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1 INTRODUCTION

Liguefied natural gas (LNG) accounted for about half of all globally traded natural gas in 2024 [1] and is
projected to remain of importance for future energy demand in the upcoming decades [2, 3, 4]. Since the
end of 2021 a sharp increase in LNG imports into the EU occurred. While LNG had a 20 % share in total EU
gas imports in 2021, this share stood at 37 % in 2024. Not surprisingly, LNG is a key constituent of EU’s
energy union strategy [5, 6].

The custody transfer of LNG takes places at different scales in its distribution chain. Figure 1 illustrates the
pathways and scales when LNG is received at an importing terminal. At the large scale (starting from 1000
t/h flow rates while 10000 t/h flow rates are common), LNG is transported by LNG carriers from the export
terminal to the importing terminal after which it is regasified before transportation through the natural gas
grid. The measurements involved follow the practices set out in the custody transfer handbook (CTH) of the
international group of LNG importers (GIIGNL) [7] and are made to determine the amount of LNG energy
transferred. The quantity determination needed for this is typically based on the carriers’ cargo tank. Flow
meters are not abundantly used for large scale LNG custody transfer. At the so-called small-to-mid scale
usage of LNG, it is being used as a fuel in heavy transport applications such as for trucks and ships where
it replaces usage of fuel oil and diesel [1]. The flow rates at this scale are less than 1000 t/h and flow meters
are used to determine the LNG quantity being transferred during the custody transfer.
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Fig. 1: Schematic of LNG transport routes when received by an LNG importing terminal. Large scale and
small-to-mid scale distribution chains are represented and estimates of traded LNG amounts are included.
This figure used pictures from Shutterstock (2135901935 & 2329479395) and from the 16ENG09 LNGIII
project (EURAMET website). Estimates are based on the GIIGNL 2024 annual report [8]. Figure republished
from [4].



https://www.euramet.org/research-innovation/search-research-projects/details?tx_eurametctcp_project%5Bproject%5D=1468&cHash=7b29902ab296475662fe33f21c4e067e

Flow measurement in LNG conditions (-162 °C at atmospheric pressure) is challenging since, in general and
depending on measurement principle, the flow meters’ response is changing when LNG is introduced in its
meter body (extremely low temperature, elevated pressure). For Coriolis flow meters, a well-known effect
is the change of its tube’s Young’s modulus in cryogenic conditions which could result in order 5 %
measurement errors when not properly compensated for [e.g., 9]. When so-called temperature
compensation methods are used, residual errors can manifest themselves in cryogenic conditions which are
not recognized when the flow meter is calibrated at ambient water flow conditions [10, 11, 12]. The results
in the cited publications were obtained using VSL’s primary standard for LNG mass flow calibrations [9]. Its
maximum flow rate is approximately 25 m3/h or 10 t/h, which is much smaller than the 1000 t/h stated
above. In an ideal world, a flow primary standard serves the entire range needing SI-traceability and if such
a primary standard would exist, usage of flow meters at the large scale of Figure 1 would be readily available
with the potential to reduce the measurement uncertainty (see [4] for a more in-depth discussion).

However, development of primary flow metering standards for relatively large flow rates is often
economically unfeasible. The statement is particularly applicable to the challenging and low-temperature
conditions of LNG flow. A practical solution is to calibrate “smaller” master meters at the primary level and
then parallelizing them to transfer the SI-traceability to “larger” flow meters in the field. When two small
master meters are used in a parallel configuration the flow rate is doubled and when four are used the
throughput goes up with a factor of four. The process is referred to as bootstrapping. For LNG mass flow
rate, direct SI-traceable calibration capability exists to calibrate 2” flow meters covering their entire range
(70 t/h), where uncertainties are as low as 0.17 % (k = 2) [1]. While this serves the typical range needed
for LNG dispensing applications shown in Figure 1 above (small-to-mid scale), much larger reference flow
rates are needed for the calibration of large-scale LNG custody transfer system flow rates (order >1000
t/h). Hence, bootstrapping could be the solution here [4]. However, parallelization of flow meters to achieve
larger flow rates for calibration results in increased measurement uncertainty. A variety of uncertainty
sources contribute to this increase with respect to the primary level, and they must be properly quantified
for a reliable accuracy statement in any LNG flow metering system. Additional uncertainty sources are:

(1) performance of additional calibration steps leads to additional type-A uncertainty,

(2) relatively small shifts in calibration error can be observed depending on which master meter is used in
a parallelized system,

(3) when using multiple master meters in parallel, specific installation effects from flow profiles, boil-off
effects (in cryogenic settings), and built-in of the metering line can be created which affect the calibration
error.

Uncertainty assessment of the latter two points is inferred from performance of so-called consistency
checks, which are thus mandatory for any metering system making use of parallelized meters for a complete
uncertainty evaluation.

This paper will present and discuss the results of validating the parallelized use of the master meters at
VSL’s LNG test and calibration facility for LNG flow calibrations. First the method of bootstrapping and
concomitant increase of measurement uncertainty is described in a general framework. Then VSL's LNG test
and calibration facility is presented, which is directly traceable to its primary standard for LNG mass flow
rate [9]. The setup of the consistency checks routinely performed will be presented and corresponding
results will be shown, including a consistency uncertainty estimation. This is followed by a discussion
presenting the following insights on the parallelized use of LNG reference flow meters in any LNG flow
metering system:

(1) achievable measurement uncertainty when parallelizing reference meters in LNG field conditions,
(2) methods to determine the consistency uncertainty in cryogenic field conditions.

This in turn can help system operators to identify measurement errors and/or inconsistencies in cryogenic
field conditions.

2 FLOW RATE UNITS UPSCALING THROUGH PARALLELIZATION OF MASTER METERS

The typically limited flow rates of primary standards cannot directly reach the higher flow rates needed in
industrial applications. To upscale the SI-traceability established at relatively low flow rates to the high flow
rates needed, a customary method is to calibrate several flow meters with the primary standard which are
subsequently parallelized [4]. The parallelized meters are then the master meters achieving the SI-
traceability of the higher flow rates.
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The ISO 5168 - Annex ] provides guidance on uncertainty evaluation when using two or more flow meters
in parallel [13]. It prescribes to divide the uncertainty sources into those correlated (producing the same
effects in each meter run) and uncorrelated uncertainty sources (producing different effects in each meter
run). When the total flow rate is given by Q and having N parallelized master meters, one can write

Q=q+q,++qy (1)

where g1, gz, ..., gn are the flow rates through master meter 1, 2, ..., N. Rewriting equation (1) into relative
flow rates, one obtains

a a a
Qe = 5 +5+ -+ (2)

where Qres = 1. Parallelization of master meters can be done using meters of the same type, model, and
size resulting in, all other factors being equal, flow rates through each of the master meters being the same
or g: = g2= gn = g, so that Q can be written as Ng. Typically, the calibration of a master meter with the
primary standard is dominated by systematic effects and the approximation is made that all uncertainty
contributions of the master meters in equation 2 are fully correlated. Then the standard uncertainty
contribution of an individual master meter u;(Q,.;) to the uncertainty of Qres becomes (see the Guide to the
expression of uncertainty in measurement (GUM) [14])

i (Qre) = 7-u(@) ~ 5-u(q) (4)

where u(qi) is the standardized uncertainty of individual master meter i, which is approximated as being a
constant for all master meters: u(q). The total combined standard uncertainty uc(Q,.;) is then expressed as

Uc(Qrer) = Niqu(ql) + Niqu(qz) 4+ ot Niqu(QN) ~ % (5)

Equation (5) provides the argument for using the same base uncertainty for the parallelized master meters
at higher flow rate as for the uncertainty at the smaller flow rate at which it was calibrated with the primary
standard.

When a total of N master meters are parallelized in a reference system, one can combine a subset of M
master meters yielding a total number of combinations T for achieving the maximum achievable flow rate
(M/N x Q) of the M active parallelized master meters as follows:

N!

T(N’ M) = M! (N-M)!

(6)

Table 1 provides a numerical example of all possible combinations with N = 4.

Table 1 - Total number T and corresponding master meter combinations to achieve the maximum flow rate
of M active parallelized master meters in a reference system with N = 4 parallel master meters (M < N).

Maximum flow M T Combinations
rate
(arbitrary units) (number corresponds to master meter being active)
1.0Q 4 1 1234
0.75Q 3 4 123, 124, 134, 234
0.50 Q 2 6 12, 13, 14, 23, 24, 34
0.25Q 1 4 1,2,3,4

Consistency uncertainty is obtained from a type A analysis of (somewhat variable) calibration results as
obtained from different combinations of master meters measuring at the same flow rate. The uncertainty
contribution should be added to the base uncertainty of equation (5) in accordance with the GUM.

In practice, when N = 3 or more, due to the operational costs involved, not all possible combinations will
be run to assess uncertainty from inconsistency. Furthermore, optimal performance of master meters is
(typically) between 30 % and 80 % of their measuring range, implying that at low flow rates the number
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of master meters should be minimized when striving for the lowest measurement uncertainty. Note that
equation (6) provides the number of possible master meter combinations to reach a certain maximum flow
rate of M active master meters. For lower flow rates, more combinations exist (e.g., 12 to reach 0.25 Q by
running 1 and 2 at 0.125 Q).

3 CONSISTENCY OF MASTER METERS IN VSL's LNG TEST AND CALIBRATION FACILITY
3.1 VSL’s LNG test and calibration facility

During the decade 2010 - 2020, VSL developed its LNG test and calibration facility. It enables directly SI-
traceable calibrations of LNG flow meters and composition measurement systems. A process flow diagram
is presented in Figure 2. In the initial phase of development, a primary standard for LNG mass flow
calibrations was developed with a calibration and measurement capability of 0.12 %-0.15 % (k = 2) [9].
It consists of a gravimetric measurement standard with which Coriolis flow master meters (within the
Primary Standard Loop (PSL) cold box) are calibrated up to about 10 t/h. By parallelizing two flow lines in
the Primary Standard Loop cold box, calibrations of the Mid-Scale Loop (MSL) working standards to double
the flow rate is enabled. Then it can be easily observed that the four parallelized master meters, acting as
the working standards of the MSL, enable directly SI-traceable mass flow rate calibrations up to about 70
t/h, which approximately covers the entire range of a 2” Coriolis flow meter. Such a flow meter can be
calibrated in the Unit(s)-Under-Test (UUT) section. The circulation of LNG is generated by the cryogenic
pumps depicted in Figure 2. The LNG is supplied to the closed loop system via the LNG vessel. In practice,
LNG is mostly circulated through the MSL working standards and the UUT, after which it is returned back to
the pumps for another circulation. LNG samplers and analysers at the return line of the MSL enable the
measurement of the LNG composition and thus the determination of the LNG density via an equation-of-
state and calibrated temperature and pressure measurements in the UUT section. The flow loop can be
redirected via isolation valves towards the primary gravimetric standard and the master meters embedded
in the PSL’s cold box for periodic recalibration of the reference values. Heat exchangers ensure the sub-
cooled state of LNG which is a crucial condition of the fluid and needed to ensure stable, single-phase, LNG
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Fig. 2: Process flow diagram of VSL’s LNG test and calibration facility. Figure republished in modified form from [11].
The facility enables directly SI-traceable calibration of flow and composition measurement systems.



3.2 Consistency for parallelized use of master meters during LNG flow meter calibrations

Consistency uncertainty of calibration results is regularly analysed at VSL’s LNG test and calibration facility
as part of its quality procedures, which ensure the SI-traceability of all its measurands. One typical setup
for gathering the required data is to install a stable flow meter in the UUT section, which is then calibrated
using different combinations of working standards embedded within the MSL (c.f., Figure 2). A stable meter
shows good repeatability, short-term, and long-term reproducibility with respect to the calibration and
measurement capability.

Figure 3 and Table 2 show an example of the procedure. A 4” Coriolis flow meter was installed in the UUT
section. The MSL master meters, used for direct SI-traceable flow meter calibrations, are comprised of four
parallelized 2" Coriolis flow meters (c.f., Figure 2). For 4 kg/s, 8 kg/s, 12 kg/s, 16 kg/s and 17 kg/s different
combinations of master meters were parallelized to establish the reference mass flow rate and the error of
the UUT (the 4” flow meter). It can be observed that for the master meter combinations used, all errors are
consistent to within 0.10 % (approximately), with the largest differences observed at the smallest flow rate
of 4 kg/s. Two times standard deviation of the calibration error as established by the combinations shown
in the top four rows indicated in grey is approximately 0.05 %. This uncertainty source is conservatively
added as a Type A component to the base uncertainty stemming from the primary standard (which is at a
level of 0.12 %-0.15 % (k = 2)) for all flow rates. Further uncertainty sources contribute to the calibration
uncertainty displayed in Table 2 such as effects of meter zeroing, repeatability, reproducibility, and
measuring equipment drift. It is noted that a flow rate independent, i.e., constant, zero adjustment was
applied to the data shown in Figure 3 and Table 2 (for the data indicated in grey).

The latter column in Table 2 shows the drift values with respect to the 2020 calibration of the same Coriolis

flow meter. It can be observed that excellent stability of VSL’s LNG test and calibration facility (and Coriolis
flow meters) well within 0.10 % of the reference mass flow rate is achieved.

VSL's LNG test and calibration facility consistency check
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Fig. 3: Consistency check result of VSL's LNG test and calibration facility. The legends combinations indicate which
master meters were parallelized for the determination of the Unit-under-Test calibration error.



Table 2 - Tabulated consistency check results corresponding to Fig.3 (fofigreenicelisionly) and their drift

values.
Flow rate Combination Error Measurement UUT error drift
Uncertainty (k = 2)
kag/s % % %
4 1 -0.08 0.31 0.01
4 2 -0.06 0.31 0.04
4 3 -0.02 0.31 0.07
4 4 -0.05 0.31 0.04

Reference mass flow rates (grr) are rounded to nominal values. Error = (quur — Gref);Grer X 100 %. The UUT drift value
is determined over a period of four years using an initial flow meter error from 2020, as established shortly after VSL's
test and calibration LNG facility was commissioned for calibrations [10, 11]. Data highlighted in grey was obtained on
a different date than data _

4 INSIGHTS INTO THE PARALLELIZED USE OF LNG REFERENCE FLOW METERS IN LNG FLOW
METERING SYSTEMS

4.1 Consistency uncertainty from parallelization of reference meters in LNG field conditions

The results of Figure 3 and Table 2 show that it is possible to achieve consistent calibration results when
parallelizing Coriolis flow meters under LNG flowing conditions in a facility where flow stability is carefully
ensured. For the example shown, the results strongly indicate that the uncertainty from small deviations in
the calibration error is within 0.05 % (k = 2). The 4 kg/s flow rate is relatively small with respect to the 4”
(and 2”) sized Coriolis flow meters, with indicative maximum flow rates at 100 kg/s and 25 kg/s,
respectively. Possible residual zero errors, as manifested under small flow rate LNG conditions, can cause
shifts in the calibration error. It is noted again that a flow rate independent, i.e., constant, zero adjustment
was applied to the data shown in Figure 3 and Table 2.

The performance of consistency checks is a method to ensure that the facility’s operational procedures lead
to consistent calibration results meeting the calibration quality criteria. Indeed, stability checks are
mandatory for the quality of any metrological system and they lead to the ability to determine consistency
uncertainty of the parallelized reference meters used. In addition, uncertainty from reproducibility and
measuring equipment drift can be obtained from the same measurement data highlighting the importance
of stability checks for a complete assessment of the measurement uncertainty.

4.2 Methods to determine the uncertainty from parallelization of reference meters in cryogenic
field conditions

Performance of consistency checks and quantitative assessment of any inconsistency and concomitant
calibration uncertainty when determining the error of a Unit-under-Test is mandatory for any reference
system employing parallelized master meters. Certain specific factors can create additional measurement
uncertainty from inconsistency under cryogenic flowing conditions that cannot be assessed or estimated
from generalizations at ambient conditions. For example, limited subcooling of cryogenic liquid (LNG) can
lead to boil-off of liquid due to the inherent heat gain from ambient. Gas/liquid mixtures can then be created
which can lead to flow instabilities affecting the reference master meters’ (and the UUT) measurements.
The consistency shown in Figure 3 and Table 2 is conservatively estimated to be well within 0.05 % (in
terms of the Unit-under-Test error), which may look promising. However, one needs to be aware that these
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results were obtained by carefully ensuring stable LNG flowing conditions. Most importantly, one can only
determine whether there is significant consistency uncertainty by performing dedicated consistency checks
as described above. The results displayed here cannot be generalized to other cryogenic fluid measuring
systems.

The practical approach presented here is to install a stable flow meter (i.e., showing good repeatability,
short-term, and long-term reproducibility with respect to the calibration and measurement capability) in
the measurement system, with rangeability matching that of the calibration facility and/or cryogenic fluid
measurement system range, and with a repeatability and a reproducibility that are sufficiently small to
discern any significant inconsistency in its calibration result. A practical choice is to select the best-existing-
device as UUT, which is used for the establishment of the calibration and measurement capability. Then,
ideally, all possible combinations of parallelized master meters are run per flow rate given the total number
(N) of master meters in the reference system (c.f. Table 1 for N = 4). In practice, this can imply a high
operational cost since calibrations at large flow rates of facilities dedicated to a particular fluid (high-
pressure natural gas, LNG) are generally more expensive than those performed at smaller scale air and
water calibration facilities. This is especially true for the challenging conditions of LNG flow. Thus one needs
to find an optimum in the number of parallelized master meter combinations and the information gained
from them when planning the performance of consistency checks. For the Table 1 example with N = 4 (as
applicable to VSL's LNG test and calibration facility), there are 15 possible combinations, out of which 8
were used. At low flow, one can expect larger inconsistencies, due to inherent heat gain from ambient and
zero effects. Further, the reference flow meters are of the Coriolis type. Their meter error characteristic is
commonly described by a constant meter factor and a zero-effect. For the assessment of zero-effects, more
variability in meter combinations was chosen at the low flow rate of 4 kg/s. In addition, the effect of
parallelization at this low flow rate was investigated by achieving the 4 kg/s reference flow rate from 1 flow
meter (combinations 1, 2, 3, and 4), from 2 flow meters (combination 24), and from 3 flow meters
(combination 124). At higher flow rates, less combinations were run since one only seeks quantitative
estimation of variability in calibration result from any installation effects, residual inconsistencies in
(corrected) reference meter factors, and mitigated (from the larger flow rate) zero effects. Indeed, at the
flow rate of 8 kg/s and above, one can see that the consistency of the error is well within 0.05 %, and the
meter error (meter factor error) can be described as -0.12 % % 0.05 %, while at 4 kg/s larger variability to
within 0.10 % (approximately) is observed.

Estimation of consistency uncertainty from parallelization of cryogenic flow meters is not limited to the
practical method presented here. An improvement to the method could be to calibrate, at least for part of
its flow rate range, a flow meter against the primary standard (with smaller uncertainty) and then to repeat
the steps by installing it in the Unit-under-Test section. Further information can be gained by combining
master meters of different types in the reference measurement system containing parallelized flow meters.
Static flow meters may be able to extract meter diagnostic data which may lead to characterization of
specific installation effects (effects from valve switching, temperature effects) with which calibration
uncertainty can be estimated (and improved). Fluid flow and temperature numerical modelling, such as
CFD, can be employed for determining installation effects affecting the parallelized reference flow meters in
their different configurations.

5 CONCLUSIONS

Following the ISO 5168 - Annex J, the calibration uncertainty of a parallelized system of reference master
meters is given by their individual calibration uncertainty at smaller flow rate and additional terms
contributing to the measurement uncertainty in the upscaling (bootstrapping) of the SI-traceability. An
important, and possibly overlooked, term is uncertainty from the inconsistency between calibration results
obtained at the same flow rate, but using different combinations of parallelized reference master meters. A
pragmatic method for estimating this uncertainty in the upscaling of SI-traceability was presented and
illustrated for VSL’s LNG calibration facility. It yields the important conclusion that consistency in terms of
the Unit-under-Test meter error can be achieved to within 0.05 % for a carefully designed calibration system
based on the master meter method. Given the calibration uncertainty at the primary level at 0.12 % - 0.15
% (k = 2), this implies that the measurement uncertainties when bootstrapping to large-scale flow rates
(c.f., Figure 1) can remain at relatively small levels (see [4] for a detailed discussion).

The quality procedures of VSL's LNG test and calibration facility prescribes performance of consistency

checks. They are part of stability checks which also yield assurance that further uncertainty sources such

as those arising from measuring equipment drift or reproducibility remain within the thresholds of the

calibration and measurement capability. A smartly designed quality system mandates stability checks that
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yields quantitative information on disparate uncertainty sources as part of one set of dedicated
experiment(s) and can be implemented as part of ongoing operations.

The practical method presented for estimating consistency uncertainty is applicable to any flow
measurement system (particularly LNG/cryogenic fluids) making use of parallelized reference meters, and
can thus help system operators to identify measurement errors in cryogenic field conditions.

It is known that consistency uncertainty from results obtained from different combinations of parallelized
master meters can be much larger than the example provided. Consequently, it is mandatory to perform
these consistency checks for any cryogenic fluid flow measurement system employing parallelized reference
meters. This holds for any (non-cryogenic) flow system using parallelized reference meters. Using the
calibration uncertainty from the calibration certificate of an individual master meter alone will represent an
underestimation (by definition, c.f., section 2). The degree to which it is will remain unknown until a
dedicated experiment in the specific installation of the reference system is performed.

6 NOTATION

M Number of active parallelized meters

N Number of (parallelized) meters in reference system

Q Total flow rate

Qrel Relative (total) flow rate normalized to 1

qi Flow rate through single meter j

g Average flow rate through single meter

T Total number of combinations of M parallelized meters yielding their maximum flow rate
Ui( Qrer) Standard uncertainty contribution of a single meter to Qres

uc(Qrer) Combined standard uncertainty of Qre/
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