after the end of the NewGasMet-Project. This will enable notified bodies or accredited 
laboratories to demonstrate their competence. 

 

2 PARTICIPANTS AND PLANNING 

The pilot study was carried out between five participants showed in Table 1. The table includes the for 
the pilot study responsible contact persons and their shipping addresses. Each laboratory was requested 
to arrange the transport to the next Institute thus pays for the cost of shipment of the package to the next 
laboratory. The packages were circulated from one lab to the following as shown in 

Figure 1. Details of handling and transport are described in chapter 5. The given schedule included 4 
weeks for each lab. This also included the shipping time for the packages.  
 

 
 

Figure 1: Sequence of labs including schedule 
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Table 1: NMIs participating in the comparison in order of schedule of comparison 

Institute Country Shipping address Contact Remarks Date 
PTB Germany Physikalisch-Technische 

Bundesanstalt 
FB 1.4 z.Hd. Dr. 
Schumann 
Bundesallee 100 
38116 Braunschweig 
Germany 

Name: 

Matthias WEYHE  
Phone: 

0049 5315921334 
Mail: 
Matthias.Weyhe@ptb.de 

PILOT Start: 
01.11.21 
End: 

14.11.21 

CMI Czech 
Republic 

Czech Metrology Institute  
Pressure Department  
Okružní 31 
63800 Brno 
Czech Republic 

Name: 

Zdeněk KRAJÍČEK  
Phone: 

+420 724 121 129 
Mail:  
zkrajicek@cmi.cz 

A Start: 

29.11.21 
End: 

07.01.22 

 

VSL Netherlands VSL B.V. - Marcel 
Workamp  
Thijsseweg 11  
2629 JA Delft  
The Netherlands  

Name:  
Marcel WORKAMP 

Phone: +316 31119906  

 

 

Mail: mworkamp@vsl.nl 
 

C Start: 

10.01.22 
End: 

04.02.22 

 

METERSIT Italy METERSIT s.r.l. 
Via Achille Grandi 6 
45100 Rovigo, Italy 

Name: Giorgio Carraro 

 
Phone: +39 0498996735 

 
Mail: 
giorgio.carraro@metersit.com 

D Start: 

07.02.22 
End: 

04.03.22 

 

NEL United 
Kingdom 

TÜV SÜD NEL 
James Young Building, 
Scottish Enterprise 
Technology Park, 
Reynolds Ave, 
East Kilbride, 
Glasgow, 
United Kingdom 

Name: Dale Anderson 
 
Phone: +44 1355 59 3760 

 
Mail: 
dale.anderson@tuvsud.com 
 

B Start: 

07.03.22 
End: 

01.04.22 
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3 METHOD OF COMPARISON 

The participants  agreed to test the transfer packages with the listed gases and flow rates in Table 2. 
Each laboratory had to perform the tests showed in Table 2 within the time schedule listed in  
Figure 1. If tests could not be performed as mentioned, the pilot laboratory had to be informed 
immediately. 
The description of how to perform the tests and which data had to be reported  are mentioned in chapter 
4. The transfer packages and the required connections are described in detail below. 
 

Table 2: Gases tested within the pilot study including participating NMI’s and flow rates 

 
PTB 

Q [m³/h] 
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Legend:   To be tested 

 

4 DESCRIPTION OF THE TRANSER STANDARDS 

4.1 PACKAGE № 1 – Transfer-Set FMG 

The first transfer package consists of a nozzle and a positive displacement meter (FMG). The structure 
of the transfer package is schematically shown in Figure 2. The package was shipped in three parts 
which had  to be mounted beforehand of the tests. 

 
Figure 2: Schematic drawing of Transfer Package № 1 with a positive displacement meter 

 
The package can be installed via a DN25 flanged connection according to ISO 2861 or a 10 mm 
Swagelok at the inlet. The flange connections are secured with chains up to the nozzle to ensure pressure 
safety. The outlet is optional a Swagelok 12 mm, a 20 mm hose connector or a DN25 flanged connection 
according to ISO 2861. The connections of the temperature and pressure sensors are listed in detail in 
Table 3. Detailed pictures of the setup are shown below in Figure 4, Figure 5 and Figure 6. 
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Figure 3: Complete Setup, Package № 1 with marked sections A-C 

Table 3: Detailed port description of package № 1 

Value Type Pipe connection Sensor connection 
Temperature 
(Figure 4, 
Figure 6, 
Figure 7, 
Figure 8) 

PT100 Sensor Tube fitting  
4 mm pipe / 1/8” thread 
Sensor diameter: 4 mm 

1. LEMO FFA1S304 
2. 4 open wire ends 
3. OPTIONAL: 

Greisinger 3710 
(precision 
thermometer) 

Pressure 
(Figure 4, 
Figure 6) 

 Tube fitting (compatible 
with Swagelok, Fitok, 
Parker A-Lok, etc.) 
6 mm pipe / 1/8” thread 

1. 6 mm tube 

Pulses, FMG 
(Figure 6) 

NAMUR 
77425 Imp/m³ 

 1. 3 open wire ends 
black  GROUND 
red  SUPPLY 
VOLTAGE 
white  PULSE 

 

 
Figure 4: Part A with inlet, sensor unit and nozzle holder 
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Figure 5: Part B, 1000 mm DN25 pipe 

 
Figure 6: Part C, FMG with corresponding sensor unit and FMG connections 

 

 
Figure 7: Temperature sensor PT100 (example) 

 

 

Figure 8: Connection Option 2 for PT100, LEMO FFA1S304  4 wire ends  
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4.2 PACKAGE № 2 – Transfer-Set LFE 

The second transfer package consists of a nozzle and a laminar flow element (LFE). The structure of 
the transfer package is schematically shown in Figure 9. The package was shipped in three parts which 
had to be mounted beforehand of the tests. 

 

 
Figure 9: Schematic drawing of Transfer Package № 2 with a laminar flow element 

 

The package could be installed via a DN25 flanged connection according to ISO 2861 or a 10 mm 
Swagelok at the inlet. The flange connections were secured with chains up to the nozzle to ensure 
pressure safety. The outlet was optional a Swagelok 12 mm, a 20 mm hose connector or a DN25 flanged 
connection according to ISO 2861. The connections of the temperature and pressure sensors are listed 
in detail in Table 4. Detailed pictures of the setup are shown below in Figure 10, Figure 11 and Figure 
12. 

Table 4: Detailed port description of package № 2 

Value Type Pipe connection Sensor connection 
Temperature PT100 Sensor Swagelok 

4 mm pipe / 1/8” 
thread 

1. LEMO FFA1S304 
2. 4 open wire ends 
3. OPTIONAL: 

Greisinger 3710 
(precision 
thermometer) 

Pressure  Swagelok 
6 mm pipe / 1/8” 
thread 

1. 6 mm tube 

Differential 
pressure 

 Swagelok 
6 mm pipe / 1/8” 
thread 

1. 4…20 mA (HART): 
0-64 mbar 
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Figure 10: Part A with inlet, sensor unit and nozzle holder 

 
Figure 11: Part B, 1000 mm DN25 pipe 

 
Figure 12: Part C, LFE with corresponding sensor unit 
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Figure 13: Temperature sensor PT100 (Example) 

 

Figure 14: Connection Option 2 for PT100, LEMO FFA1S304  4 wire ends 

 

4.3 SELECTION OF NOZZLES 

A set of 7 critical cylindrical nozzles are used to regulate the flow. Within the transfer packages the 7 
nozzles of different inner diameters were installed in the nozzle holder in order to achieve the required 
flow. Each nozzle was marked with an identification number. Following the characteristics of the nozzles 
are prescribed in descending diameter order. 

• Nr. 1: Z 1 2,163 2020 

• Nr. 2: Z 2 1,311 2020 

• Nr. 3: Z 3 0,712 2020 

• Nr. 4: Z 4 0,416 2020 
• Nr. 5: Z 5 0,169 2020 

• Nr. 6: Z 6 0,100 2020 

• Nr. 7: Z 7 0,0513 2020 

An example image of a nozzle and the corresponding flow direction is shown in Figure 15. This image 
is representative of all nozzles. The flat surface of the nozzle is always the inlet side of the nozzle. 
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Figure 15: Example picture of nozzle including flow direction and identification number 

 

 

Table 5: Overview of nozzles used for transfer packages 

Gases inlet pressure Nozzle Volume flow at atmospheric pressure 

 pi  Qp=atm 

 [mbar]  [m³/h] 

H2 

4200 
Nr. 7 
Ident.: Z 7 0,0513 2020 

0,025 

3200 
Nr. 6 
Ident: Z 6 0,100 2020 

0,06 

3200 
Nr. 4 
Ident: Z 4 0,416 2020 

1,09 

2600 
Nr. 2 
Ident: Z 2 1,311 2020 

9,04 

CH4 

3100 
Nr. 5 
Ident: Z 5 0,169 2020 

0,06 

3100 
Nr. 3 
Ident: Z 3 0,712 2020 

1,10 

4500 
Nr. 2 
Ident: Z 2 1,311 2020 

5,50 

air / N2 

4000 
Nr. 5 
Ident: Z 5 0,169 2020 

0,06 

4000 
Nr. 3 
Ident: Z 3 0,712 2020 

1,09 

3500 
Nr. 1 
Ident: Z 1 2,163 2020 

8,89 
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5 HANDLING AND TRANSPORT 

5.1 ON RECEIPT 

It was necessary  
• to inform the sending laboratory, next laboratory in the chain and the pilot laboratory to confirm 

receipt 
• to inform the pilot laboratory and the next laboratory of txpected measurement schedule to confirm 

planned dispatch time 
• to check the package casing for damage and on opening the package check the contents against the 

packing list.  
• to check the transfer standard for damage.  
• to report any damage or missing items to the pilot laboratory and the previous laboratory. 
 

5.2 ON COMPLETION 

It was necessary  
• to pack all items (including manuals) into the shipping box in a similar way as received 
• to check the contents against the checklist / packing list (see 15.1) 
• to make sure that all pipe ends are closed with flange caps 
• to check that all paperwork is available to the carrier 
• to inform the next laboratory and the pilot laboratory on the day of dispatch. 
 

5.3 SHIPMENT 

It was necessary to coordinate the shipping with the recipient i.e. to obtain the recipient's exact shipping 
address. The sending laboratory should provide the recipient with the carrier, the exact travel mode, and 
the estimated time of arrival. The shipping laboratory had to  be aware of any national regulations 
covering the travelling standard to be exported. It was necessary to mark the shipping box with 
"FRAGILE SCIENTIFIC INSTRUMENTS", “TO BE OPENED ONLY BY LABORATORY STAFF”. 
 
Each laboratory was responsible for the cost of shipping to the next participant including any customs 
charges and insurance. The insurance should be sufficient to cover the costs of the travelling standards 
(about 20 000 Euro) and any damages that could occur.  
For shipment to NEL only: The travelling standard was  accompanied by a customs ATA Carnet for 
temporary import/export and uniquely identifying the instrument.  
 

6 REPORT 

It was necessary to complete within 3 weeks after measurements and send the results to the pilot 
laboratory (above). 
 

7 TIMING 

I was allowed 2 week for measurements and 1 week for transport to the next laboratory and 1 week for 
unexpected reasons. It means total 4 weeks each Lab. 
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8 FAILURE OF THE PACKAGE 

If a participant could see any failure of the transfer standard it would be reported immediately to the pilot 
laboratory. The pilot laboratory had to decide if repair is required and make arrangements for any repairs. 
The total costs for repairing (including shipping) were planned to be shared equally among all 
participants. 
 
 

9 MEASUREMENT PROCESS 

All participants should were informed that  the operating manuals for instructions of use were in  both 
packages. Participant laboratories could  perform any initial checks of the operation of the transfer 
standard that would be performed for a normal calibration. In case of an unexpected instrument failure, 
the pilot (PTB) had to  be informed as soon as possible. 
All participating laboratories used  their standard calibration procedure to perform measurements. Only 
some instructions mentioned below should be noted and complied with.  
• Allow the entire transfer standard packages to reach the room temperature conditions e.g. overnight 

prior to collecting data. 
• The flow through the nozzles, FMG rotary meter and LFE must be in the direction indicated by the 

arrows (Figure 16) 

 
Figure 16: label with flow direction 

• Never connect a pressure source to the  
o Nozzle that is greater than 6000 mbar absolute. This is the overpressure limit of the nozzle 

holder. 
o FMG rotary meter that is greater than 1500 mbar absolute. This is inside the overpressure 

limit of the meter. FMG meter is very sensitive to overload. Especially after the leak-test the 
expansion needs to be done with care to avoid overload. 

o LFE that is greater than 1500 mbar absolute. This is inside the overpressure limit of the LFE. 
Especially after the leak-test the expansion needs to be done with care to avoid damage. 

• By operating with nitrogen (at least grade 4.5 with purity 99.995 %) take care if you use vaporized 
liquified nitrogen due to possible argon content. Hydrogen (at least grade 4.5 with purity 99.995 %), 
methane (at least grade 3.5 with purity 99.95 %) and air (dry, dew point after expansion ~ -15°C and 
oil-free) should be used as the calibration gas. 

• The ambient temperature should be in the range of 18 °C to 25 °C. 
• Before starting actual measurements, the pressure and temperature sensor readings should be 

checked against ambient conditions of the laboratory (no flow through transfer standard). This allows 
considering severe drifts in temperature and pressure sensors when evaluating the comparison 
results. 

• Before starting measurements and after any changes the transfer packages (nozzle change, meter 
change or sensor change), a leak-test should be conducted. 

• Conducting the Leak-test: 
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o Fill the complete package with gas up to a pressure 1400 mbar. 
o Chilling time minimum 5 min 
o Observation of the pressure for at least 3 minutes 

∆� ∗ V������ ∗ 	���� = ���
� < 0,1 % Q���  (1) 

 

 

∆p 

p1 

Vtest 

ttest 

Qleak 

Qmin 

 

 

Pressure difference 

Starting pressure 

Volume relevant for leak test 

Leak test duration 

Leakage flow 

Minimum volume flow to be measure 

 

 

o According to pre-test by the pilot lab, the system can pass leak test with leak flow below 2 
10-7 m³/h. To obtain actual leak flow for estimating the corresponding uncertainty, and 
record in the Excel spreadsheet “Leakage template”. 

o Note: an additional leak-test with hydrogen is recommended before the calibration with 
hydrogen 

• Purging process 
o Purging is needed before starting measurement with different calibration gases. 
o In case of usage of hydrogen, a purging with inert gas (nitrogen) is necessary before the final 

purging with hydrogen takes place. 
o The purging to be performed at least for 10 minutes with Qmax of the package 

 Minimum purging-volume for package 1: ~ 1.5 m³ 
 Minimum purging-volume for package 2: ~ 0.1 m³ 

• Before starting actual comparison measurements, it is necessary to give a flow rate of 0.6·Qmax to 
Qmax through the setup (9 m³/h for FMG and 0.06 m³/h for LFE) for at least 10 minutes to achieve 
temperature stabilization (temperature difference between the gas flowing through the setup and the 
ambient shall be stable. It is recommended to reach a difference less than 1 °C between ambient and 
gas temperature). 

• Changing nozzles:  
o The pressure inside the package needs to be ambient. 
o In case of hydrogen and methane take care of safety aspects. 
o Remove both clamps before opening the holder to remove the full holder from the package. 
o Open the holder in vertical position. 
o Replace the nozzle and check the correct position of the O-rings. 
o Take care of the flow direction. 
o Avoid any mechanical damage. 
o The usage of gloves is helpful to avoid damage and reduces heat introduction. 
o Close the holder and fasten the holder screws. 
o Place the holder in the package and fasten the clamp-chains. 
o The fasten of the clamp-chain should be done with care to avoid damage at fastening screw 

and clamp. In case of leakage the clamps are usually not the reason (don´t overload)! 
• The calibration points of the comparison and the associated transfer standard to be used are shown 

in Table 2. The flow reading indicated by the transfer standard should be matched as exactly as 
possible (at least within ± 5 %) to the nominal flows in Table 2 to allow good comparability between 
participants results.  

• Each participant had to record the data according to the provided Excel spreadsheet (“Measurement 
data template”). An example of the data record form is given in the Appendix. The data shall include 
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mean values during each repeat (1) upstream pressure of the transfer standard nozzle; (2) upstream 
temperature of the transfer standard nozzle; and (3) reference pressure of the transfer standard second 
meter; (4) upstream temperature of the transfer standard second meter, (5.1) uncorrected flow rate 
of the FMG meter and in case of package 2 (5.2) the differential pressure and (6) the flow rate 
measured by the lab at standard conditions (1013.25 mbar, 0°C). 

• Each calibration point should be conducted with 2 repeated measurements (in total 3 measurements 
for each test point). 

 

10 REPORTING MEASUREMENT RESULTS 

It was strongly recommended to pre-test both packages at high flow rate (0.6 Qmax to Qmax) and email 
data with the provided Excel spreadsheet to the pilot lab (Matthias.Weyhe@ptb.de) for preliminary 
review. PTB reviewed the spreadsheet and looked for obvious problems or missing data and then replied 
whether additional information or testing is necessary. I was necessary to send final calibration results 
to the pilot laboratory within 3 weeks after completion of the measurement. Other information required 
from the participating labs included:  

• A short description of the flow standard used and information about traceability;  
o For preparing the report on the comparison, the participating laboratories were  asked to 

deliver a short description of their primary flow standards used during the comparison 
and their traceability (including a schema or a picture).  

• The results of an uncertainty analysis for the flow measurements made by the flow standard used 
during the comparison. The uncertainty statement should exclude the uncertainty components 
introduced by the transfer standard (i.e. reproducibility and uncertainty due to instrumentation 
needed for the transfer standard). 

• Instruments used by the laboratory in the comparison measurements; and  
• photographs and labelled sketches of the test setup(s) used during the comparison.  

o An example of Process and Flow Diagram of the test set up at PTB is given in the Test 
set up at PTB. 

 

11 ANALYSIS OF THE COMPARISON RESULTS 

The reference value of the comparison is an uncertainty weighted mean value of all participating labs 
and is based on the nozzle results. The nozzles are calibrated beforehand by the pilot lab and therefore 
A and B values for each nozzle and each gas are available. The deviation of each partner is calculated 
by using the determined A and B values (in the interested pressure ranges). The following equations 
apply calculating volume flow under standard and operating conditions: 
For volume flow rate QV,20,tr at the nozzle inlet at 20°C and the inlet pressure pD 

� V,20,tr�/ℎ =
⎣⎢
⎢⎡ "# + %#

& �'()*+⎦⎥
⎥⎤ (2) 

The volume flow rate QV,St 

� V,St�/ℎ =
0'kg/(304�kg/(3

⋅ 61 + 0,169 ⋅ 9:; ⋅ <=>'
°? + 273,15C

293,15 ⋅ � V,20,tr�ℎ
   (3) 
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pD 

TD 

xv 

ρD, ρSt 

 

 

 

absolute nozzle inlet pressure 
nozzle inlet temperature 
molar fraction of water vapor in the gas 
density of the gas at the inlet of the nozzle and under 
standard conditions 
 

 

In case, the used gas has a purity of 3.5 or higher the gas may be seen as dry (xv is zero). Else the density 
at the nozzle inlet and at standard conditions need to be determined using the molar fraction of water 
vapor for both density calculations. The deviation of the second meter (FMG, LFE) will be checked in 
comparison to the PTB test results. 
 

12 DESCRIPTION OF TEST EQUIPMENT IN 
LABORATORIES   

12.1 Czech Metrology Institute 

In  Czech Metrology Institute (CMI) there the   dynamic primary gravimetric system was used. The 
dynamic primary gravimetric system in vacuum or hermetic mode measures and calculates the mass flow 
from the decrease of mass of a pressurized cylinder filled with a pressurized gas. This cylinder is 
exhausted through the stabilization flow meter and rests on an electronic balance with an automated mass 
handler for zeroing the balance, calibrating the balance and placing the pressurized cylinder on the 
balance during the measurement. The calculated flow is corrected for the effects upon the system during 
measurement. The accuracy of the gravimetric standard depends on (in)accuracy of buoyancy corrections 
which are the main contribution to the uncertainty. Placing the pressurized cylinder s and the weighing 
system into a vacuum recipient decreases these influences to practically zero. 
 
The whole system was described in the article [1]: 
 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Facility 1 

Range of flow rate  1 mL/min to 20000 mL/min  
Working temperature 20 °C ± 5 °C at meter under test  
Working pressure 20 kPa abs to 600 kPa abs at meter under test  
Expanded uncertainty 

Ubase (k = 2) 

(1 - 3) mL/min:         −0.22248·Q + 0.8895, where Q is in mL/min 
(3 - 20000) mL/min:   0.1% 
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Schematic of primary low mass flow standard in new vacuum vessel: 
 

1: Gas bottle and pressure regulators. 2: Electronic balance. 3: Catenary capillary. 4: Mass flow 
controller. 5: Molbloc. 6: Molbox. 7: Automated mass handler. 8: Reference mass. 9: Ambient 
conditions measurement. 10: Vacuum pump. 11: Vacuum vessel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17 Dynamic primary gravimetric system in CMI 
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12.2 PTB 

In the following the traceability chain of PTB is described. The currently used primary standards are 
traceable to the length and time. In addition, the values pressure p and temperature T at the primary 
standard and the MUT need to be determined.  
  

  
Figure 18   Schema of PTB bell prover 

 
The inner diameter of the bell prover is calibrated in respect to diameter by a special facility. The 
displacement is determined by two glass scales. The bell prover is usable with air only because in the 
test room the explosion protection is not given. In principle an application with other gases is possible if 
the solubility of gas in sealing liquid is comparable to air. The claimed uncertainty is 
Q = 1 m3/h... 60 m3/h  Urel ≤ 0.045 % (k=2)  

 
Figure 19   Picture of the bell prover in PTB  
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For small flow rates PTB used a mercury sealed piston prover. The inner diameter is calibrated by a 
coordination measurement machine.  
  

 
Figure 20   Schema of PTB mercury sealed piston prover 

 
The displacement of the piston is determined by a heterodyne interferometer. This allows one to check 
the velocity of the piston during the measurements. The maximum volume which measurable depends 
on diameter and length of thy glass cylinder. The range is  
Vcyl = 0,2...22 dm3. The claimed uncertainty is Q = 0,1 l/h... 500 l/h, Urel ≤ 0,15% (k=2).  
The mercury sealed piston provers will be used for inert technical gases and burn gases accept toxically 
gases. 
As mentioned above the bell prover is not usable for burn gases. That is why secondary standards are 
used in this range for such gases. PTB is using wet gas meters of different sizes. The wet gas meters are 
calibrated by air. The uncertainty of the air calibration is U =0,15 %. During the usage of these meter as 
flow reference for the intercomparison the reached uncertainty is U = 0,3 %, mainly because temperature 
effects as influence values.  
The solubility of the gases used during the intercomparison in the sealing liquid was tested by PTB. 
There were only relatively small differences observed. After a change of the test gas, a sufficiently long 
run-in time is needed to avoid an influence on the oil level. 
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Figure 21   Photography of a wet gas meter (type NB 2) used for calibration of the transfer 

package as working standard for task A 3.2.2. 

 
Beside an NB 2 an NB 15 was used which has a Qmax of Q = 15 m3/h. 

 

 

12.3 METERSIT 

Metersit used two different testing facilities depending on whether the measurements were carried out 
in air or methane (test rig n.1) or hydrogen (test rig n.2). For test rig n.1 two piston provers installed in 
series were used as reference meters, covering a range of 0,03 m3/h to 6 m3/h in air and methane, while 
for flow rates above 6 m3/h, in air only, a third piston prover was used installed in parallel to the previous 
two. Since the piston provers’ optimal working range is ±10 mbar around atmospheric pressure, the 
transfer standard LFE was placed upstream of the piston provers, while the transfer standard FMG was 
placed downstream. The flow rate was regulated by mass flow controllers calibrated according to the 
type of gas used. The uncertainty if this test rig is U = 0,2% (k=2). 

 
Figure 22   Piston prover references for test rig n.1 in Metersit  

 
For test rig n.2 the reference meters are laminar flow elements, covering a flow range of 0,13 m3/h to 30 
m3/h. The transfer standard FMG was placed downstream of the reference meters. The flow rate was 
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regulated by mass flow controllers with dedicated calibration in hydrogen. The uncertainty if this test rig 
is U = 1,0% (k=2). 

 
Figure 23   Test rig n.2 for measurements in hydrogen in Metersit 

 

12.4 VSL 

 
For this intercomparison VSL used a mercury-seal piston prover previously developed in the Biomethane 
project (EMPIR project 16ENG05). The prover volumes are determined traceably to the unit meter by 
comparison to VSL primary mercury-seal piston provers, known as the low-flow facility. 
The piston prover used here is designed differently from the primary piston provers, as it is equipped 
with a pressure housing, which allows the prover to be used under pressure up to 10 bar. Although the 
prover was used only under roughly atmospheric pressure in this intercomparison, this design may affect 
results, and was previously untested. To extract the flammable gases, the outlet was connected to an 
extraction system. A drawback of the unique design of this facility, is that this also affect the pressure 
level at the inlet, both when the automatic valve is closed (measurement stroke) and open. The estimated 
uncertainty is 0.3 % on volume flow rate. 
 
For the intercomparison, both the critical nozzle and LFE were place upstream of the facility. 
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Figure 24   Mercury-seal piston prover in VSL 

 
 

12.5 NEL  

 
 
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 during the 
intercomparison testing. Sonic nozzles are used for reference measurements in most of the flow rate 
range covered by the facility.  For the lowest hydrogen flow rates laminar flow elements are used, 
although these were not used in the intercomparison testing. A schematic of the facility is shown in 
Figure. During this work, the intercomparison package was installed in the test meter location shown as 
‘FE’, downstream of the facility reference instrumentation. 
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Figure 25: 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 behavior 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] 
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13 RESULTS    

13.1 Analysis of nozzle results 

All partners 

 

 
Figure 26 Results of all partners as function of the reference flow rate determined by each partner 

 
Figure 26 shows the results of all partners including the first measurement of PTB (at the beginning of 
the comparison) and the second measurement PTB (2) at the end of the comparison. In front of the first 
PTB measurement the nozzles were characterized over the whole application range by calculating A and 
B values for each gas. Then the measurements described in the comparison protocol were carried out as 
described. Based on specific A and B values for each nozzle and gas the true value was calculated and 
compared with the results measured PTB,  the same was applied for the partners. In Figure 26 also the 
uncertainty balconies are shown. In order to have a look on stability the first and the second results of 
PTB are selected and will be shown below.  
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Only PTB 

 
Figure 27  Results of alle nozzle measurements carried out by PTB 

 
 
A comparison of the first and second measurement is plotted in Figure 27. The deviation of the first 
measurement to the reference flow rate is usually in the range of up to 0,1 %.  This was to be expected 
because the first measurement was carried out only some days after the determination of the A and B 
values. Only the measurement with hydrogen at Q=25 l/h shows a deviation of 0,3 %. This is probably 
caused by temperature instabilities in the test room. The second measurement PTB(2) shows generally a 
shift to the first one which is in most cases in the range of the stated uncertainty.  The traceability of the 
first and second measurement is identical for the flowrate larger then Q > 0,9 m3/h. The correlation for 
measurement 1 and 2 may be neglected because of the relative large contributions of temperature 
influence. It was expected that the stability of the nozzles is less than 0,1 % but as mentioned above the 
temperature influence may be the reason for the differences. This concerns also the temperature stability 
of gas supply of PTB arrangement, which was improved after the first measurement.   The observed shift 
is always in the same direction and concerns all nozzles nearly equally. That is why a pollution of the 
nozzles, or a mechanical influence is not very likely as reason. 
 
The repeatability of all measurements is in the range of 0,1%, but the second measurement has shown 
always shifts to negative deviations e. In order to calculate an uncertainty of the transfer standard, the 
calculation may be based on an upper and lower border and the assumption of a rectangular error 
distribution.  
This means   

  
 Utransf =0,24 % as uncertainty for the stability of the transfer standard.    
  
 

0,01 0,1 1 10

-1,5

-1,0

-0,5

0,0

0,5

1,0

Company

 VSL

 METERSIT

 CMI

 PTB

 NEL

 PTB (2)

gas

 Hydrogen

 Methane

 Air

 Nitrogen

fn
o

z
,N

O
R

M
 [

%
]

Reference standard flow rate [m³/h]



 
 
 
 
EMPIR JRP 18NRM06  
NEWGASMET – Deliverable D6   
 
 
 

  
D6 – Report on the inter-comparison with N2, H2 and CH4                                                          Page  26 of  49 
 

Hydrogen 

 
Figure 28   Results of PTB,  PTB (2) and the concerned partners CMI and VSL for hydrogen 

 
 
Figure 28 shows the results of PTB at the beginning and the end of the comparison and the results of the 
partners which did measure hydrogen in the concerned range. The measurements of PTB for Q=60 L/h 
and Q= 25 L/h were carried out using different reference standards. The first measurement was done by 
the wet gas meter traceable to air calibration. The second was carried out by mercury sealed piston 
prover. For Q=25 L/h the equivalency of PTB results is near to En =1.   
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Methane 

 
Figure 29   Results of PTB, PTB (2) and the concerned partners CMI and VSL for methane 

 

 

The results for Q=60 L/h are equivalent for the concerned partners The shift between first and second 
measurement of PTB is larger than expected, the maximum is 0.4%. 
 

Air 

 
Figure 30 Results of PTB and PTB (2) for air. 
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The results for air measured by PTB and PTB(2) are in acceptable agreement accept for Q =1 m3/h there 
the shift observed is 0.4%. 
 

Nitrogen 

 
Figure 31  Results of PTB, PTB (2) and the concerned partners CMI, VSL and NEL for nitrogen 

 

The results for nitrogen are similar to the measurements with air. The results of partners are in good 
agreement with the first measurement of PTB, only the VSL result for Q=60 L/h show a relative large 
deviation to the average. 
 

13.2 Original data of the second part of the comparison standard (FMG rotary 

meter) 

 
Similar to the analysis approach used fort the nozzle comparison, first the error curves of the rotary meter 
were calibrated for all gases. Based on these results an error curve approximation was carried out. Using 
the data of a flow rate measurement by the FMG rotary meter  
QFMG = nimp*Vimp/ tmeas  
(Vimp volume value of a single pulse determined during the production of the meter) and the actual 
conditions at the rotary meter prot and Trot, the flow rate at standard conditions QSt.FMG was determined by 
PTB and the partners respectively. Then meter deviation of the FMG rotary meter was calculated in 
comparison to the flow rate determined by the reference. This deviation was than compared with the 
deviation calculated by the polynomic curve from calibration before the intercomparison. 
 
 
 
 
 
 

0,01 0,1 1 10

-1,5

-1,0

-0,5

0,0

0,5

1,0

Company

 VSL

 METERSIT

 CMI

 PTB

 NEL

 PTB (2)

gas

 Hydrogen

 Methane

 Air

 Nitrogen

fn
o

z
,N

O
R

M
 [

%
]

Reference standard flow rate [m³/h]



 
 
 
 
EMPIR JRP 18NRM06  
NEWGASMET – Deliverable D6   
 
 
 

  
D6 – Report on the inter-comparison with N2, H2 and CH4                                                          Page  29 of  49 
 

All partners 

 

 
Figure 32 Results of all partners for the FMG rotary meter.  

 

Figure 32 shows the results of all partners and the two measurements carried out by PTB. If the first 
measurement of PTB is taken as reference for the comparison, then there some outliners mainly by 
Metersit. 
 

Only PTB 

 
Figure 33  Results of PTB for all gases and first and second measurement 
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All results of PTB for the FMG meter are shown in Figure 33. In general, a better agreement between 
first and second PTB measurement is to observe in comparison to the nozzle results. This is to a certain 
extend surprising, because the experiences with nozzle show usually a very nice reproducibility of 
nozzles. This underlines the interpretation of the differences between the first and second nozzle 
measurement, where a temperature influence was seen as reason for the deviations. 
 

Hydrogen 

 
Figure 34    Results of PTB,  PTB(2) and the concerned partners NEL, Metersit and CMI for the FMG 

rotary meter and hydrogen as test gas. 

 
 
The results of PTB and PTB(2) for hydrogen are acceptable, that means the equivalence value is 
considerable below En<1. If the uncertainty of the transfer package shift between PTB and PTB(2) is 
taken into account then the results of Metersit are just in agreement. The results of CMI are not in 
agreement for Q = 1 m3/h. 

1 10

-2,4

-2,2

-2,0

-1,8

-1,6

-1,4

-1,2

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6
Company

 VSL

 METERSIT

 CMI

 PTB

 NEL

 PTB (2)

gas

 Hydrogen

 Methane

 Air

 Nitrogen

fF
M

G
,N

O
R

M
 [

%
]

Reference standard flow rate [m³/h]



 
 
 
 
EMPIR JRP 18NRM06  
NEWGASMET – Deliverable D6   
 
 
 

  
D6 – Report on the inter-comparison with N2, H2 and CH4                                                          Page  31 of  49 
 

Methane 

 
Figure 35   Results of PTB, PTB(2) and the concerned partners Metersit and CMI for the FMG rotary 

meter and methane as test gas. 

 
The results for methane are quite good, that means the equivalence value is below 0,5. 
 

Air 

 
Figure 36  Results of PTB, PTB(2) and the concerned partner Metersit for the FMG rotary meter and 

air as test gas. 
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The results for air are good, that means the equivalence value is considerable around 0,5. 
 

Nitrogen 

 
Figure 37  Results of PTB,  PTB(2) and the concerned partners CMI and NEL for the FMG rotary 

meter and nitrogen as test gas 

 

The results for nitrogen are quite good, that means the equivalence value is below 0,5. 
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13.3 LFE-Data 

 

All partners 

 
Figure 38 Results of all partners and gases only for the LFE results 

 

In Figure 38 the results of all partners are plotted. There are some outliners by VSL and PTB. The latter 
ones are probably a data transmission problem.  
 

Only PTB 

Below the results of PTB are selected. In general, there is a similar behavior as for the nozzle to observe.  
The outliners are still to check as mentioned above. The first measurement was carried out by a wet gas 
meter as flow standard traceably to air, the second one was carried out to the mercury sealed piston 
provers which are used as primary standard at PTB. 

 
Figure 39  LFE results for gases only for PTB 
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Figure 39 shows the LFE results only for PTB. There is an acceptable agreement between the first and 
second measurement to observe, except the outliner for methane and nitrogen. 
 

Hydrogen 

 
Figure 40  LFE results of PTB,PTB(2) and the concerned partners CMI and VSL only for hydrogen 

 

Methane 

 
Figure 41  LFE results of PTB, PTB(2) and the concerned partners CMI and Metersit only for methane 
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Air 

 
 

Figure 42   LFE results of PTB and Metersit only for air 

 

Nitrogen 

Figure 43    LFE results of PTB and CMI only for nitrogen 
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In figures 40 to 43 there the LFE results of PTB and the concerned partners are plotted. The differences 
are relatively low, that means the En values are below 1. 
 

13.4 FMG consensus value 

Based on a model for the error behaviour of rotary meters used with gases of different densities, a base 
line as reference value for all partners was calculated. The results of all partners contributed to the 
consensus value. The contribution was weighted by the uncertainties of the partners, only the outliners 
were not taken into account. The approach used in the model is described in [3] 

Figure 44  Results of rotary meter for all partners and gases plotted as deviation from the consensus 

value 
 
 
Figure 44  shows the results of all partners as deviation from the consensus value. In particular for               
Q =1 m3/h an improvement of the En values of the partners CMI, Metersit and NEL is observed. But 
there are still some outliners mainly by Metersit (air and methane) and CMI for hydrogen. Because of 
the large uncertainties claimed by Metersit for hydrogen the En-values for this gas is below 1.    
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PTB only 

 
Figure 45 Rotary meter results of PTB for all gases plotted as deviation from the consensus value 

 
 
Figure 45 shows the deviation of PTB results from the consensus value. The differences between the 
first and second measurement of PTB are partly improved because temperature effects are reduced by 
this approach. Because of the fact, that the zero line is not anymore based on the meter characterization 
before the intercomparison, there are larger deviation of PTB results from the base line to state. But all 
results are still in agreement with the consensus value. In the following the PTB results are figured out 
for each gas separately.  
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Hydrogen 

 
Figure 46  Rotary meter results of PTB, PTB(2) and the concerned partners CMI, Metersit and NEL 

for hydrogen plotted as deviation from the consensus value 

 

Methane 

 
Figure 47 Rotary meter results of PTB. PTB(2) and Metersit for methane plotted as deviation from the 

consensus value 
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The results are mainly in good agreement. Only for Q = 6 m3/h the results of Metersit are just in 
agreement if the uncertainty of the transfer package is taken into account. 
 
 

Air 

 
Figure 48   Rotary meter results of PTB, PTB(2) and the concerned partners NEL and Metersit for air 

plotted as deviation from the consensus value. 

 

Nitrogen 

 
Figure 49  Rotary meter results of PTB, PTB(2) and NEL for nitrogen plotted as deviation from the 

consensus value. 
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Description of meter deviation of rotary meters type FMG depending on flow rate 

and Reynolds number as basis for a consensus value for intercomparison results 

 
A rotary meter is a volumetric meter which would have an ideal indication of flow rate proportional to 
its rotation speed if there would not be any gap between the pistons and the shell of the meter. The 
existing gap and the pressure difference ∆p across the meter causes a gap flow Qgap which is basically to 
be described as a Couette flow (superposition of a drag flow and ∆p-driven flow, see also Figure 50). 
The gap flow reduces the flow rate indicated by the rotation frequency of the meter. 

 
Figure 50: Schematic gap flow between piston and meter shell of a rotary meter as a Couette flow 

 
For low Reynolds numbers, the Couette flow is a laminar flow and has therefore a basic relationship to 
the term 1/(µQ) as it follows the Hagen-Poiseuille-law. Furthermore, the gap flow interacts with the 
piston tip due to the boundary layer and the forces between flow and piston tip are depending on the wall 
shear stress which is a function of Reynolds number. Hence, a model for meter deviation of a rotary 
meter shall have at least two flow depending parts, one on 1/(µQ) and one on Reynolds number. 
For the rotary meter type FMG used in MetHyInfra, the relationship can be described with the simplest 
case for Reynolds numbers below Re ≤ 20.0000: DEFG = *H�I� + *J + *�KD 

With small flow rates (and therefore small Reynolds numbers), the meter deviation eFMG is dominated 
by the term 1/(µQ) which is then for one gas (one viscosity) approximately only a function of flow rate 
Q. For larger flows or Reynolds number respectively, the meter deviation is dominated by the term 
depending on Reynolds as 1/(µQ) becomes negligible. The Figure 51  below illustrates this for one FMG 
meter based on measurements with air at different flow rates and different pressures. 
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Figure  51: Meter deviations eFMG for a rotary meter type FMG (size G10) with air for different 

flow rates and pressures, left versus Reynolds number Re, right versus volume flow rate Q. 

 

The lines for meter deviation model eFMG = a−1 6μQ;⁄ + a0 + a1Re connect volume flow rates at same 
pressure level. 
 
This model can be considered as reliable for the meter type FMG as Figure 52 shows the meter curves 
of six other FMG meters at 1 bar air illustrating a high similarity of all the meters. The meters curves are 
generally only parallel shifted. 

 
Figure 52: Meter deviations of six FMG meters for 1 bar air. The shapes of all the meter curves are 

quite similar to that of Figure 51  indicating a high reproducibility of the general meter 

characteristics. 

 
A more detailed description of modelling of rotary meters is given in [3]. 
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13.5 LFE consensus value 

 

All partners 

Determination K-Factor 

 
Figure 53  Determination of a consensus value for the characterization of the transfer LFE 

 
In order to figure out a consensus value for the LFE, a k-factor as function of the difference pressure Δp 
above the LFE was determined. All results were used for this purpose, accept those which were severe 
outliners. 
Basis was the relation 

UVEW =  �#,�  I
∆� X2 + ∆� ��Y Z  

with µ the viscosity of the concerned gas at the temperature and input pressure of the LFE, Δp the 
difference pressure between pressure taps of the LFE, p1 pressure at the input pressure tap of the LFE, 
QV,1 volume flow rate at the conditions at the input pressure tap of the LFE. 
The viscosity was calculated by the REFPROP data base. The uncertainty of this value is relatively large 
Uµ = 0,5 %.  If the kLFE = f(dp) function is used as base line, then the deviations plotted in figure 54 are 
to state.  
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Residuals 

Figure 54 Deviation of all partners to the consensus value for the LFE in dependency from the flow 

rate 

 

 
Figure 55   Deviation to the consensus value of all partners for the LFE without severe outliners 
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The deviation to the consensus value plotted in figure 55 are in a range between f = 0,8 to f=-1,8%. The 
differences between the different partners are much less, if only a certain gas is considered. This behavior 
is a result of the uncertainty of the viscosity to a severe extend. 
 

Only PTB 

 
Figure 56  Deviation to the consensus value of PTB and PTB(2) for the LFE  

 
As mentioned above the deviation to the consensus value is influenced by the uncertainty of the viscosity. 
That is why there is a relatively large spread of the results at Q = 60 L/h to consider. 
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Hydrogen 

 
Figure 57  Deviation of PTB, PTB(2) and the concerned partners CMI and VSL to the consensus value 

for hydrogen 

 

Methane 

 
Figure 58 Deviation of PTB, PTB(2) and the concerned partners CMI and Metersit to the consensus 

value for methane 
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Air 

 
Figure 59   Deviation of PTB and the concerned partner Metersit to the consensus value for air 

 

Nitrogen 

 
Figure 60    Deviation of PTB, PTB(2) and the concerned partner CMI to the consensus value for 

nitrogen 
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Because of the uncertainty of the consensus value caused by the uncertainty of the viscosity there is for 
methane not an agreement to the consensus value given. Also, for hydrogen and nitrogen the agreement 
is not encouraging. In so far, an analysis for each gas separately is to prefer. Using more sophisticating 
approaches for the k factor determination may lead to better results, but this is only possible if for each 
gas the LFE is calibrated for the complete dp range. 
 

14 CONCLUSION 

 
In the majority of cases, there was good agreement between the results of the comparison participants, 
as discussed in Chapter 13. There were, of course, cases where one of the participants deviated from 
most of the other results. or even the transfer standard results at the beginning and end of the comparison 
were different. This can be attributed to the fact that in many laboratories such calibrations do not have 
long experience with the types of instruments and there are a number of influences that may have affected 
the results, such as strict temperature stability before and during the measurement.    These calibrations 
and comparative measurements among laboratories need to be continued and all possible influences 
investigated in order to achieve better agreement between results in future measurements. As already 
mentioned, it is problematic that there are not many laboratories with long-term experience, but it is clear 
that in the future the number of laboratories will increase and it is necessary that there is consistency in 
their results.  In fact, it can be expected that the demand from industry and distribution companies for 
calibrations using other gases such as hydrogen will increase.  
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15 Appendix 

15.1 Checklist 

 
15.2 Measurement data template 
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15.3 Test set up at PTB 

 
15.4 Leakage template 

  


