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Summary

Areview of the different gas flow meter technologies using various gases is given based on a literature
study. Some of the gas meter technologies have been measured with hydrogen as well. For some gas
meter technologies predidive models for hydrogen exist and are described in this report.

1 Gitical flow venturi nozzles have been tested with various gases, where air, nitrogen and
hydrogen showed similar behavior for the relative deviations in the same Reynolds number
range. An extrapolation model has been presented, but the experimental valtdan has only
been performed with natural gas. Tests with hydrogen are planned in the project
MetHylInfra [13].

1 Turbine meters have been investigated with blends up to 3% of hydrogen in natural gas. A
predictive model for meter deviation with hydrogen exists, but is has not yet been validated
with hydrogen measurements.

1 For the rotary meter a predictive model also exists, but measurements have only been
performed with natural gas so far. Measurements with hydrogen are still missing.

9 Differential pressure meters have only bentested with natural gas. Measurements with
hydrogen are still missing.

9 Ultrasonic meters have been investigated with blends up to 3% of hydrogen in natural gas.
Measurements with hydrogen are still missing.

1 Coriolis flow metershave been investigated with natural gadMeasurements with hydrogen
are still missingto validate the CFM model

1 Thermal gas flow meters have been tested with various gases including hydrogen, but the
predictive models do not match the experimental results with the necessary accuracy.

Extensive experimental validation of the existing models for the different gas meter technologies are
still missing. Therefore, the assessment whether models for air or natural gas can correctly model
hydrogen flow is not possible at this stage due to laakf experimental data. imitations of the

models and expecteduncertainties need a wide range of datasets to estimate this.

Metrology for the hydrogen supply chain Page3 of 29



O

Existing models for gas flow

Report number Met4H2A2.1.2

MET4H,

Contents

Summary.......
R 111 0T [T o ) o OO
2 Existing models fOr gas flOW...........oooiiiiiiiiicemmmmmme e e e et e e e e e e e e e e e e e s s
2.1  Critical flow Venturi NOZzIES (CFVN).......cuiiiiiiiiiii i immmmmmemr ettt emmmmmmmma e

211
2.1.2
2.1.3

2.2 TUurbing MEters (TM).......iiiiiiiiiiiiietteemmmmmmes s eeeeeeeeeeessmmmmr e e s e sessseesss vmmmmmmmms s e e e e e e eeeeee s smmmmmnn
Y70 L I = P
Predictions for meter deviation with hydrogen..............cc.uvviiiieccccccce e e

221
222
2.2.3

2.3 ROtAry MEtErS (RM)..uuuuii i i ittt mmmmmmmm s s e e e e e e e e e e e s smmmmm— e e s s ee s eeetss s smmmmmmmes
1Yo o = I = PP PP

Predictions for meter deviation with hydrogen...............ceeoiiieecee e e

231
2.3.2

2.4  Differential Pressure meters (DP) / OrifiCe MEeters...........uuvvviiiiiiimmmmmcmiiiiieeee e
A T U 11 = 1T (o 4T (=T
2.6 CoOriolisS MASS flOW MELEIS. .. .uuuuiiiiiiiiie st ettt eeeemmems e e e s e e e e e s et e e e eeeenennes
2.7  Thermal mass flow meter (TMFM)........oooi oo e v e e e e e e e s emmmmnnenes

2.7.1
2.7.2

3 DiSCUSSION QNG CONCIUSION ... ... eeeee et e e e et e e e e ommmmmme e e et e e e e s smmmmmmmn s e e e e e e e e e e s e

I S Y (=] (=1 1 (61T TR

Metrology for

Model for CFVN for laminar boundary layers.............ooooiivimemmmeene e vmmmmeeemeeee

U b bW

Model for CFVN for laminar to turbulent boundary layers extrapolation model........ 8

Model for CFVN for turbulent boundary layers for hydrogen..................cce e, 10

Results of turbine meter with various gases.............cevvveiiicmiiiiieeiceee e

Experimental vs recommended correction factors.................ooviccceeeemvvvviieee e e

CFD simulation for correction factors for various gases...............cooevvimmmmemmevveeeeeen. 24..

the hydrogen supply chain

11
11.
13
14
15
15.
17
18
19
21...
22
23

26
27

Page4 of 29



@ Existing models for gas flow
Report number Met4H2A2.1.2
MET4H,

1 Introduction

The aim of this activity is to evaluate existing models for gas flow suitable for hydrogen. This
evaluation shall assess whether models for air or natural gas can correctly model hydrogen flow for
different applications and flow conditions and the likely limitations and uncertainties.

A review of thedifferent gas flow meter technologiesusing various gasess given based on a literature
study. Some of the gas meter technologies have been measured with hydrogen as Wwelt.some gas
meter technologies predic¢ive models for hydrogenexist and are described in this report.

2 Existing models for gas flow

2.1 Critical flow Venturi Nozzles (CFVN)

2.1.1 Model for CFVN for laminar boundary layers
The critical flow Venturi Nozzles (CFVNs) have proven to be widely used as secondary standards for
measuring gas flow rates, where the gas flow ratenghrough the nozzle is definedas [1]

Om = Gi Omiid

where Gy is the discharge coefficient andjm,qis the ideal gas flow rate.

The ideal mass flow rate is calculated assuming the omttmensional isentropic flow of ideal gas [1]:
006°n

where Ais the crosssection at the nozzle throat calculated using the throat diameteG*is the
critical flow function, Ris the gas constantM is the molar mass of the gas angp and Ty are the
stagnation pressure and temperature, respectively.

The calculation methodology described in the 1S@300 assumes that the discharge coefficient
depends only on the geometry of the nozzle and the Reynolds number using the dynamic viscosity
of the gas at stagnation inletonditions [2]. However, several models have shown that the discharge
coefficient also depends on the thermodynamic properties of the gases.

The discharge coefficient of a sonic nozzle is the product of two almost independent effel8k

9 viscous effects in the boundary layecy,visc
9 multi-dimensional feature of the inviscid core flowdisplacement effect of the boundary layer
Cd,inv

Thedischarge coefficient can be expressed by

6 wp — —
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where ais the cq,inv being a function of the isentropic exponent and the curvature of nozzle contour
at the throat according to Kliegel and_evine [4].

bis a function of the throat curvature and the factor G [5,6,7]. The factor G represents the
dependence of the mass flow defect on the velocity and density distribution within the boundary
layer and is a function of the isentropic exponenk, the Prandtl numberPr and the temperature
difference between the gas and the nozzle body at the nozzle wall [6,7].

Three different application approaches of the model were investigated by reference [8], where two
nozzles were calibrated with six different gases (dry air, argon, heliurhydrogen, nitrogen, nitrous
oxide):

1 Approach A: coefficientsaand b are independent of gas type. Coefficiensand b were
obtained by fitting nitrogen data and are also used for other gases.

1 Approach B:coefficientsa and b are based on Gkn2,Prv2). Values ofdy, and Rcare calculated
for nitrogen data and are then used to calculate the coefficientsand b for other gases based
0N GKothgas Plothcag. AssumptionPr= 1.

1 Approach C: same as approach B, but with the actual valueRof

In this report, only the deviations of the different approaches by taking nitrogen as reference gas are
shown to estimate how consistently the nitrogen calibration result can be applied to other gases.
Extensive results can bdéound in [8].

The deviation eis defined as

5 p

where Gy is determined upon the experimental data for a particular gas and considerirdy, for to the

selected modelo represents the value of the discharge coefficient determined by the
selected modelling approach for a specific gas.

"The use of approach C is recommended. The results show that CFVNs used with hydrogen in the
tested range of Reynolds numbers in the laminar boundary layer regime can potentially be
calibrated with alternative gases. The first choice would probably be aor nitrogen, whose values

of discharge coefficients match those of hydrogen quite well. By ensuring a comparable range of
Reynolds numbers in the air or nitrogen calibration with that corresponding to hydrogen flow, the
calibration results can be directlyapplied to hydrogen as well, without having to consider additional
corrections." (seeFigure 1, Figure 2, Figure 3) [8].
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Figure 1: Relative deviations for the approach A for both nozzles (nozzehbllow markers, nozzle Z filled markers);
estimated expanded uncertainties of presented data equal @4.Figure from [8].
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Figure 2: Relative deviations for the approach B for both nozzles (nozziehbllow markers, nozzle 2 filled markers);
estimated expanded uncertainties of presented data equal @4 #igure from [8].
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Figure 3: Relative deviations for the approach C for both nozzles (nozzéhtllow markers, nozzle Z filled markers);
estimated expanded uncertainties of presented data equal @d. #igure from [8].

2.1.2 Model for CFVN for laminar to turbulent boundary layers - extrapolation

model
The functionality for the discharge coefficieniCy versus Reynolds number was successfully
introduced to cover the operating of critical nozzles with laminar as well as turbulent boundary
layers using only threeparameters [9]. The data for atmospheric air usually cover not a wide range
of Reynolds numbers. Therefore, investigations have been performed to reduce the number of free
parameters to one in order to extrapolate the functionality for the laminar regimed the turbulent
regime [10,11]. The dependency of the discharge coefficient on the Reynoldswmioer is different for
the laminar and the turbulent boundary layers (BL):

B O O YQEOEE MDA 08 i

6 i W O YQ® "t 01 wotaig o

For the parametersa and biam are solved theoretically by Kliegel [4] and Geropp [6,7]

To reduce the number of free parameters, the fact was used that the theoretical approaches for
parametersa and biam are both based on the curvature radius. The assumption is made that the
virtual curvature radius Rcvirtis the same for both parameters. Thus, the following relationship
between biam and bww was found, valid for hydraulic smooth surfaces and no significant roughness
in the nozzles [10,11]:

&) T8t T 0 et
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The transition function of the discharge coefficient for the whole range of the Reynolds numbers is
defined as:

0 i 20 i 20 §
with

, O § ¢!
i ™ p 00Q Q€ %

i p i
where sam and surb are weighing terms,Re, defines the middle point of the transition andk, defines
the sharpness of the transition.

Based on experience, the parameters are setko= 5.5 andRe; = 1.25106. These assumptions allow
to havethe functionality for the discharge coefficient from low to high Reynolds numbers with one
free parameterbiam.

Data of 33 nozzles with a minimal throat diameter of 3.&m have been chosen to validate the
transition function of the discharge coefficient. The discharge coefficients of two nozzles are shown
in Figure 4. For the determination of thebiam, only the values of the discharge coefficients measured
at Reynolds number belowRe= 105 were used Figure 4, dark blue circles).

The procedure for the determination of the expectation valu& (G exrapo) IS described in detailin

[11]. In Figure 4, the measured discharge coefficients with the measurement uncertainties as well as
the E(G) of the measurements with the 95%confidence limits for air and natural gas at higheRe

are shown.
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Figure 4: Examplary data of two nozzles with the designed throat curvature radiidgsigi= 1 (#1) and Rc,desigi= 2 (#22) [11].
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The results show high consistency and the validation of the approach can be shown by the
calculation of the difference between the measured discharge coefficie@tmeasand the extrapolated
Cd.extrapoh defined as:

v

Yy 05 05

In Figure 5, the differenceDcqis shown as a function of the Reynolds number for air, natural gas and
nitrogen. Most of the data are withint 0.2% (for 29 of 33 nozzles). This agreement is independent
to the design curvature radius as well as the resulting virtual curvature radius and covers a wide
range of nozzles shapes (details [11]).
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Figure5: Difference Rqof the measured discharge coefficientsfeasto the extrapolated Gextrapolin dependency on the
Reynolds number [11].

Further results can also be found in theeference [12], which confirm this approach for the
extrapolation to higher Reynolds numbers.

2.1.3 Model for CFVN for turbulent boundary layers for hydrogen

Investigations of the behavior of nozzles at higher flow rates is planned within the MetHylInfra
project, where measurements with toroidal and cylindrical nozzles of different roughness with inert
gases (air, nitrogen, helium) will be carried out [13]. Thesnozzles will also be tested with hydrogen
to test the applicability of the extrapolation approach to higher Reynolds numbers.
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2.2 Turbine meters (TM)

2.2.1 Model PTB

The fact that the meter deviation of turbine meters is mainly depending on Reynolds number if the
momentum r® of the flow, wherer is the density andQis the flow rate, is strong enough to

overrule the friction of the bearings is well known. This is the case for higher flow rates, but at lower
flow rates the friction of the bearings gets more important.

The PTB turbine meter model describes the deviation of a turbine gasmet&x; as the sum of three
contributions [14]. For normal operation flow forces are dominant, resulting in a contribution ¢
At low speeds the contribution'®,from the bearing friction becomes important.For high flow
velocities there is a contribution’Q} due to the expansion of the gas flow between the pressure
reference point and the temperature measurement downstream of the meter.

Q Q Q Q
with

1T Q B a¢™Mp nm ,flowforce contribution with g being coefficients that are

determined by aleastONOAOAO ADPDPOI GEI AGET 18 )1 DOAAOEAAN

1T Q — —, bearing friction contribution, where b0 and b1 are empirical coefficients

determined in so-called spin down test and stepesponse test [15]. The spin down test can
be done at PTB under nearly vacuum condition in order to neglect the impact of fluid friction
on the wheel. The step response test is applying sudden flow rate changes by means of
switching critical nozzles at PTH16].

f Q &0 -, highflow velocity contribution, wherec, is an empirical coefficient dependent
on the gas composition via the isentropic expansion factox.

An example of the application of the turbine meter model is given in reference [14]. The observed
deviation erv of each individual data point is corrected for the influence of the bearing frictios, and
the the high-speed Mach effece,, where the coefficients, b; and ¢, are determined for the
corresponding turbine meter. The resulting deviationereis plotted as a functionof the Reynolds
number as shown inFigure 6 and Figure 7.

Most data points agree within their uncertainty with the fit (red line) of the weighted averages of
the piston prover calibrations. The data of the atmospheric air calibrations connect to the visual
extrapolation of both the red-line and blackline fits of ere

The turbine meter model is an adequate method to connect the calibration data obtained with
natural gas at different pressures on one side and the calibration data with atmospheric air at the
other.

The deviationerecan then be approximated by an appropriate function of Reynolds number by
fitting Q B GaéYpn withl Sorthe best leastsquares fit.

Metrology for the hydrogen supply chain Pagell of 29
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This appropriate function and the parametrized partss, and e, allow to transfer the original
calibration to any other gas as long as the Reynolds humber stay inside the Reynolds range of the
calibration data base.
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Figure 6: Calibration results of the DN100 turbine gas meter M1. The meter deviagidte[%] is plotted versus the Reynolds
numberRe[-] on a logarithmic scale. The solid markers represent the results obtained with the piston provers. The red solid
line is the leastsquares fit of these results and the dashed lines represent the 95% uncertainty contours. The open markers are
the resultfrom the previous intercomparison [17]. The black solid line is the fit of these intercomparison data. The crosses (+)
are the caibrations with atmospheric air, which are excluded from the fits. For reference the associated expanded
uncertainties are indicated in the upperight corner. (Figure 2 of Reference [14] in Cal Lab)
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Figure 7: Calibration results of the DN100 turbine gas meter M2. The meter deviagid®e[%] is plotted versus the Reynolds
numberRe[-] on a logarithmic scale. The solid markers represent the results obtained with the piston provers. The red solid
line is the leastsquares fit of these results and the dashed lines represent the 95% uncertainty contours. The open markers are
the resultfrom the previous intercomparison [17]. The black solid line is the fit of these intercomparison data. The crosses (+)
are the cdibrations with atmospheric air, which are excluded from the fits. For reference the associated expanded
uncertainties are indicated in the upperight corner. (Figure 2 of Reference [14] in Cal Lab)

2.2.2 Predictions for meter deviation with hydrogen

An example of the transfer of the original calibration with air to hydrogen is shown ineference
[16]. If a turbine meter shall be calibrated for application in hydrogen at ®ar(a), the similar
Reynolds number can be achieved with air at har with only 26 % higher flow rates due to the
other norm density and viscosity of hydrogen comparedo air. The parterecan be considered
similar, but the part & is significantly different resulting in different ervw curves as shown irFigure 8
by the difference of the two meter curveem.

For most of the turbine meters with size larger than or equal to DN100, the application in hydrogen
at 9 bar(a) and higher will be possible for a turn down ratio of 1:10 or better [1p

Metrology for the hydrogen supply chain Pagel3 of 29
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Figure 8: Predicted difference of meter deviations of TMs widN = 100 mm andN = 250 mm for usage in
Hydrogen@9bar(a) when calibrated with air@1bar applying same Reynolds numbers for a certain flow rate [16].

2.2.3 Results of turbine meter with various gases

Turbine meter have been calibrated with various gases such as nitrogen, methane, natural gas with
hydrogen blends up to 30% and are reported in a conferenc@aper [18]. Repeatability is calculated
as twice the standard deviation of the mean value of three consecutive measurement points and
results in repeatability values of the order of 0.26 for all gas mixtures (nitrogen, methane, natural
gas with blends of hydrogen fom 5% to 30 % and blends of carbon dioxide) at pressures of

16 bar(a) and 32bar(a).

Moreover, the meter deviation shows no gas dependence as a function of the Reynolds number, as
shown in Figure 9.
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Figure 9: Turbine meter deviation as a function of the Reynolds number. No gas dependence [18].

The flow-weighted mean error (FWME) of three new turbine meters have been calculated according
to 1ISO17089 [19]. Thecalculation has been applied to measurements with different gases and the
results show no gas dependence as shown fifigure 10.

G-gas+ CO2
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0.200% 15% 20%
30%

Figure 10: The FWME results of one new turbine meter for various gdadmere Ggas is Groningeigas). No systematic gas
composition effect is observed [18].

2.3 Rotary meters (RM)

2.3.1 Model PTB

The meter deviation of rotary meters has a similar background as turbinmeters [16]. The
characteristics of bearings in rotary meters are very close to that of turbine meters and the resulting
torque is linear to the indicated flow rate [15]. Other contributions on the model are the torque
caused by the pressure difference across the pistand the drag of the gap flow between the piston
and the walls.

Metrology for the hydrogen supply chain Pagel5 of 29
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All these contributions are developed in reference [16] and the meter deviation e is expressed as
Q | p 0 — ,n v
n
with
hO Of
0 FE 6y O 05

The parameters ,0 j and0 f, are strongly Reynolds number dependent.

The gap flow between the piston and the wall depends on the viscosity of the laminar or turbulent
state of the boundary layer. Therefore, a model for the viscosity has to be defined. For the laminar
case it is the molecular viscosity g whereas for the turbulent case the secalled eddy viscosity

‘ glS applied.

‘ .l. ” r£I
8 “0OovYQ

g 0 "nNnwitho ——, whereRe; is the transitional Reynolds number.

To keep the model of the viscosity simple
C gQWAQ YQ
‘ g€ ORI 0 QI Q

An example for one rotary meter measurements with atmospheric air, air up to 16 bar and natural
gas at 17 bar and 50 bar is described in reference [16]. The meter deviation is showrHigure 11.

Metrology for the hydrogen supply chain Pagel6 of 29
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Figure 11. Meter deviations e of a rotary meter for various flow rates, pressures and fluids together with the Reynolds number
depending base curveraand the fit curve according to the model (red lines) [16].

2.3.2 Predictions for meter deviation with hydrogen

This model can be used to perform the calibration of the rotary meter with atmospheric air and then
to calculate the expectation for hydrogen at 9 bar(a) with the parametrization of the meter [16]. The
expected meter deviation is shown irFigure 12.

02
0,0 |
02}
04}

-06 |

meter deviation e [%)]

—— 9 bar(a) hydrogen
-1 2 L =—— 1 bar atmos. air

14 b N PRI | N il
1 10 100
volume flow rate Q, [m*/h]

Figure 12: Meter deviation for atmospheric air and the calculated expectation for hydrogen aaf(a) [16].
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A highrquality rotary meter with turn down ratio of 1:160 with air is expected to have a turn down
ratio of 1:80 with hydrogen.

2.4 Differential Pressure meters (DP) / Orifice meters

Differential pressure meters like orifices designed according to the 1ISO 51620] have from their
physical principle a clear pure dependency on Reynolds number except a correction by means of the
expansion numberefor compressible fluids. Therefore, the ISO5167 does not distinguish between
different fluids but is valid for wide range of incompressible as well as compressible fluids and is
implicitly including also pure hydrogen or blend of natural gas withhydrogen [16].

The discharge coefficientp is definedas [20]:

p 1
-0 T 9

=

@

Measurements have been performed with water, atmospheric air and natural gas at bdr and the
measured discharge coefficients as well as the calculated discharge coefficients of the orifice meter
are shown inFigure 13 [16].

0,612
a | v v air, 1bar
S 0,610 v A water
c N v ® NG, 17 bar
.g 06081  “ \¢. ISO 5167-2 (—----0.2%)
% 0,606
© 0606 |
(@]
o |
O 0,604
_
2
S 0602
L
© 0,600}
0,598 L L L
10* 10° 108

Reynolds number Re

Figure 13: Calibration results of an orifice meter with nominal pipe size of DN 150 in comparison with the reference curve of
ISO5167-2 [16].
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2.5 Ultrasonic meters

Ultrasonic flowmeters (USM) for precise gas flow measurement operate according to the
transit-time difference method. As for the most flow meter technologies, larger differences
in fluid properties requires design adaptations to ensure accurate measuremestin the
case of USM, the very high speed of sound and low density of hydrogen compared to natural
gas or methane leads to functional differences. To provide a fiscal USM for hydrogen there
are a fewimportant design modificationsthat are needed[21]:

I Standard deviation of the measurement data.

1 Measurement value sensitivity to side effects (temperature, pressure and variation in gas

Al i T OEOGET T8 q AOA O1 OEA AAT OOOCEA AEEAAOOS
T &l x AEEAAOO 11 OEA O1 AAOOGAET OGU | OET OOAT 1 AOGEIT 1

The standard deviation of the measuremenz data N
” 0 X ” yb :lb

is dominated at high flow rates by the turbulence of the flow while at lower flow rates the scattering
is dominated by the standard deviation of the transitime difference measurementZt. As the speed

of sound for hydrogen is three times higher than for natural gas, the standard deviation of the
transit-time difference measurement would have to be reduced by a factor nine to maintain the

level of, 0 . The increase of the working frequency in the range from 5Hz to 3MHz for various
meter sizes is expected to reduce the Yo for hydrogen applications. Additionally, for sound

coupling and decoupling in hydrogen, other transducer concepts than in natural gas have to be used
due to the low density.

Acoustic effects, like early and late reflections or transducer ringing, are one reason for sensitivity to
OEAA AEEAAOO8 4EA OEADPA 1T &£ OEA OITEA AAAT j OAAT OO
necessary beamwidth at the higher speed of sourfdr hydrogen to reduce effects of wall reflections.
This requires adjustmentsto the ultrasonic transducers for the higher speed of sound range.

For typical designs of USM, the installation effects for natural gas, hydrogen or hydrogen blends
should not differ from each other much. Some effects could be expected or fluid mechanical more
complex setups like flow conditioners. Ongoing research projécare investigating this [22,23].

With the design adaptations a fiscal hydrogen USM shows advantages in terms of high turn down
(>1:100), low pressure drop and a large range of line sizes. Furthermore, USMs offer maximum flow
velocities 2- 3 times higher than in natural gas [21] which enables energy equivalent transport
capacity for hydrogen pipeline transport.

Measurements with natural gas, hydrogen blends and carbon dioxide blends have been performed
with ultrasonic meters designed for natural gas [18]. The ultrasonic gas meters show drift
behaviour that differs from meter-to-meter depending on path configuraton, settings and

correction algorithms. The flowrweighted mean error (FWME) of ultrasonic gas meters have been
calculated according to ISO 17089 [19] and are shown Figure 14 and Figure 15.
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Figure 14: USM designed for natural gas (Example manufacturer A). The FWME results for various gases [18].

Figure 15: USMdesigned for natural gas (Example manufacturer B). The FWME results for various gases [18].

No systematic drift can be observed and further investigations are needed for the dependence on
gas compositions.

It is worth to mention here, that ultrasonic gas meters for hydrogen blends up to 3% are
commercially available and certified according to the Measuring Instruments Directive 2014/32/EU
(MID) for legal applications.

The authors do not have the knowledge of a common gas model for ultrasonic gas meters.
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