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POVZETEK
Doktorska disertacija obravnava raziskave meroslovne sledljivosti meritev
pretoka plinov do mednarodnega sistema enot (SI), s poudarkom na nerešenih
problemih v praksi. Razdeljena je v podpodročja glede na specifiko problemov
pri realnih namestitvah merilnikov pretoka plina v merilni sistem, s ciljem
zagotoviti popolnost in sledljivost merilnih rezultatov in kalibracijskih certifikatov.
Značilnost merilne sledljivosti je, da ima dobro znano zgodovino kalibracij z
nepretrgano verigo na višje hierarhične nivoje vse do definicije osnovnih enot
merskega sistema SI. Pri posamezni kalibraciji merilna negotovost ne more biti
manjša od merilne negotovosti referenčnega merila, torej se s prenosam na
nižje nivoje merilna negotovost povečuje.
Poglavitni cilj je zagotoviti popolne in točne merilne rezultate, ko merilniki
pretoka plinov delujejo v realnih pogojih. Zaradi razlik med instalacijo merila pri
kalibraciji ter pri nadaljni rabi, je običajno potrebno k rezultatom iz
kalibracijskega certifikata dodati nadaljne korekcije in dodatne prispevke k
merilni negotovosti. Kadar so viri negotovosti dobro poznani, razumljivi in
nadzorovani, se lahko obravnavajo kot popravki, s čimer se zmanjša skupna
merilna negotovost naprave za merjenje pretoka.
Opravljene so bile obsežne raziskave, ki omogočajo zanesljivejšo odločitev o
tem, kako v posameznih primerih obravnavati merilno negotovost, ki je bila
določena kot kvantitativni parameter v času kalibracije merilnika pretoka v
kalibracijskem laboratoriju, da jo je možno razširiti v ustrezno kvalitativno izjavo
o merilni negotovosti, ko merilnik deluje v realnem okolju.
Podana je kritična obravnava različnih možnostih kalibracijskih sistemov in
njihovih zmogljivosti kot tudi zmogljivosti merilnikov na eni strani, ter
meroslovnih zahtevah na drugi strani, nato pa so podani novi prispevki, sklepi in
priporočila. V zvezi s tem je bil cilj raziskav opredelitev in ovrednotenje vprašanj
sledljivosti v realnih pogojih pri meritvah pretoka plina, ki se izvajajo v
kompleksnih distribucijskih sistemih, z vidika specifičnih dodatnih virov merilne
negotovosti zaradi same instalacije merila. Kontinuirane raziskave vseh
pomembnih virov merilne negotovosti so potrebne, da se omogoči boljši
vpogled v številne dejavnike, ki vplivajo na merilni proces, kar vodi do povečane
in bolj realistične ocene merilne negotovosti.
Koncept negotovosti merilnega rezultata, ki temelji samo na teoretični
obravnavi, v nekaterih primerih ni zadosten. Zaradi tega meritve v realnih
razmerah ne morejo doseči merilne negotovosti, ki so opredeljene s pisnimi
standardi, in so v resnici veliko višje. Nujno je, da se ocena vseh prispevkov, ki
vplivajo na rezultate meritev, pravilno izvede. Ti prispevki so včasih zanemarjeni
ali napačno interpretirani, kar vodi do napačne interpretacije rezultatov meritev,
zlasti v realnih merilnih pogojih. To posledično vodi do napačnih odločitev.
Nepotrebna precenitev merilne negotovosti lahko znatno poveča stroške
nakupa celotnega merilnega sistema in kontrole ob dobavi, saj se možnost za
identifikacijo neustreznosti povečuje. Na drugi strani lahko podcenjevanje
merilne negotovosti povzroči neupravičeno zaupanje v dobljene rezultate, kar
ima v izjemnih primerih lahko tudi uničujoče posledice.

Zato je precenjevanje merilne negotovosti zaradi pomanjkanja znanja prav tako
problematično kot podcenjevanje merilne negotovosti.
Z ustrezno analizo zahtev po merilni negotovosti ter samega merilnega procesa
je možno zmanjšti število nerešenih problemov glede sledljivosti merilnih
rezultatov pretoka plina v realnih razmerah.
Številni mednarodni normativni dokumenti in standardi že določajo merilne
postopke in podajajo vodila za določanje sledljivosti meritev, analizo in
vrednotenje merilne negotovosti ter kalibracijo meril pretoka plinov na mestu
uporabe. Klub temu so še vedno možne znatne izboljšave teh vodil, za to pa so
potrebne obširne dodatne raziskave delovanja meril v realnih aplikacijah, tako z
vidika znanstvenega in industrijskega meroslovja, kot tudi zakonskih
meroslovnih vidikov.
Da bi prepoznali in obvladali čim več virov negotovosti, so bili eksperimenti v
okviru te disertacije izvedeni v visoko zmogljivem laboratoriju. To pomeni zelo
visoko kakovost merilnih rezultatov ter kompleksnost izvedbe in s tem precej
drage inštalacije. Pomembno je vedeti, da je treba pri vsakem posameznem
primeru upoštevati dodatne vire negotovosti, ki izhajajo iz slabe namestitve in
uporabe različnih tipov merilnikov.
Predmet disertacije in raziskav je, kako pravilno ovrednotiti merilne rezultate,
izvedene z merilniki pretoka plina, glede na kalibracije z različnimi metodami,
zakonske zahteve, tehnologijo, instrumente, vrste plina in pogoje pretoka, kot
tudi z vidika dinamičnega obsega in odziva. Specifični nerešeni problemi
merjenja pretoka v zvezi s sledljivostjo do SI sistema so, glede na ugotovljeno
poreklo, predstavljeni v treh poglavjih.
Prvi del disertacije temelji na dveh hipotezah, ki se nanašata na kalibracijske
metode in na njih vezane zakonodajne vidike, kot vzroke za težave pri
sledljivosti do SI.
Prva hipoteza v tem delu raziskave je (dokazana hipoteza A), da so instrumenti
večinoma kalibrirani za izbrane pogoje uporabe. Kalibracija v laboratorijskih
pogojih ne ustreza pogojem delovanja merilnikov pretoka v realnem okolju, zato
sta lahko kalibracija kot taka in posledično negotovost končnega rezultata
vprašljiva. Za merilnike pretoka plinov je mogoče doseči natančnejše,
celovitejše in bolj sledljive rezultate meritev ter posledično bolj verodostojne
kalibracijske certifikate, ki ustrezajo specifičnim pogojem uporabe. Druga
(hipoteza B), ki je v delu tudi dokazana je, da so nekateri obstoječi mednarodni
normativni dokumenti na področju ocene negotovosti in merjenja pretoka še
vedno premalo podrobni, zato se včasih uporabljajo neprimerno.
Drugi del disertacije temelji na dveh hipotezah, ki se nanašata na pretočne
pogoje in lastnosti plina kot vzroka za težave pri sledljivosti do SI.
V tem delu raziskav je dokazana hipoteza C, da je treba ponovno preučiti
trenutno veljaven koncept in s tem povezane korelacije, da so pretoki skozi tri
merilnike pretoka, od katerih je vsak vključen v eno od treh vzporedno
povezanih cevi enaki ter da zato vsi trije delujejo v enakih pretočnih pogojih.
Razvit je osnoven teoretičen model vrednotenja merilne negotovosti za tri
vzporedno delujoče merilnike pretoka. Če je le mogoče, je treba umerjanje
merilnika pretoka opraviti v enakih pogojih, kot so pri dejanski uporabi merilnika.

V resnici je to možno le teoretično, nekatere neskladnosti z realnimi pogoji so
neizogibne. Da bi uporabili model za ocenjevanje merilne negotovosti in izvedli
poskuse, so bili različni prispevki negotovosti razvrščeni kot korelirani ali kot
nekorelirani.
Druga hipoteza v tem delu (hipoteza D), ki je tudi dokazana, navaja, da je z
določeno stopnjo zaupanja mogoče predvideti merilne lastnosti merilnikov
pretoka plina, ki delujejo v realnih pogojih (zemeljski plin pri nadtlaku) s
kalibracijo v laboratoriju z zrakom pri normalnem tlaku. Obstaja matematični
model meritev, ki omogoča napovedovanje rezultatov v realnih razmerah
delovanja. Naprave za umerjanje in kalibracijo merilnikov pretoka so zelo drage
in spremembe pogojev pri različnih merilnikih pretoka povzročajo problem pri
fleksibilnosti sistemov za kalibracijo. Tudi medsebojna primerjava kalibracij in
preverjanje rezultatov dobljenih z različnimi sistemi (npr. različne delovne
tekočine in različen tlak) je problematična.
Tretji del disertacije ponovno temelji na dveh novih hipotezah, povezanih s
tehnologijo/uporabljeno opremo in dinamičnim odzivom ter merilnim dosegom
kot vzrokom težav za sledljivost do SI.
Prva dokazana hipoteza v tem delu raziskave (Hipoteza E) navaja, da se lahko
s hkratno detekcijo para vrtincev z nasprotno smerjo cirkulacije (dva para
ultrazvočnih detektorjev v merilniku vrtincev, ki sta bila zasnovana in
preizkušena), zagotavlja izboljšana tehnologija instrumentov z redundantnim
delovanjem merilnika pretoka, s tem se tudi izboljšajo postopki kalibracije in
merjenja vključno z merilno negotovostjo. Druga (Hipoteza F), ki je tudi
dokazana, navaja, da je razumevanje dinamičnega odziva bistveno za oceno
dinamičnih napak in za oceno celotne merilne negotovosti turbinskega
merilnika. Za kvantifikacijo odzivnih časov turbinskega merilnika pretoka in
napake zaradi prevelikega izmerjenega volumna med lahko uporabimo
regresijske modele. Oba parametra upadata z Reynoldsovim številom in se
povečujeta glede na povečanje velikosti merilnika pretoka.

ABSTRACT
This doctoral dissertation addresses traceability to the International System of
Units (SI) for flow measurements, with the emphasis on specific and unsolved
problems. It is divided into parts, according to the affinity of the problem to
provide complete and traceable measurement results and calibration certiﬁcates
of gas ﬂow meters, which reflect speciﬁc installation conditions.
The features of the measurement traceability are (i) that it has a well-known
history of calibrations, up to the definition of the Measurement Units, (ii) that the
measurement uncertainty in the next chain becomes larger, and (iii) that the
measurement uncertainty cannot be decreased by calibration with reference to
the higher level standard. The main idea is to obtain complete and accurate
measurement results of flow meters operating in real conditions. Therefore, the
results from the calibration laboratory must additionally contain corrections and
uncertainty contributions due to the specific installation situation, if necessary.
When uncertainty sources are well understood and controlled, they might even
be considered as corrections, therefore decreasing the overall uncertainty of the
flow measuring device.
The extensive research was done to allow more reliable decisions on how to
deal in particular situations with the measurement uncertainty as the subject of
a flow meter’s calibration, as the quantitative parameter obtained in the
calibration in the laboratory, and with the qualitative statement about the
accuracy of the meter operating in the field.
Critical consideration about the possibilities and capabilities of calibration
installations and capabilities of meters, on the one hand, and metrological
requirements, on the other, are explored. New contributions, conclusions and
recommendations are provided. Regarding this, the identiﬁcation and
characterization of the traceability issues in real-life gas measurements,
conducted in complex distribution systems in terms of “installation-speciﬁc” error
sources, is one of the objectives of this research. It is necessary to continually
explore the sources of measurement uncertainty, which will give a better insight
into the number of factors affecting the measurement process, which leads to
an increased and more realistic measurement-uncertainty value.
The concept of the uncertainty of a measurement result, based on a theoretical
definition, in some cases, is insufficient. Because of this, measurements in real
conditions will not be able to achieve the measurement uncertainty defined by
written standards and will be much higher in reality. It is imperative that the
estimation for all contributions that influence the measurement results are made
correctly. These contributions are sometimes neglected or misinterpreted, which
leads to a wrong interpretation of the measurement results, especially in real
measurement conditions, resulting eventually in the wrong decisions.
The unnecessary overstatement of the measurement uncertainty can increase
the costs of the overall system of measurement and the control of delivery and
supply, as the level of reports about the faults increases. The unnecessary
understatement of the measurement uncertainty might cause too much trust to
be placed in the values reported, having sometimes devastating consequences.
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Therefore, the overestimation of the measurement uncertainty due to the lack of
knowledge is equally problematic as an underestimation.
If these concerns and certain ﬂow measurements are analyzed, the number of
unsolved traceability problems of ﬂow measurements under real conditions will
decrease.
A number of international normative documents and standards deﬁne
measuring procedures, routes for establishing measurement traceability, the
analysis and evaluation of measurement uncertainty, and the on-site calibration
of gas-ﬂow meters. However, additional considerable research is still necessary
in order to improve the relevance of these documents in real-life applications
from the perspective of scientiﬁc, industrial and legal metrology aspects.
In order to keep as many uncertainty sources under control, the experiments
conducted as part of this dissertation were made in a high-performance
laboratory that has a very high quality and complexity and thus quite expensive
installations. It is important to keep in mind that other sources of uncertainty
coming from poor installation and by using different meter types have to be
considered for each individual case.
The subject of the dissertation and research is how to make the correct
judgment regarding the measurement results performed by gas-flow meters
using different calibration methods, legal aspects, technologies, instruments,
fluids, and flow conditions, with regards to dynamic range and response.
Specific unsolved flow-measurement problems regarding the traceability to SI,
according to the identified origin, are organized here in three chapters.
The first part of the dissertation is based on two hypotheses related to
calibration methods and legislative aspects as causes for problems for the
traceability to SI.
The first hypothesis in this part of the research (Hypothesis A), which has been
proved, states that most of the time the instruments are calibrated for the
specified service conditions. Nevertheless, the calibration under laboratory
conditions does not match the conditions of operations of flow meters in the real
environment and therefore the calibration and the uncertainty of the final result
could be questioned. Accurate and more comprehensive and traceable
measurement results and calibration certiﬁcates of gas-ﬂow meters, matching
speciﬁc installation conditions, can be achieved and created.
The second hypothesis (Hypothesis B), which has also been proved, states that
some existing international normative documents in the field of uncertainty
estimation and flow measurement are still insufficiently precise. Unfortunately,
they are sometimes used when it is not appropriate.
The second part of the dissertation is based on two new hypotheses related
to the flow conditions and to the fluid properties as causes of problems for the
traceability to SI.
The first hypothesis in this part of the research (Hypothesis C) states that the
related correlations and the concept of the validity of the hypothesis of the equal
flow through the three flow meters, each of which is in one of the three parallel
connected pipes each working in the same flow conditions, have to be
reconsidered. The starting theoretical model of the measurement uncertainty
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evaluation for a set of three flow meters that are working in parallel is
developed. If possible, the calibration of the flow meter should be done using
the same fluid and flow conditions as those that will be used in the real
situation. In reality, this is only theoretically possible, and some degree of
disturbance to the flow meter and inconsistency with the real conditions are
unavoidable.
In order to apply the measurement-uncertainty evaluation model and to carry
out the experiments, various uncertainty contributions have been classified as
either correlated or uncorrelated.
The second hypothesis in this part (Hypothesis D), which has also been proved,
states that, with a certain level of confidence, it is possible to predict the
measurement characteristics of gas-flow meters that operate in real conditions
(natural gas at overpressure) by calibration in a laboratory with the air at
atmospheric pressure. There is a mathematical model of measurements and a
mathematical analogy with the prediction of the results. Installations for the
calibration and verification of flow meters are very expensive and the changes
in the requirements for flow meters lead to changes of the needed possibilities
of these installations. The comparison of the calibrations and verifications of the
results from very different installations (e.g., different operating fluid and
pressure) is also problematic.
The third part of the dissertation is based on two more hypotheses related to
the technology/instrument and to the dynamic response and range as causes of
problems for the traceability to SI.
The first hypothesis in this part of the research (Hypothesis E) states that the
simultaneous detection of a pair of vortices with opposite circulation, by means
of two pairs of ultrasonic detectors in a vortex meter that are developed and
considered can be used to: provide instrument technology improvements with a
redundant operation of the flow meter, enable improvements of the calibration
and the measuring procedures and capabilities including the measurement
uncertainty. The second hypothesis (Hypothesis F), which has also been
proved, states that the understanding of the dynamic response is essential to
evaluate dynamic errors and evaluate the overall measurement uncertainty of a
turbine meter. Multiple regression models can be used for the quantification of
the flow meter response times and of the over-registered volumes. Both of
these could drop with the Reynolds number and with the increase of the flow
meter’s size.
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1. INTRODUCTORY REMARKS ON RELATED SCIENCES
This chapter provides information on the challenges addressed in this doctoral
dissertation, and an overview of the theoretical fundamentals of sciences that
have been used as a priority for problem processing and the definition of the
conclusions.
The introduction also provides key information on international normative
documents and standardized terms used in the dissertation. Measurement is a
process of experimentally obtaining one or more quantity values that can be
reasonably attributed to a quantity. Measurement does not apply to nominal
properties.
Measurement implies the comparison of quantities or the counting of entities.
Measurement assumes a description of the quantity matching the intended use
of a measurement result, a measurement procedure, and a calibrated
measuring system operating according to the specified measurement
procedure, including the measurement conditions.
Calibration is an operation that is composed of two steps. In the first step, it
establishes a relation between the quantity values with the measurement
uncertainties provided by the measurement standards and the corresponding
indications with associated measurement uncertainties. In the second step, it
uses this information to establish a relation for obtaining a measurement result
from an indication.
The calibration hierarchy is a sequence of calibrations from a reference to the
final measuring system, where the outcome of each calibration depends on the
outcome of the previous calibration.
Calibrations are performed to obtain an estimate of the value or bias of the
selected meter characteristics. Calibrations are not considered complete without
statements of the uncertainty in these estimates. Developing these statements
requires that all the relevant sources of measurement error are identified and
combined in a way that yields viable uncertainty estimates.
Unfortunately, there is confusion regarding which error sources should be
included and how they should be combined in calibration processes. Over time,
the error or bias in a meter attribute or parameter may increase, remain
constant or decrease. The uncertainty in this error, however, always increases
with time. The uncertainty growth over time corresponds to the increase in outof-tolerance probability over time, or equivalently, to the decrease in the
measurement reliability over time.
Laboratories operating under ISO/IEC 17020 [1] and ISO/IEC 17025 [2]
accreditation and related systems are required to evaluate the measurement
uncertainty for the measurement and the test results. The uncertainty should be
reported where relevant. The ISO/IEC Guide 98-3 (GUM) [3] is a widely
adopted standard approach. However, it applies to situations where a model of
the measurement process is available.
A very wide range of standard test methods is subjected to the collaborative
study in accordance with ISO 5725-2 [4].
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Metrological traceability is a property of a measurement result, whereby the
result can be related to a reference through a documented, unbroken chain of
calibrations, each contributing to the measurement uncertainty.
Gas-flow measurements are used to define the quality of the products and for
the economical and safe operation of the processes. Furthermore, an accurate
flow metering is required for custody transfer and for legal applications. The
uncertainty required for flow-rate measurements is between 0.2 % and 2.0 %.
However, many parameters can interact with flow meters and thereby increase
the measurement uncertainty; examples include distorted flow profiles, fouling
or wear, and operational conditions such as pressure, temperature, and
viscosity. Indeed, in a survey conducted in 2012, 60% to 80% of flow-meter
end-users responded that the flow-metering accuracy was negatively affected
by the distorted flow profiles, the pulsations and the fouling or erosion. It is not
feasible to have one primary standard that covers all ranges of flow. Therefore,
there are currently a variety of primary standards for different flow gas rates,
e.g., primary standards with flow rates from 10-6 to 2.5x104 m3/h for ambient
conditions and to 2x106 m3/h for pressures of 60 bar.
However, currently there are very few facilities that are using these standards,
which can determine the impact of effects such as swirl, asymmetry, (flow)
unsteadiness, fouling, and/or wear on gas flow rate measurements. In addition
to this, some flow meters are equipped with diagnostic functions that can be
used to warn end-users when the flow metering conditions are off-limit.
However, this flow meter diagnostic functionality is not yet validated and
therefore a warning may be issued either too early or too late.
Existing ISO and OIML standards provide the requirements for the hardware
configuration for flow metering, e.g., the flow meter should be placed 10
diameters downwards of the nearest disturbance, but typically only provide
qualitative recommendations for flow rate conditions, e.g., ‘try to get the flow
rate as stable as possible’.
There are no quantitative requirements in the standards for measuring
conditions, such as flow profile, stability, temperature homogeneity or
environmental conditions. As a consequence, flow rate measurements may be
unable to achieve the required legal measurement uncertainty.
EU gas consumption was about 600 x 109 m3 in 2018. An error of 1% in the
measurement of the annual amount of natural gas traded in Europe (a
commercial value of about €600,000,000,000) corresponds to a value of roughly
€6,000,000,000; an error of 0.1% corresponds to somewhat less than €
600,000,000.
Taking into account that the measurements take place in pipelines and oil
storage tanks, where one has not only to measure the volume but also the
temperature, pressure and chemical composition, a measurement uncertainty of
somewhere between 1 and 0.1% is not likely to be achieved.
To make qualitative and quantitative analyzes of these classifications, to
research some cases and to provide contributions to science, this dissertation is
focused on the issues that are governed by the sciences and laws originating
from metrology, mathematical statistics, and fluid mechanics.
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1.1. Metrology
Metrology is the science of measurement (some define it as art). It is an old
science (according to some authors, even the oldest science). According to
Lord Kelvin, metrology is the crown on the king that embodies science as the
most precious profession that a man can deal with.
When talking about the infrastructure of metrology, it is important to know what
the measurement technique is and what metrology is.
The scientific technical activity that deals with obtaining the quantity and quality
of information about the properties and characteristics of physical objects that
serve for studying, managing and knowing these objects is called the
measurement technique.
Measurement can be divided according to:
The character of the measurement equation into: direct measurement
(mass
measurement),
indirect
measurement
(y=f(xi)),
complicated
measurement (f(x, y, z,…)=0).
The relation of the measurement, i.e., the unknown quantity "n" and the
measurement equation "m" into: the case when n=m and to the case when m>n
(error decreases),.
The renewability according to repeatability: multiple (repeated multiple
times) and multichannel with multiple devices (measurement of earthquake
strength, solar eclipse, etc.).
The character of the law of the change of the signal in time:
measurement of the parameters of quasi-deterministic signals (it is sufficient to
measure the m of the current values of the n unknown parameters in a quasideterministic signal, and on this basis solve the m equations with n unknowns)
and the measurement of the random signal parameters (measurement of
signals characterizing any realization of theirs, and where statistical
characteristics are to be measured, by processing a large number of current
signal values).
(t).

According to time dependence into: static x = const. and dynamic x = x

Methods of measurement and physical quantities differ around the world.
Harmonization and better accuracy are not only necessary for trade in order to
order products that are purchased, but also for other purposes.
Metrology in developed countries has two main tasks:
●
etc.

Defining international measurement units, for example meter, kilogram,

●
Realization of measurement units by scientific methods (e.g., realization
of meter using a laser beam).
Measurement units at the international level are realized in laboratories of the
highest level, and such realized units are referred to as international standards.
Then, they are referred to as primary standards, because the unit of
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measurement is realized directly through the scientific definition of that unit, or
is realized directly by another quantity [5], [6].
According to the fields it deals with, metrology is divided into:
●
Scientific metrology, which deals with the organization, development and
maintenance of metrological standards.
●
Industrial metrology, which should ensure the proper functioning of a
measuring instrument used in industry, production or testing.
●
Legal metrology, which deals with measurement accuracy when
measuring has an impact on trade transactions, security, health, or the
environment.
●
Fundamental metrology, which deals with finding the ways to decrease
the measurement uncertainty by using the knowledge of scientific metrology.
Some sources in the literature do not discern between scientific and
fundamental metrology and they treat them as the same area.
1.1.1. Standard and the measuring unit
A standard is the material measurement, measuring instrument, reference
material or measurement system intended to define, realize, conserve or
reproduce a measurement unit or one or more quantity values to be used as a
reference in further measurements [7], [8].
The measurement unit is a certain quantity defined and accepted by the
convention with which the other quantities of the same kind are compared with
the aim of expressing their relative value according to the measurement unit.
A standard is a realized measurement unit. A standard must be renewable at
different locations around the world.
To appropriately evaluate the measurement results an adequate/representative
number of samples have to be taken, according to statistical requirements.
Nevertheless, the reduction of measurement uncertainty has to be based on the
appropriate evaluation of uncertainty contributions. In this respect, a
mathematical model of flow measurements has to be complete/comprehensive
enough to enable appropriate calculations of indirectly measured physical
quantities (error propagation law) including sensitivity coefficients. A histogram
of uncertainty contributions with associated sensitivity coefficients is a good
graphical representation of specific cases and will be used in elaborated case
studies.
1.1.2. Traceability
By VIM3 [8], traceability is a property of a measurement result, whereby the
result can be related to a reference through a documented unbroken chain
of calibrations,
each
contributing
to
the measurement
uncertainty.
For measurements with more than one input quantity in the measurement
model, each of the input quantity values should itself be metrologically traceable
and the calibration hierarchy involved may form a branched structure or a
network. The effort involved in establishing metrological traceability for each
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input quantity value should be commensurate with its relative contribution to the
measurement result.
When, for the measuring instrument that needs to be calibrated, a scheme that
shows by which standard the calibration is carried out at the next levels of this
connection, all the way to the international standard, is established, then we are
talking about a traceability measurement. The usual name for such a scheme is
the traceability chain [8], [9]. There is still a lack of knowledge regarding the
traceability of measurement results as well as the measurement uncertainties’
contribution and their exact inﬂuence.
Traceability of the national measurement laboratories can ensure that the
reference laboratories can disseminate the traceability to industry and clients.
Legal metrology is included here to provide the traceability for legal tasks in the
field of measurement, but also for legal tasks in the fields of safety, health and
environmental protection.
The metrological traceability of measurement results is not only a strong issue
in emerging metrological fields but also in the fields in which metrological
traceability for many decades provided the information needed for reliable
measurements, such as in fluid flow measurements.
This is not only because of the increase in demands for the comparability of
results of measurements of quantitates with considerable values, but also
because of the demanding, and very often not realistic, requirements and
expectations for uncertainties respecting required errors given in normative
documents and because of the limits in determining realistic measurement
uncertainties for on-site flow meters and even for those in laboratories.
1.1.3. Measurement uncertainty
According to VIM3 [8], measurement uncertainty is a non-negative parameter
characterizing the dispersion of the quantity values being attributed to
a measurand, based on the used information. Uncertainty evaluation is a
process that consumes time and resources, but quality management standards
are more and more inclined to the results accompanied by statements of
uncertainty [10].
Each measurement instrument can introduce uncertainties. When a flow meter
is calibrated on a calibration rig, the traceability and combined uncertainty of the
calibration rig should be determined prior to the calibration. The combined
uncertainty of the calibration rig, ("calibration and measurement capability" or
"calibration rig uncertainty") is derived from all the uncertainty sources affecting
the rig and is calculated in such a way that it represents the uncertainty of the
quantity of fluid passing through the flow meter under calibration. The
uncertainty therefore contains contributions from known sources.
When performing the budgeting of the measurement uncertainty, good planning
is the key to a realistic assessment of the metrological characteristics of the
generated results. It is recommended to apply a holistic, individualized
approach that would allow taking into account variables, such as the
composition of the gas and all the characteristics arising from the composition:
pressure, temperature, profile pipes, material, etc.
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The parameters that can be kept constant during measurements or within a
dynamic system, and the parameters that influence the behavior of the
functionally described system can be used for the simplification of the final
approach and for the possible standardization in accessing the number of welldescribed dynamic systems.
Measurement uncertainty relates to individual results, while repeatability,
reproducibility, and bias relate to the performance of a measurement or testing
process.
For the studies in [4], the measurement or testing process will be a single
measurement method, used by all laboratories taking part in the study. The
measurement method is assumed to be implemented in the form of a single
detailed measurement procedure. It is implicit in that the process-performance
figures, derived from the method-performance studies, are relevant to all the
individual measurement results produced by the process.
A realistic uncertainty evaluation is important because when the value of a
measurand is reported, the best estimate of its value and the best evaluation of
the uncertainty of that estimate must be given. It makes no difference in the
calculations if a standard uncertainty is viewed as a measure of the dispersion
of the probability distribution of an input quantity or as a measure of the
dispersion of the probability distribution of the error of that quantity. The general
approach requires that the estimates of repeatability, reproducibility and
trueness are available from the published information about the test method in
use. The general principle of using reproducibility data in an uncertainty
evaluation is sometimes called a "top-down" approach.
An understatement of uncertainties might cause too much trust to be placed in
the values reported, with sometimes embarrassing or even disastrous
consequences.
A deliberate overstatement of uncertainties could also have undesirable
repercussions. It could cause the users of measuring equipment to purchase
instruments that are more expensive than needed, it could cause costly
products to be discarded unnecessarily, or the services of a calibration
laboratory to be rejected.
The GUM approach [3] of uncertainty estimation is based on the following rules:
●

Each uncertainty component is quantified by a standard deviation.

●

All total systematic errors (biases) are assumed to be corrected and any
uncertainty is the uncertainty of the correction.

●

Zero corrections are allowed if the bias cannot be corrected and an
uncertainty is assessed.

●

All uncertainty intervals are symmetric. Components are grouped into two
major categories, depending on the source of the data and not on the
type of error, and each component is quantified by a standard deviation.
The categories are:
●

Type A - components evaluated by statistical methods,

Type B - components evaluated by other means (or in other
laboratories).
●
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The ISO guidelines [11], [12] are based on the assumption that all biases are
corrected and that only the uncertainty from this source is the uncertainty of the
correction. In the computation of the final uncertainty, it makes no difference
how the components are classified, because the ISO guidelines treat the type-A
and type-B evaluations in the same manner.
Many laboratories or industries participate in inter-laboratory reviews in which
the method is evaluated for: repeatability within laboratories, and reproducibility
over laboratories [13]. These evaluations do not lead to uncertainty statements,
because the purpose of the collaborative study is to evaluate and then improve
the applied method. The purpose of the uncertainty analysis is to estimate the
result of a specific measurement in a given laboratory, at a certain time.
Abstracting this can be defined as those who know less about the process of
measuring express less uncertainty for the measurement realized than those
who know more about their own measurements, and they thus obtain a
statement with a greater measurement uncertainty.
The GUM [3] uncertainty framework uses:
a) The best estimates xi of the input quantities Xi,
b) The standard uncertainties u(xi) associated with the xi,
c) The sensitivity coefficients ci to form an estimate y of the output quantity Y
and the associated standard uncertainty u(y).
The reproducibility standard deviation obtained in [4] is a valid basis for the
measurement uncertainty evaluation, and for the effects not observed within the
standard are negligible.
These are the principles of the procedure for evaluating measurement
uncertainty:
a) To obtain estimates of the repeatability, reproducibility and trueness of the
method in use from published information,
b) To establish whether the laboratory bias for the measurements is within the
expected range according to the obtained data,
c) To establish whether the precision attained by current measurements is
within the expected range on the basis of the repeatability and reproducibility
estimates obtained,
d) To identify any influences on the measurement and quantify the variance
arising from these effects, taking into account the sensitivity coefficients and the
uncertainties for each influence,
e) Where the bias and precision are under control, combine the reproducibility
estimate with the uncertainty associated with trueness and the effects of
additional influences to form a combined uncertainty estimate.
The International Standard [4] assumes that if the bias is not under control, a
corrective action is taken.
Perhaps the most difficult measurement uncertainty component to evaluate is
associated with the measurement method, especially if the application of that
method gives results with less variability than any other.
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Determining the same measurand with different methods can often provide
valuable information about the uncertainty attributable to a particular method.
If a measurement laboratory had capabilities, it could conduct the necessary
statistical investigation of the source of uncertainty by using different kinds of
instruments, different methods and their applications, and different
approximations in its theoretical models of the measurement. Then, all the
relevant uncertainties could be evaluated by a statistical analysis of the series
of observations, and any source of uncertainty would be characterized by the
statistically evaluated standard deviation, i.e., all of the uncertainty components
would be obtained from the Type-A evaluations.
According to GUM [3] it is sometimes difficult to distinguish a systematic effect
from a random one. Generally, it is not possible to separate random from
systematic effects.
The total systematic error can be consistent if it persists over time and if it has
the same magnitude. If it can be reliably estimated from repeated
measurements, then it should be corrected. In many cases, the result of a
measurement is determined on the basis of a series of observations obtained
under repeatability conditions.
The mathematical model of the measurement that transforms the set of
repeated observations into the measurement result is of critical importance
because, in addition to the observations, it generally includes various influence
quantities that are known inexactly. This lack of knowledge contributes to the
uncertainty of the measurement result, as do the variations of the repeated
observations and any uncertainty associated with the mathematical model itself.
Instead of being calculated from the function f, the sensitivity coefficients are
sometimes determined experimentally: one measures the change in Y produced
by a change in a particular Xi while holding the remaining input quantities
constant.
In practice, the uncertainty values found by the application of different
approaches differ for a variety of reasons, including an incomplete mathematical
model and the incomplete or unrepresentative variation of all the influences
during a reproducibility assessment (ISO 21748). Without a quantitative
estimation of uncertainty, there is a risk of a misinterpretation of the results, i.e.,
such incorrect decisions may result in needless spending by industry, or in
conflicting health or social concerns.
In consideration of the effects, the random effects vary between observations
and are not to be corrected. Many random effects are time dependent. Three
levels of time-dependent fluctuations are discussed and characterized by [12].
Characterization on short-term fluctuations (repeatability, instrument precision);
intermediate fluctuations (reproducibility, day-to-day or operator-to-operator or
equipment-to-equipment precision); and long-term fluctuations (stability, run-torun precision) is only a guideline. It is up to the user to define the time
increments that are of importance. A contrast to the random error is the total
systematic error (bias), composed of one or more systematic errors –
components. The systematic effects can be regarded as essentially constant
over the observation in the short term and can theoretically, at least, be
corrected or estimated from the result.
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1.1.4. Accuracy
The traceability of measurement results provides the information needed for
reliable measurements of gas ﬂow [13], [14]. Another important term is the
accuracy that is explained as the closeness of the agreement between
the measured quantity value and the true quantity value of a measurand.
The accurate measurement of the gas ﬂow is the accuracy of a measurement
method described by trueness and precision [4]. The accurate measurement is
an essential requirement given in the Directives [15]-[19] and in many other
applications. In alignment with this, there are many reasons such as: the
comparability of the measurement results of gas quantities of considerable
values, the demanding and sometimes not realistic requirements and
expectations for uncertainties regarding required errors, the difficulties in
determining realistic measurement uncertainties for on-site ﬂow meters
compared to those obtained in laboratories, and many others [20]-[25].
The accuracy is to take a qualitative term about the agreement between
measurements made on an object and its true value [12]. The bias is a
quantitative term used to describe the difference between the mean of the
measurements on the same object and its true value. Many errors in flow
measurements can be identified only by those who are familiar with the flowmeasurement technology.
The bias in a measurement process can be identified and reduced by: the
calibration of standards, the check standards (the effect of intense
environmental conditions in the laboratory can be estimated from check
standards.), the measurement assurance programs (meters from a reference
laboratory are sent to the field or other laboratory as a sample), and interlaboratory comparisons (a reference standard is circulated among several
laboratories) [11], [12].
The measurement trueness is the closeness of the agreement between the
average of an infinite number of replicate measured quantity values and
a reference quantity value. The measurement precision is usually expressed
numerically by measures of imprecision, such as standard deviation, variance,
or the coefficient of variation under the specified conditions of the
measurement. Figure 1 shows the relation between trueness and precision.
With the increase of trueness and precision the uncertainty of a measurement
decreases.

Figure 1: Relation between the trueness and the precision of measurement
results
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1.1.5. Repeatability of the flow meter under field operation - This can usually
be found in the data sheet of the flow meter, if not, the operator should use
his/her own experience for establishing the repeatability [11], [12]. It is possible
to specify different values for the repeatability of different flow rates. In that
case, linear interpolation is used for obtaining repeatability at the actual volume
flow rates in between the ones where the repeatability is specified.
The repeatability at the highest calibrated flow rate will be used for flow rates
above this highest calibrated flow rate. The repeatability at the lowest calibrated
flow rate will be used for flow rates below this lowest calibrated flow rate.
1.1.6. Reproducibility (of the measurement results) is the agreement between
the measurement results of the same measurand, carried out under changed
conditions of measurement [11], [12].
A valid statement of reproducibility requires the specification of the changed
conditions, which may include: the principle of measurement, the method of
measurement, the observer, the measuring instrument, the reference standard,
the location, the conditions of use, and the time.
The reproducibility may be expressed quantitatively in terms of the dispersion
characteristics of the results, which are understood as corrected results.
The repeatability conditions include: the same measurement procedure, the
same observer, the same measuring instrument, used under the same
conditions, the same location, and the repetition over a short period of time.
Repeatability may be expressed quantitatively in terms of the dispersion
characteristics of the results.
1.1.7. Calibration
Calibration is the operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with measurement
uncertainties provided by measurement standards and the corresponding
indications with associated measurement uncertainties, and, in a second step,
uses this information to establish a relation for obtaining a measurement result
from an indication [3], [8].
The laboratory should demonstrate that if the bias is under control, it means that
the laboratory component of bias is within the range expected from a
collaborative study [4].
The agreement with the measurement uncertainty for a particular situation,
which is always the subject of a flow meter’s calibration performed in a
laboratory with the statement about the meter error, which is used for field
measurements, is done by the realization of gas-flow meters’ calibrations and
by fulfilling the tasks that are coming from legal requirements.
A calibration may be expressed as: a statement, a calibration function, a
calibration diagram, a calibration curve, or a calibration table.

17

There are five main reasons for having an instrument calibrated:
1. To establish and demonstrate traceability,
2. To ensure that the readings from the instrument are consistent with
other measurements,
3. To determine the accuracy of the instrument readings,
4. To ensure the appropriate measurement result with a statement of
complete uncertainty contributions;,
5. To establish the reliability of the instrument, i.e., that it can be trusted.
The error arising from the imperfect compensation of a systematic effect cannot
be known exactly.
The uncertainty of the measurement result reflects the lack of exact knowledge
of the measurand’s value. The measurement result, after the correction for
recognized systematic effects, is still only an estimate of the measurand’s value.
Because the mathematical model may be incomplete, all the relevant quantities
should be varied to the fullest practicable extent, so that the evaluation of the
uncertainty can be based as much as possible on the observed data. When the
observed data, including the result of independent determinations of the same
measurand, demonstrate that the model is incomplete, it should be revised.
There may be a significant correlation between the two input quantities if the
same measuring instrument is used in their determination, which cannot be
ignored if it is present and significant [11]. The associated covariance should be
evaluated experimentally, if this is feasible, by varying the correlated input
quantities, or by using the pool of available information on the correlated
variability of the quantities in question.
With regard to the effects, the random ones may vary between observations
and are not to be corrected. Many random effects are time dependent. In
contrast to random error, there is a total systematic error (bias) composed of
one or more systematic errors – components [3]. Systematic effects can be
regarded as essentially constant over a short observation time and can, at least
theoretically, be corrected or estimated from the obtained results.
A well-designed experiment can greatly facilitate reliable uncertainty evaluations
and is an important part of the measurement. In order to decide if a
measurement system is functioning properly, the experimentally observed
variability of its output values, measured by their observed standard deviation,
is often compared with the predicted standard deviation obtained by combining
the various uncertainty components that characterize the measurement.
Each input estimate xi and its associated standard uncertainty u(xi) are obtained
from a distribution of possible values of the input quantity Xi, which are
frequency-based, i.e., based on a series of observations Xi, k of Xi, or it may be
an a-priori distribution.
Type-A evaluations of standard uncertainty components are founded on
frequency distributions, while Type-B evaluations are founded on a-priori
distributions. Uncorrelated input quantities are independent in the case where
two or more input quantities are related.
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1.1.8. Inter-laboratory comparison
Inter-laboratory studies/comparisons are performed with the aim of evaluating
the extent of the similarity of the results obtained by different laboratories using
the same method. It represents the set of activities that comprise the
organization, the performance, and the evaluation of calibration/test results for
the same or a similar item by two or more laboratories in accordance with
predetermined conditions [26]-[29].
The metrological comparability determines the comparability of the
measurement results, or quantities of a given kind that are metrologically
traceable to the same reference.
In addition to the mentioned areas, metrology is unimaginable, and it is
impossible to perform a more complex analysis of measurement results, without
a knowledge of statistics.
A knowledge of statistics has long been used in metrology, but in recent times
these two sciences have become inseparable. In the following chapter, some
theoretical basics and concepts in the area of the normal distribution of the
probability density function and measurement results are given.

1.2. Statistics
Distribution of measurement results
Having a large number of data on repeated measurements, i.e., a measured
quantity, statistics can be used to make conclusions about this measurement or
about a measured quantity with a reliability that is higher than when it is made
by any other scientific method, or even exactly [30].
Each measurement result has its frequency of occurrence in relation to the total
number of measurements. This frequency can be represented on a diagram –
the histogram.
If it is assumed that the number of results measured with an infinite number of
histograms will be higher and, hence the width of the histogram will be smaller
(weight to zero), then it is easy to assume that the histograms (rectangles) in
the case of an infinite number of measurement results will be transformed in a
line, i.e., that it will be possible to form continual curves that will connect the
peaks of these lines (the theoretical rectangular width of zero).
Thus, from the concept of distributing the frequency of the occurrence of
measurement results, we can move to the concept of the probability density
distribution or the distribution of measurement results.
The fact that almost any measuring instrument can make one described
structure, if the number of repetitions is large enough, and in this way can
provide a reliable database of measurement results, gives us the right to
assume that the distribution of the measurement results (the probability density
function of the obtained measurement results) of a certain measurement
quantity is normal, i.e., it is Gaussian.
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Namely, whenever it can be assumed that the measured quantity is of the
continuous type, or when it can be assumed that the measurement results will
be shed symmetrically around the mean value of all measurements, then for the
distribution function of the measurement result or, more precisely, for the
distribution function of probability density, is a normal function or a Gaussian
function (by Gauss, who first gave the mathematical form of this function).
The Gaussian function is defined as follows:

f(x) =

1
√2πσ2

1 x−μ 2
− (
)
e 2 σ

(1)

The graph of the normal Gaussian function (curve) of a probability distribution,
i.e., the distribution of the measurement results, equation (1), is given in Figure
2.

Figure 2: Gaussian normal distribution of the probability density function
The analysis of the normal distribution curve is essential for determining and
knowing the metrological characteristics of a measuring instrument, or for
analyzing the measurement results. Only those features of this function that are
interesting for making certain conclusions in this research will be analyzed here.
When the measured quantity has been measured a "large" number of times,
that is, when the number of measurements is infinite, and when these results
are analyzed to determine the mean value of all obtained results (population
results), then it is possible to discuss parameters of the Gaussian function:
- the mean population value µ (the first parameter),
- the standard deviation of the population σ (the second parameter).
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If a certain number of measurements are taken from the measuring population,
and when these results are analyzed with the aim of determining the mean
value of the results obtained for the measuring sample, then it is possible to
discuss:
X – the mean value of the sample
If a certain number of measurements is taken from the measurement population
(from all the measurements), and when these results are analyzed with the aim
of determining the mean value of the results obtained for the measurement
group (sample results), then it is possible to discuss
s – the standard deviation of the sample
As the number of measurements increases, the relative frequency of the
occurrence of the individual measurement results is reduced. The total number
of different measurements is increasing, so it is relatively less likely that the
same two measurement results will occur.
The previous finding is followed by the finding that the relative frequency of the
results of the measurement is symmetrically increased over the average
population value.
The infinite number of measurements gives a mean value (which is then called
the true value) as a result. Then it is justified to assume that the number of
measurements that are symmetrically disposed around the mean value will
increase with an increase in the total number of measurements. The mean
value of the measurement population (of all the measurements, i.e.,
theoretically, an infinite number of measurements) is presented, in the new
terminology of metrology, as a "replacement" for the true value of the measured
quantity. In the sense of the previous assumptions, the areas around the mean
value are defined as those that, with a certain probability, it can be claimed that
there will be another measurement result, i.e., there is the measurement
quantity.
The above-mentioned characteristic areas can be infinitely many, but three
areas are especially used in metrology when expressing measurement results
(Figure 2).
The areas are limited to the lower (left) and upper (right) sides of the mean
value with a value of 1, 2, or 3, depending on the desired level of confidence
that needs to be accomplished when the measurement result is expressed.
Numbers 1, 2, or 3 from these boundaries are denoted by "k", which is referred
to as the factor overlay in statistics. The factor overlay is a tabulated function
and in general it can be determined from a formula.
The result of the measurements, in a general form, is given by the expression:

x = x̅ ± ks

(2)

The experimental standard deviation of the mean value "s" can be replaced by
"u", which represents the standard uncertainty associated with the input
measurement of the mean value of the measured quantity. In general, it is said
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that the probability that the measurement quantity x is between the
measurement results in the range of x1 to x2 is equal to:
x2

P1,2 = P(x1 < x < x2 ) = ∫ f(x)dx
x1

(3)

The probability that a measurement result will be between - ∞ and + ∞is equal
to 1. The graphically represented characteristic positions of the probability limits
characteristic in metrology, when expressing the measurement results, are
given in Figure 2. The fracture of the probability density normal distribution
curve (measurement results) will be altered by the same measured quantity with
the change in the number of measurements of the same quantity. As the
measurement number of the measured quantity changes, the standard
deviation of the sample "s" is changed. As the number of measurements
increases for a measurement quantity, the standard deviation of the sample "s"
(as well as the standard deviation of the population “σ”) decreases and the
probability density distribution curve (the measurement result) becomes
steeper. In Figure 3 it is shown how the distribution of the normal curve is
changed when "σ" changes.

Figure 3: Gaussian normal distribution probability curve for different standard
deviations
The imprecision and unreliability of measurements are also terms in metrology
and are closely related to the analysis of the normal distribution curve. The
imprecision of the measurement is in proportion to the standard uncertainty,
while the measurement uncertainty is more directly related to the mean value of
the repeated measurements.
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Both of these terms are used in more modern measurement analyses and serve
to characterize the realized repeated measurement of the measured quantity
more closely. By increasing the number of measurements of a single measured
quantity, the imprecision of the measurement is reduced. The imprecision of the
measurements can be equated to the standard deviation "s", or can be
represented as the relative standard deviation "rs", where:

rs =

s
x̅

(4)

The higher the number of measurements, the more the "s" decreases, and so
the imprecision of the measurement decreases. In the diagram of the normal
curve, the reduction of the imprecision is manifested by narrowing the normal
curve, i.e., by increasing its steepness, as a result of reducing the distribution of
independent measurements of the same size.
The measurement unreliability is based on the fact that the obtained mean
value of the repeated measurements deviates from the true value.
The deviation from the true value is lower if the number of repeated
measurements is greater. This reduces the measurement uncertainty. The
number of repeated measurements with the effect of reducing the unreliability is
not a linear process, and practically after 20 to 30 repeated measurements, the
changes in the measurement uncertainty are small for the repeated
measurements to pay off.
It is usual to perform up to 10 measurements in order to obtain a lower
unreliability for the mean value.
The uncertainty of "C" is given by equation (5) and in Figure 4:

C=

s

1
=√
∑(xi − x̅)2
n(n − 1)
√n

(5)

Figure 4: Uncertainty of the mean value as a function of the number of repeated
measurements
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With a higher number of repeated measurements, the mean value has a minor
error, the standard deviation is lower and the normal distribution curve is
steeper.
Having in mind the previous equation and the diagram, it can be concluded that
the measurement will be less unreliable if the number of repeated
measurements is greater, i.e., if the normal distribution curve is steeper.
From the previous analysis it is obvious that in terms of precision and reliability,
it is more correct to use the terms imprecision and unreliability.
When a standard population deviation is not known, the standard deviation of
the sample is used as an estimate for the standard deviation of the population.
Then the so-called Student’s "t - distribution" is used.
The use of the t - distribution is effective if the population has a normal
distribution, although it is a good approximation when the population does not
have a normal distribution.
In order to determine whether the mean values of the two small samples 1 and
2 (5 or less samples) are significantly different, the so-called "t - test" is used. In
this case the value for tt is calculated according to the equation:

tt =

x̅1 −x̅2

s(

1
1 1/2
− )
n1 n2

(6)

n1 and n2 - number of repetitions for the first and second samples
Then the obtained value "tt" is compared with the number of degrees of
freedom, which is in the function of n1 + n2 + 2, and whether there is a
significant difference between the mean values of the analyzed samples. In this
case, it is usually known which sample is the reference one, i.e., which sample
has better metrological characteristics.
This test is necessary when determining whether the results from the two
meters that measure the same quantity are in compliance.

1.3. Fluid mechanics
Flow measurement is used in many industries, such as oil, energy, chemical,
food, water and waste-treatment plants. These industries require a quantity of
liquid or gas passing through the conducts, either an indoor, an outdoor line, a
closed conduit, or an open channel, in their daily processing or operating. The
quantity to be determined may be the volume flow rate, the mass flow rate, the
flow velocity, or other quantities related to the previous three.
Devices that are used for the measurement of these quantities are flow meters.
The development of flow meters, the analyses of their applications, the
designing of the metering places, and the follow up improvements are narrowly
connected to the theory of fluid and fluid mechanics [31].
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A fluid is a material which deforms continuously under the application of shear
forces. A stress is defined as a force per unit area, acting on an infinitesimal
surface element. Stresses have both magnitude (force per unit area)
and direction, and the direction is relative to the surface on which the stress
acts. There are normal stresses and tangential stresses. Pressure is an
example of a normal stress, it acts inwards, toward the surface, and
perpendicular to the surface.
A shear stress is an example of a tangential stress, i.e., it acts along the
surface, parallel to the surface. The friction due to the fluid viscosity is the
primary source of shear stresses arising in the moving fluid to resist the shear
forces.
The body forces are to be regarded as given external forces, but the surface
forces depend on the rate at which the fluid is strained by the velocity field
present in it. The system of forces determines the state of stress, and it is a task
to those who analyze fluid and flow phenomena to indicate the relationship
between stress and strain. For isotropic Newtonian fluids it may be assumed
that this relation is linear.
All gases and many liquids (in particular water) belong to this class. A fluid is
said to be isotropic when the relation between the components of stress and
those of the rate of strain is the same in all directions; when this relation is linear
it is said to be Newtonian.
Fluids are usually distinguished as gases and liquids. Typically, liquids are
incompressible, whereas gases are considered to be compressible.
The fluid flow may be laminar or turbulent. In laminar flow fluid, a particle is
accelerated by the pressure gradient and retarded by the frictional shearing
stress. In general no additional forces are present except some cases where
other forces may appear too, and in particular inertia forces are absent. The
laminar flow is known as a streamline flow. If viscous stresses (forces) dominate
over the fluid inertia (forces) stresses then laminar flow is permissible. Very
often the flows of real fluids differ from the laminar ones. They exhibit a
characteristic feature, which is termed turbulence. In turbulent flow, the inertia
stresses dominate over the viscous stresses, leading to seemingly chaotic
behavior in the fluid motion.
The factor that indicates which type of the flow (laminar or turbulent) is present
in the ratio of inertia forces to viscous forces within the fluid is expressed by the
non-dimensional Reynolds number.
The origin of turbulence and the accompanying transition from laminar to
turbulent flow is of fundamental importance for the whole science of fluid
mechanics. In turbulent flows, the velocity distribution over the cross-section is
considerably more uniform than in laminar ones. The fluid flow can also be a
sub-sonic, a trans-sonic and a super-sonic, a stationary and a not stationary, or
a viscous and non-viscous (inviscid) flow.
The fluid motion is described by the Navier-Stokes equation. The Navier-Stokes
equations are obtained by deriving the equations of motion (conservation of
momentum), together with the continuity equation (conservation of mass) and, if
compressible flow is considered, the thermodynamic equation of state (Table 1).
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Table1: Navier-Stokes equations describe fluid motion with the following
quantities
Coordinates

Time: t

Density: ρ

Pressure: p

Reynolds Number:
Re

Stress: τ

Heat Flux: q

Prandtl Number: Pr

(x, y, z)
Velocity
Components
(u, v, w)
Continuity:
∂ρ
∂t

+

∂(ρu)
∂x

+

∂(ρv)
∂v

+

∂(ρw)

=0

∂z

(7)

X-Momentum:
∂(ρu)

+

∂t

∂(ρu2 )
∂x

+

∂(ρuv)
∂y

+

∂(ρuw)
∂z
∂τxz
∂z

=−

∂p

=−

∂p

+

∂x

1
Rer

[

∂τxx

+

∂x

∂τxy

+

∂y

(8)

]

Y-Momentum:
∂(ρv)

+

∂t

∂(ρuv)
∂x

+

∂(ρv2 )
∂y

+

∂(ρvw)
∂z
∂τyz
∂z

∂y

+

1
Rer

[

∂τxy
∂x

+

∂τyy
∂y

+

(9)

]

Z-Momentum:
∂(ρw)
∂t

+

∂(ρuw)
∂x

+

∂(ρvw)
∂y

+

∂(ρw2 )
∂z
∂τzz
∂z

=−

∂p
∂z

+

1
Rer

[

∂τxz
∂x

+

∂τyz
∂y

+

]

(10)

Total Energy-ET:
𝜕(𝐸𝑇 )
𝜕𝑡
1
Rer

+

𝜕(𝑢𝐸𝑇 )
𝜕𝑥

∂

+

𝜕(𝑣𝐸𝑇 )
𝜕𝑦

+

𝜕(𝑤𝐸𝑇 )
𝜕𝑧

=

𝜕(𝑢𝑝)
𝜕𝑥
∂

−

𝜕(𝑣𝑝)
𝜕𝑦

−

𝜕(𝑤𝑝)
𝜕𝑧

+

[ (uτxx + vτxy + wτxz ) + (uτxy + vτyy +
∂x
∂y

wτyz ) +

∂
∂z

(uτxz + vτyz + wτzz )] −

1
Rer Prr

[

∂qx
∂x

+

∂qy
∂y

+

(11)
∂qz
∂z

]
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The Navier-Stokes equation for a perfect (zero-viscosity) fluid reduces to
the Euler equation.
These equations, as a system that serves as a mathematical model to describe
fluid flow in a closed conduit, still has no solution. By simplifying these
equations, i.e., by neglecting the individual terms, the equations, now as a
mathematically simplified model, can serve to describe and calculate the fluid
flow through some conduit or a flow meter, taking into account the physical
model of the measurement.
When the flow meter is produced, then the methodology of the measurement in
practice and the calibration in practice should be defined. Now, additional
simplifications in the physical model and in the acquisition of the measurement
data obtained on the flow meter should be implemented.
The resulting measurement results are processed by experts in laboratories or
in the field. It is clear that even under ideally performed measurements, after all
pre-established theoretical, mathematical and physical assumptions of the
model, no one can speak about a result of the measurement that would be
completely matched with the result obtained by solving the starting equations.
Flow-meter users need to be aware that a deviation from accurate values will
always exist, but this should not be the reason to stop constantly striving for
reliable measurement results. While the Newtonian fluids obey a linear relation
between the shear stress and the strain rate, with the fluid viscosity being
strain-rate independent, the viscosity of non-Newtonian fluids is most commonly
not independent on the shear rate or the shear-rate history. In non-Newtonian
fluids, the relation between the shear stress and the shear rate is different and
can be even time dependent.
Many polymer solutions and molten polymers are non-Newtonian fluids (Figure
5), as are many commonly found substances, such as ketchup, custard,
toothpaste, starch suspensions, paint, blood, and shampoo.

Figure 5: Shear stress vs. strain rate (velocity gradient) in different fluids
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The ability to conduct accurate flow measurements is so important that it can
make significant differences between profits and losses in terms of income. In
other cases, inaccurate flow measurement or measurement failure may cause
serious or even devastating results related to safety requirements. The need for
a recalibration depends to a great extent on how well the meter fits the
application. If the application is critical, the flow meter’s accuracy should be
checked at frequent intervals. In other cases, recalibration may not be
necessary for years because the application is non-critical, or nothing will
change the meter's performance. Some flow meters require special equipment
for calibration.
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2. DESCRIPTION OF THE PROBLEMS
This chapter provides an overview of issues and topics that are grouped by
similarity, which essentially represent the causes of the existence of some
unsolved problems of traceability to SI.
An accurate measurement of the flow rate is a critical requirement in many
applications. This is because the flow measurement to the level of permissible
errors required or sufficient to use the meter is often a goal that meets the
ambitions and needs in a practical application of meters in use.
A qualitative statement of whether the measurement was accurate or not for the
user in the field is a more frequent requisite than the quantitative statement of
the measurement uncertainty [32].
The uncertainty of measurement, as a quantitative statement, implies highly
controlled measurement conditions due to the need for repeated measurements
required for the Type-A contribution analysis or for the analysis of individual and
isolated sensitivity coefficients for the Type-B analysis. These conditions cannot
be provided in the field.
It cannot be expected that the measurement uncertainty in the laboratory will be
the same as in real life. This mismatch can be partially solved by recognizing
some elements of the measurement uncertainty as corrections. For this reason,
the uncertainty estimation according to [4] and the error approach principle is
recommended in this dissertation, rather than the application of the GUM
approach [3] when real-life measurements are concern.
The concept of uncertainty-based uncertainty is somewhat inadequate. It needs
to be expanded to understand that the measurement uncertainty also
demonstrates and evaluates all the impacts on the individual measuring result,
including those that we know of, and those that we do not know of. The ones
that we know of, and whose origin can be assumed, should be quantified
through calibration and turned to correction. Those that we do not know of, up
to the required level, need to be kept within the estimation of the uncertainty of
measurements.
It is important to understand the capabilities as well as the limits of gas ﬂow
meters in order to make the correct estimation for all the contributions to the
measurement uncertainty for real calibration conditions. If we consider this as
an issue, then the additional problem is related to the classiﬁcation of all the
contributions mentioned above on those that are random and those that are
somehow accepted as systematic.
A custody metering place can be defined as a location where a fluid is being
measured to determine the quantity and quality of the fluid transferred from one
party to another. Custody measurements are also required for the transportation
and storage through other parties’ facilities, to establish ownership of the fluids,
and for charging tariffs for the use of the facilities. Custody measurements are
distinct from other measurements because they are regulated by a contractual
agreement or a legal jurisdiction, with the control to prevent fraud and
specifications defining the standard of measurement.
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The uncertainty can be stated for a type of meter that has been independently
certified or may be found in a detailed mathematical analysis. An analysis is
often needed to ensure the meter station meets the standards under all
operating conditions and flow rates [33]-[37].
The quantity of the fluid, measured in the field by the flow meter, which is
calibrated in laboratory, is an issue. The goal is to identify how to approach with
possibilities of verifications and calibration to meet the requirements established
by documents.
Specific unsolved flow-measurement problems regarding the traceability to SI,
according to the origin, are organized here to those related to:
●

the calibration method,

●

legal aspects,

●

fluid/flow properties,

●

technology/instrument aspects,

●

the dynamic response and range.

2.1. Calibration methods as causes for problems of traceability to SI
(critical evaluations of the most contributing uncertainty components of the total
uncertainty budget)
The concept of the uncertainty of measurement, which is based on a definition
that is associated with the measurement result parameter that characterizes the
spread of values that can be reasonably attributed to the measured value [8], is
somehow insufficient. It is necessary to expand to the understanding that the
measurement uncertainty is also representing and demonstrating a measure of
the amount of missing information and knowledge.
It is an imperative that the estimation for all contributions that influence the
measurement results is correctly made.
These contributions for flow measurements are, but not limited to, flow
disturbances, flow profile, multicomponent flow, the impact of the pulsation,
stability in pressure and temperature, different coefficients, fluid density,
viscosity, electrical conductivity, compressibility, thermodynamic expansion,
pressure effects, and non-Newtonian features.
These contributions are sometimes misinterpreted or neglected, and this can
lead to a wrong interpretation of the measurement results, especially in real
measurement conditions.
The estimation of the measurement uncertainty should be valued according to
the number of defined influencing factors (sources of uncertainty), and in
particular by a number of factors that can be formalized mathematically.
Due to this fact it is necessary to either:
● calculate the standard uncertainty based on repeated
measurements (up to ten repeated measurements of the same
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quantity) and that value enlarged several times and get an
estimate of the overall standard uncertainty. This factor of
enlargement should be related to the experience of previous
experimental investigations of specific phenomena,
● calculate the standard uncertainty on the basis of repeated
measurements and other impacts estimate and try to get them as
many as possible included by a mathematical formulation or
empirical data.
In practice, it is a very common case to use some form of the second
procedure. The standard uncertainty estimation is limited by the calculation
based on repeated measurements by partially considering only some obvious
influential factors (temperature, pressure) to express the total standard
uncertainty.
In this way, unrealistic and small values of uncertainty are found and they do
not describe the process of measuring in the correct way and cannot be
appropriately used for the comparison of results from different laboratories.
Roughly summarized, it can be said that those who know less about the
process of measuring, express less uncertainty for the measurement realized
by those who know more about their own measurements and they thus obtain a
statement of a greater measurement uncertainty.
So, those who know more about the process of measurement are "penalized"
for it because their meters are followed by calibration certificates with a greater
uncertainty showing that the meter is not very good and the laboratory has a
lack of qualified personnel and procedures.
Since flow measurements have been amongst the first industry-related process
measurements, where measurement accuracy, accompanied and including
measurement uncertainty, associated technical standards were developed
already at an early stage.
Since they are quite largely related to measurement activities, it is worthwhile to
explore these specifications in selected areas in more details. It must be
recognized that this particular activity, closely associated to pre-normative
research, will be also tackled in the proposed doctoral dissertation.

2.2. Legal aspects as causes for problems of traceability to SI
Like expectations in the calibration of flow meters, defined and requested by
some written standards or directives of legal requirements about the capabilities
of flow meters that have to be regularly verified has to be reconsidered and
analyzed.
It is very ambitious and a general requirement given in the Directive [17] that
“Member States shall ensure the implementation of intelligent metering systems
that shall assist the active participation of consumers in the gas supply market”.
The implementation of those metering systems may be subject to an economic
assessment of all the long-term costs and benefits to the market and the
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individual consumer or which form of intelligent metering is economically
reasonable and cost-effective and which timeframe is feasible for their
distribution.
The comparison of the results of a calibration or verification of very different
installations or installations with very different working fluids or other parameters
is also very challenging.
The basic measurement elements of the system include different types of gasflow meters which, together with the electronic volume correctors, represent the
units for measuring the volume rate of natural-gas flow in the selected pipeline
system. The observed system is a branch of a real pipeline system consisting of
an inlet flow meter and a set of flow meters (more than 30) at the delivery
points.
A mathematical model of the flow measuring set-up is created for the selected
pipeline system in order to identify/evaluate the total measurement uncertainty
contributions. The obtained measurement errors of individual units, based on
calibrations, will serve to create a basis for the complete measurement results
composed of the corrections and the associated total measurement uncertainty
budget of the selected pipeline system. In addition, a kind of non-stationary
phenomena will be analyzed as a result of the intensive temporal variation of a
single gas-flow rate.
Finally, a comparison with the models of measurement uncertainty that are in
accordance with the adopted legislation will be made, making it possible to
estimate the economic advantages of the model developed with this research.

2.3. Flow conditions and fluid properties as causes for problems
of traceability to SI
Fluid flow is the movement of liquids or gases between two points because of
the difference in the fluid energy at these points. Flow rate is the quantity of fluid
passing a point at a time unit. The total flow is the quantity of fluid that passes a
point during a specific time interval.
A number of physical properties, common to most fluids that influence the
selection of the method chosen to measure fluid flow, include: density, viscosity,
compressibility, electrical capacitance and conductance, thermal conductivity,
and the response to sonic impulses, light, or mechanical vibration. All these
properties affect the measurement to determine the flow rate and the total flow
in fluids. The fact that so many properties and characteristics can be measured
accounts for the wide variety of flow meters.
In addition to the physical properties of fluids, there are other factors that affect
flow. They include the configuration of the pipes or ducts, the location, style,
and number of valves, and the changes in the elevation of the fluid.
The decision about which of these properties and factors to include in the
measurement uncertainty evaluation with the related budget and how to
estimate such influences on flow measurements and how to evaluate some of
these impacts is very challenging. A wrong decision, which leads to negligence
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of some of these properties and/or factors or over estimating some of them, will
lead the whole evaluation to the wrong conclusions.
The comparison of the governing equations of the motion of non-turbulent and
turbulent Newtonian fluids with the analyses of the equations that are used in
metering processes related to the realization of some types of flow meters can
provide information about what is originally neglected in the theoretical
expressions and what is in addition neglected to make measurements possible
in real flow-meter technology development.
This comparison and these studies can also show how many sources of
measurement uncertainty are ignored from the same beginning and later, and
how much some of them could influence the measurements if they are
calculated or evaluated.
The nature of how flow meters interact with the flowing fluid is affected by the
properties of the fluid or the velocity distribution of the fluid passing through the
device. It is the changes in this interaction that alter the ability of the device to
give an accurate representation of the quantity, and the magnitude of the error
is different according to specific meter types and fluids.
When a fluid passes through a pipe, the distribution of the velocity across the
pipe changes, depending on the pipe’s internal diameter, roughness and the
fluid's Reynolds number.
The presence of any changes from a straight pipe will also alter the profile
drastically as bends, double bends, valves etc. all introduce asymmetry to the
velocity distribution, with some introducing swirl or rotation.
As the way the fluid interacts with the sensor can be highly dependent on the
velocity profile, these effects must also be considered in the calibration. Ideally,
the calibration should therefore be made using the same conditions in which the
meter will normally operate.
As a matter of principle, the flow measurands, such as volume or mass flowrate,
are not represented by material measures, but they exist as long as they are
generated in a standard flow facility by circulating a test fluid, a gaseous or a
liquid one, in the respective facility’s pipework.
Therefore, the question arises how to realize traceability to the SI system of
units at an accuracy level that is as high as possible.
In principle, two ways are possible and are applied:
1) element-wise traceability to the basic SI units, which are components
of flow units, such as m³/h or kg/s;
2) traceability via flow transfer meter packages, which represents a “true”
comparison among flow standard facilities based on the unit that is the
subject of the flow measurement.
For practical reasons, the traceability performed element by element relies on
the assumption that the model describing the analytical model of the flow
reference standard is comprehensive and implies all items that reveal an impact
on the respective facility’s measurement uncertainty. But, generally, those
models applied do not consider flow and test meter installation effects.
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2.4. Technology / instrument aspects as causes for problems of
traceability to SI
The development of flow meters includes a variety of disciplines, such as the
development of different sensors, including the flow sensor and the fluid
interaction using computer methods, transducers and their associated signalprocessing units, and an evaluation of the entire system under ideal, disturbed,
harsh or hazardous conditions in the laboratory and the field.
Since flow meters are integrated instruments that measure different flow
quantities by different technologies, many characteristics can be referred to in
categorizing flow meters [38]. Some of the references are listed below:
Technology Employed (Coriolis, Differential Pressure (Elbow, Orifice,
Pitot Tube, Venturi), Magnetic, Positive Displacement (Nutating Disc, Oscillating
Piston, Sliding Vane, Rotating Impeller), Target, Thermal, Turbine, Ultrasonic
(Doppler, Transit Time), Variable Area (Movable Area, Rotameter), Mechanical
(Turbine Meter, Paddle Wheel Meter), Vortex.
-

Instrumentation Configuration

Flow meters need to be integrated into existing/planned piping systems to be
useful. There are two types of flow-meter installation methods: inline and
insertion.
The inline models include connectors to the upstream and downstream pipes,
while the insertion models insert the sensor probe into the pipes.
Most flow meters need to be installed at a point where the pipes on both sides
remain straight for a certain distance. For inline models, the inner diameter of
the pipe must be the same as the flow meter's line size. Between the flow meter
and the pipes, there are two types of commonly used connecting methods:
flanged and wafer.
Among the different types of connection methods, insertion design is more
flexible and more economical in larger line sizes, while inline design is more
confined and usually easier to calibrate. The wafer connection is usually less
expensive than flanged connection. However, it may require extra parts to allow
the threading with pipes at both ends.
One of the most common approaches is not allowing enough upstream and
downstream straight-run piping for the flow meter.
Every design has a certain amount of tolerance to non-stable velocity conditions
in the pipe, but all units require proper piping configurations to operate
efficiently. Proper piping provides a normal flow pattern for the device. Without
it, accuracy and performance are adversely affected. Flow meters are also
installed backwards on occasion. Pressure-sensing lines may be reversed too.
With electrical components, intrinsic safety is an important consideration in
hazardous areas. Most flow-meter suppliers offer intrinsically safe designs for
such uses.
Stray magnetic fields exist in most industrial plants. Power lines, relays,
solenoids, transformers, motors, and generators all contribute their share to
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interference. Users must ensure themselves that the flow meter they have
selected is immune to such interference. Problems occur primarily with the
electronic components in secondary elements, which must be protected. Strict
adherence to the manufacturers recommended installation practices will usually
prevent such problems.
-

Physical Quantity Measured

Different types of flow meters request measurements of different quantities
necessary for the calculation of flow. Quantities, such as pressure, velocity,
density, viscosity, compressibility, electrical capacitance and conductance,
thermal conductivity, they all allow for the measurement of these fluids to
determine flow rate and total flow. The fact that so many properties and
characteristics can be measured, accounts for the wide variety of flow meters.
-

Flow Quantity Converted

To select a flow meter that suits one's application, many factors need to be
considered. The most important ones are the fluid phase (liquid, gas, plasma)
and the flow condition (clean, dirty, viscous, laminar, turbulent, abrasive, open
channel, etc.).
Using turbine flow meters for a long period can cause fouling of bearings or any
obstruction of the cross-sectional area in the impeller. Impurities in gases (solid
particles, droplets (e.g. oil), vapors, other gases) have a bad influence on the
work of the meter (the dynamics of the impeller changing, the damage of the
blades of the impeller, dirty bearings, etc.). Pulsation flow, vortices in fluid and
the asymmetric velocity profile can also influence the changes in dynamics of
the impeller.
As a protection against these harmful effects, straighteners of flow are installed
to partially eliminate the effects of these disturbances.
The second important factors are the line size and flow rate (they are closely
related). This information will further eliminate most of the sub-models in each
flow meter technology.
Case studies about technology/instruments, related to specific and unsolved
measurement traceability problems, can focus on the differences in the
measurement-uncertainty evaluation for different technologies employed in the
single flow measurement problem.
The selection of the employed technology or the type of meter, the selection of
the instrument configuration, the influences on installation, taking or not taking
care about what is necessary to have measured or controlled in addition to flow
rate to be able to provide an accurate flow-measurement result, or taking care
about the capabilities of the flow meter and the capabilities and needs of the
installation, can all influence both the accuracy and the total measurement
uncertainty of the flow measurement.
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2.5. Dynamic range and response as causes for problems of
traceability to SI
Dynamic range is the ratio of a specified maximum level of a parameter, such
as the flow to the minimum measurable value of that parameter. Also, the
dynamic range is the ratio between the largest and the smallest value of a
variable quantity. This is closely related to the problem of the development of a
flow meter that can measure all fluid flow, whether it is laminar (small Re
numbers), transient, and turbulent (large Re).
Difficulties in understanding and applying the dynamic response and the range
concept revolve around the question of its measurement. To increase the
certainty of small value readings, a longer collection time is needed, but this
does not work for the large values, it causes an overflow.
The ambition of engineers to measure a wide range of flows with one
measuring instrument or with a set of instruments, aiming to have this set as
small and practical to use as possible, is becoming frequent. This approach
generates different problems, starting from the validation of such procedures,
problems with verification or the calibration of these meters, and defining the
measurement uncertainty of such a system/meter and finally of defining the
traceability of this measurement.

2.6. General Problem
Many applications are not solved from the point of an accurate flow
measurement at all, but they are solved by ignoring some relevant phenomena
and many sources of uncertainty.
It must be clearly distinguished what can be corrected (based on calibrations)
and what is the total uncertainty of the measurement result (based on a
thorough evaluation of the uncertainty sources/contributions).
It is just as important to know what a flow meter cannot do as well as what it can
do. When this is clarified, then a proper calibration can be considered. If a
proper calibration is considered, then the specific flow measurement will be
supported by the traceability chain to the International System of Units.
We must consider a problem, which is related to the measurement uncertainty
calculations of real-life cases, the calibration of such meters and, finally, the
traceability to SI of such flow measurements. We will face specific and unsolved
problems of flow measurements.
To make qualitative and quantitative analyzes of these classifications, to
examine some cases, and to provide contributions to science, this dissertation
will focus on issues that are governed by the sciences and laws originating from
metrology, statistics and fluid mechanics.
In Figure 5a there are illustrative connections between certain recognized
groups of causes of measurement uncertainty and hypotheses confirmed and
proved by this dissertation.
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Figure 5a: Links between certain causes of measurement uncertainty with
the hypotheses from the dissertation
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3. HYPOTHESES RELATED TO THE CALIBRATION METHOD
AND LEGISLATIVE ASPECTS (Hypotheses A/B)
Research on traceability to the International System of Units (SI) of flow
measurements, the emphasis being on specific and unsolved problems, is
divided into three groups according to the affinity of the problem to provide
complete and traceable measurement results and calibration certiﬁcates of gas
ﬂow meters, which correspond to the speciﬁc installation conditions. A critical
consideration about the possibilities, the capabilities of the calibration
installations, and the capabilities of meters, from one side, and metrological
requirements, from the other side, are explored and novel conclusions and
recommendations are provided. This extensive work was done to allow a more
trusted decision on how to deal in particular situations with a measurement
uncertainty, which is always the subject of a flow meter’s calibration as a
quantitative parameter obtained in the laboratory and with the qualitative
statement about the accuracy of the meter, which is working in the field.
The first group of hypotheses, given in this chapter, is related to the calibration
method and to legislative aspects, namely:
A. Most of the time, the instrument is calibrated for the specified service
conditions. Nevertheless, calibration under laboratory conditions does not
match the conditions of operations of flow meters in a real environment and
therefore the calibration as such, and consequently, the uncertainty of the
result, could be questioned. Accurate and more comprehensive and traceable
measurement results and calibration certiﬁcates of gas ﬂow meters, matching
speciﬁc installation conditions, can be achieved and created.
B. This dissertation shows that some existing international normative documents in
the field of uncertainty estimation and flow measurement are still insufficiently
precise, which is why they are sometimes used when it is not appropriate.

3.1. Theoretical introduction (Hypotheses A/B)
The traceability of measurement results provides the information needed for
reliable measurements of gas ﬂow. Another important term is the accurate
measurement of gas ﬂow where the accuracy of the measurement method is
described by trueness and precision [4]. An accurate measurement is an
essential requirement given in the directives [15], [16] and in many other
applications. In alignment with this, there are many reasons such as: the
comparability of measurement results of gas quantities of considerable values,
demanding, and sometimes not realistic, requirements and expectations for
uncertainties regarding the required errors, difficulties in determining realistic
measurement uncertainties for on-site ﬂow-meters compared to those obtained
in laboratories and many others.
There is still a lack of knowledge regarding the traceability of the measurement
results, as well as the measurements uncertainties contribution and its exact
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inﬂuence. The feature of the measurement traceability is that it has a wellknown history of calibrations until the definition of the Measurement Units that
the measurement uncertainty in the next chain becomes bigger, that the
measurement uncertainty cannot be decreased by distancing from the
international standard.
There are also legal reasons for the traceability of the measurements.
Appropriate laws and regulations should be compiled with the needs of
customers. Maintaining the consistency of measurements is an expensive
process and, in some cases, even more expensive than the procurement of the
measuring instruments or standards.
It is necessary to continually explore the sources of measurement uncertainty,
which will give a better insight in the number of factors affecting the
measurement process [39]. This will lead to an increased measurement
uncertainty value. An underestimate of uncertainties might cause too much trust
to be placed in the values reported, with sometimes embarrassing or even
disastrous consequences [3]. A number of international normative documents
and standards deﬁne the measuring procedures, the analysis and evaluation of
the measurement uncertainty, the routes for establishing the measurement
traceability and the on-site calibration of gas ﬂow. However, additional
considerable research is still necessary in order to improve the relevance of
these documents in real-life applications from the perspective of scientiﬁc,
industrial and legal metrology aspects. This deﬁciency becomes obvious when
certain assumptions or requirements of the written standard [40] and regulations
[17]-[19] are analyzed and compared in alignment with feasible and realistic
needs [41]. What can be done in such situations? Before providing an answer to
this question, all results that could be corrected (based on calibration results)
need to be identiﬁed, as well as the uncertainty budget of the measurement
results (thorough the evaluation of uncertainty sources/contributions). There are
two different standardized approaches to the evaluation of uncertainty, which
will be outlined below. The collected results and considerations are
strengthened through an analyses of these two approaches for the evaluation of
the measurement uncertainty, which should be taken into consideration when
setting up the model of measurements.
The instrument is usually calibrated for the speciﬁed service conditions.
Nevertheless, the calibration of ﬂow meters under laboratory conditions does
not match the real working conditions. Therefore, the calibration procedures, as
well as the ﬁnal results, should be reviewed from this point [42]. If the calibration
is performed in laboratory conditions, then the speciﬁc ﬂow measurement and
the measurement results will be supported by a traceability route to the
International System of Units. There is a signiﬁcant number of laboratories that
deal with scientiﬁc, industrial and legal metrology requirements. But on the other
hand, there is a limited number of laboratories and bodies that are actively
involved in both (industrial and legal) processes. Such laboratories would
considerably strengthen their capacities by merging these two processes.
The metrological impact on the quality of the generated results due to the
instrument and installation dependence should be constantly studied.
Regarding this, the identiﬁcation and characterization of the traceability issues
in real-life gas measurements conducted in complex distribution systems in
terms of “installation-speciﬁc” error sources is the main objective of this
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research. Principal requirements and guidelines given by the directive [16] (“to
ensure that the final customers for natural gas are provided with individual
meters that accurately reflect the final customer's actual energy consumption.”)
and by the standard [39] (“to calibrate gas meters under real conditions”) are set
for real conditions, but they can only be implemented in ideal situations.
By comparing the possibilities of the existing calibration/veriﬁcation installations
for ﬂow meters and the requirements given by these relevant documents, the
installation deficiencies and the overambitious requests could be more evident.
Learning about real-life cases can help in recognizing these deﬁciencies and
assisting in their elimination.
The installations for the calibration and veriﬁcation of gas ﬂow meters are very
expensive, and any changes in the requirements may cause a structural
modification of these laboratories.
Keeping in mind the number of points from the production to the ﬁnal consumer,
where the measuring of gas quantities is performed (Figure 6), the prescribed
requirements are very important and it should be feasible for on-site
measurements, but at the same time additional steps should be taken to make
these requirements achievable in order to reduce deﬁciencies in installations for
on-site measurements.

Figure 6: Main measuring points of gas ﬂow (quantities) from the production to
the ﬁnal consumers
How to make the correct judgment regarding the measuring results performed
by identical meters using different procedures, installation approaches, working
ﬂuids, and working parameters is still the subject of research.
The zero hypothesis in this research states that more comprehensive and
traceable measurement results and calibration certiﬁcates of gas ﬂow meters,
matching speciﬁc installation conditions, can be achieved and created.
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This claim can be proved by conducting carefully controlled experiments that
involve aspects of the real measurement parameters given under conditions
that accurately reﬂect the empirical experience.
The concept of the uncertainty of the measurement, which is based on a
theoretical definition in some cases, is insufficient. Therefore, it is necessary to
broaden the understanding of the measurement uncertainty to the
measurement results of the total unawareness and/or inexperience of the
process of the measurement declared in [11] as the “degree of belief”.
When talking about gas ﬂow meters in use, more problems arise. In practice,
additional problems exist related to the usage of some ﬂow meters for the
purposes for which they are not applicable or in any way planned to be used.
It is important to understand the capabilities as well as the limits of gas ﬂow
meters in order to make the correct estimation for all the contributions to the
measurement uncertainty for real calibration conditions.
If these concerns are tackled in detail and certain ﬂow measurements are
analyzed, the number of unsolved problems of traceability for measuring results
of ﬂow measurements for real calibration processes will decrease.
The estimation of the measurement uncertainty should be considered according
to the number of the deﬁned inﬂuencing parameters (the sources of uncertainty)
respectively and by the number of factors that can be mathematically
formalized.
The selection of the appropriate probability function and of the numerical model
is another challenge for real-life calibrations or real calibration processes.
Because of all of the issues mentioned above, the measurement uncertainty of
one meter used under real conditions will hardly meet the measurement
uncertainty deﬁned by the written standards for laboratory conditions.
The measurement uncertainty sources for laboratory conditions include: the
uncertainty due to the method, the calibration procedure, the data acquisition,
and data processing [43]. The mentioned consideration is related to the
uncertainty and error in relation to the phenomena occurring during the gas ﬂow
measurements.
The described uncertainty evaluation is a process that consumes time and
resources but quality management standards are more and more inclined to the
results accompanied by statements of uncertainty [10].
Many accredited laboratories and NMIs/DIs laboratories participate in interlaboratory comparisons (ILC) to prove their metrological competences.
In ILC, the method is evaluated for repeatability under one laboratory conditions
and for reproducibility under inter-laboratory conditions. These ILCs are carried
out according to predetermined rules. These rules are usually predetermined for
laboratory conditions [26] that do not correspond to real calibration conditions.
This leads to new issues (measurement contributions) that must be taken into
account when estimating the measurement uncertainty for real calibration
conditions.
Many errors in gas-ﬂow measurements can be identiﬁed only by experts who
are familiar with this measurement technique [27].
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In order to remove this obstacle for less experienced people and industry
application, it is necessary that the reference documents to be updated
regarding the ﬂow measurements that prescribe calibration methods in line with
measurement uncertainty sources.
The GUM approach [3] predicts the uncertainty in the form of the variance from
the variance associated with inputs to the mathematical model. This implies that
the input quantities are measured or assigned. The GUM approach [3] is based
on individual input quantities, and this method is sometimes called a bottom-up
approach for uncertainty evaluation or simply an “uncertainty approach”.
The error approach [4] uses the facts that those same influences vary in time
and in this case the observed variance is the direct estimate from the same
uncertainty. This method focuses on the performance of the completed methods
and is sometimes called the top-down approach or an “error approach”.
The estimates of uncertainty by these two methods are different because of
many reasons. If it is known that the system being evaluated is behaving within
reasonable limits with no signiﬁcant outliers, making the variance of the
measurement a representative form for the uncertainty expression, then the
error approach [4] is more suitable. The instrument is considered as a “black
box”.
This dissertation recognizes the error approach as more suitable for the real
gas-flow meters’ calibration conditions, particularly because of the presence of
unknown effects that can influence the measurement uncertainty (a random
error under reproducibility conditions), and the reproducibility conditions. This
means that the measurement uncertainty will depend on the reproducibility
conditions, or in other words, the error approach gives a better assessment of
the behavior of the gas-flow measurement system and the measurement
uncertainty for real calibration conditions.
In addition, these findings will launch changes in other aspects regarding the
ﬂow measurement as a legal metrological requirement related to fair trade and
consumer protection.
It is necessary to constantly explore the sources of uncertainty of a
measurement, which will lead to a greater knowledge of the number of
influencing factors in the process of measurement.
This will finally lead to an increased uncertainty of the measurement that should
not be a problem, because this does not mean that the process of
measurement has become more uncertain than before. This only means that
before we were not aware about these exact sources of uncertainty.
By knowing a large amount of data on repeated measurements, and by using
statistics, we can make reliable conclusions about the measurement or the
measured value.
A large number of data on a measurement or measured value provides
information about the real quality and function of the measurement instrument.
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Such information includes all the effects, i.e.:
● impacts that we know to that level that we can formalize them in
an exact mathematical model,
● impacts that we know that exist, for which we know the physics
and how they can impact the measurements, but we do not know
them so that we can formalize them in an exact mathematical
model,
● effects of which we are aware, but the physics of their appearance
is not known,
● impacts that generally are not yet known nor are we aware of
them.
The objective of the measurement in the error "top-down" approach is to
determine the estimate of the true value. The deviation from the true value is
composed of random and systematic errors.
The two kinds of errors, always distinguishable, must be treated differently, and
no rule can be derived on how they combine to form the total error, taken as the
estimate. Usually, only the upper limit of the absolute value of the total error is
estimated, and sometimes it is named “uncertainty”.
In the CIPM recommendation INC-1 [44] on the Statement of Uncertainties, it is
suggested that the components of the measurement uncertainty should be
grouped into two categories, Type A and Type B, according to whether they are
evaluated by statistical methods or otherwise, and combined according to the
rules of the mathematical probability theory, by treating the Type-B components
in terms of variances. The resulting standard deviation is an expression of the
measurement uncertainty.
A view of the uncertainty “bottom-up" approach was detailed in the GUM [3],
focused on the mathematical treatment of the measurement uncertainty through
an explicit measurement model, under the assumption that the measurand is
characterized by an essentially unique value. The objective of the measurement
in the uncertainty approach is the assumption that the information from the
measurement only permits the assignment of an interval of reasonable values
to the measurand, based on the assumption that no mistakes have been made
in performing the measurement. Additional relevant information may reduce the
range of the interval of values.
Without a quantitative estimation of uncertainty, there is a risk of
misinterpretation of the results, i.e., such incorrect decisions may result in
needless spending in industry, or conflicting health or social concerns.
The basic anticipations, essential to conduct standardized procedures of
uncertainty analyses, are:
1.

The data come from a single statistical distribution.

2.

The distribution is a normal distribution;

3.

The errors are uncorrelated over time.
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Assumptions related to calibrations, that the bias is canceled by taking the
difference between the measurement on the test item and the measurement on
the reference standard and the assumption that the reference standards and
the test items remain stable throughout the measurement sequence, are not
always valid.
A collaborative study (described in [4]) uses the fact that, if the same influences
vary representatively during the course of a reproducibility study, the observed
variance is a direct estimate of the same uncertainty.
Measurement trueness is not a quantity and thus cannot be expressed
numerically, but measures for the closeness of agreement are given in [4]. It
represents the measurement closeness of the agreement between the
indications or the
measured
quantity
values obtained
by
replicate measurements on the same or on similar objects under specified
conditions.
To accept the uncertainty analysis for all parties, it is important to maintain
standardized methods. Having in mind the challenges that are recognized here,
when prescribed calibrations of flow meters and traceability of results were
discussed, and to comply with the tasks that are coming from legal document
requirements, then in fact we have to decide how to deal with the measurement
uncertainty, which is always subject to a flow meter’s calibration, as a
quantitative parameter obtained in a laboratory and with the qualitative
statement about the error of the meter, which is working in the field.
The hypotheses in this research states that more comprehensive and traceable
measurement results and calibration certiﬁcates of gas ﬂow meters, matching
speciﬁc installation conditions, can be achieved and created. This claim can be
proved by conducting carefully controlled experiments that involve aspects of
the real measurement parameters given under conditions that accurately reﬂect
the empirical experience. The analysis and the results of the experimental work
will contribute to more precise and accurate measurement results, thus
ensuring proper measurements with a known/estimated uncertainty for a
speciﬁc gas ﬂow installation.
Also, the analysis will improve existing normative documents through the
findings presented here, and fair trade in one of the most important areas
through the legal metrology aspects. These facts will enable the alignment of
the entire quantity of gas at the input of a complex distributed system with the
cumulative sum of all the individual gas meters at speciﬁc installations.

3.2. Applied research methods and experiments (Hypotheses A/B)
This research elaborates and gives insight in one practical example that deals
with the agreement of the results of the measurements done through the
standardized procedures given by standards [11], [43]. In this case, the
uncertainty approach [3] is used to calculate the measurement uncertainty for
each particular gas meter.
The constructed setup was designed and used to simulate the complex part of a
real-life distributed system. The error approach is used for the calculation of the
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measurement uncertainty of the constructed setup [4]. Measurements were
performed in an internationally recognized laboratory that disposes of calibrated
equipment with a proved traceability and competences through ILC [26], [45],
[28].
Capabilities
comparison

of

the

laboratory

installation

-

Inter-laboratory

calibration

The Laboratory for testing and calibration of gas meters in Sarajevo
(Designated Institute - laboratory of the Institute of metrology of Bosnia and
Herzegovina) (hereinafter: LABSAGAS) successfully participated in the
EURAMET project 1296 [45] of inter-laboratory calibration comparisons in range
of flow rates from 20 m3/h to 1000 m3/h and has approved calibration and
measurement capabilities.
The LABSAGAS facility (Figures 7a-7c) operates on the master meter principle
where the meter under test (transfer standard) is located downstream from the
standard meters.
The ambient air is sucked by a fan and the flow rate is adjusted by the
regulation of the fan and the electromotive valve. The testing procedure is
controlled by software.

Figure 7a: Sarajevo gas Laboratory (LABSAGAS)
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Figure 7b: LABSAGAS principal drawing

Figure 7c: LABSAGAS views drawing
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Table 2: Specification of the main parts of the LABSAGAS
1

VENTILATOR
3
m /h

4000

3

BYPASS
100

NO

15

PNEUMATIC VALVE NO 200

2

VENTILATOR
3
m /h

720

4

BYPASS
50

NO

5

ELECTRIC MOTOR CONTROLLED VALVE
NO 300

16

PNEUMATIC VALVE NO 50

6

ELECTRIC MOTOR CONTROLLED VALVE
NO 100

17

PNEUMATIC VALVE NO 50

7

AXIAL COMPENSATOR NO 300

18

MASTER METER (TURBINE) G2500

8

AXIAL COMPENSATOR NO 100

19

MASTER METER (TURBINE) G1000

9

METER UNDER TEST G250 – G2500

20

MASTER METER (TURBINE) G250

10

METER UNDER TEST G16 – G250

21

MASTER METER (ROTARY) G40

11

PRESSURE TRANSMITTER

22

MASTER METER (ROTARY) G16

12

TEMPERATURE TRANSMITTER

23

AIR FILTER NO 300

13

PNEUMATIC VALVE NO 300

24

AIR FILTER NO
200

25

AIR FILTER NO
100

14

PNEUMATIC VALVE NO 100

26

AIR FILTER NO
50

27

AIR FILTER NO
50

Characteristics of the LABSAGAS facilities:
Range of flow rate:

0.5 m3/h – 4000 m3/h

Temperature:

(21 ± 2)°C

Working pressure:

atmospheric conditions

Uncertainty (k=2):

0.31 %

The project EURAMET 1296 for the inter-laboratory calibration comparison of
the transfer meter, which was a rotary piston gas meter G650, was performed in
atmospheric conditions with the air temperature of about 22 °C. The absolute
pressure was measured on the meters while the temperatures are measured
downstream. After reaching a stable flow rate, the single tests lasted a minimum
of 200 seconds. Tests at each of the calibration flow rates were repeated three
times. The error of the meter is calculated after the correction of the volume
indicated by the master meter to the pressure and the temperature conditions of
the meter under test. The range of flow rates was from 20 m 3/h to 1000 m3/h.
Standard meters used in LABSAGAS were:
● Rotary gas meter G40 (20 m3/h – 50 m3/h),
● Turbine gas meter G250 (100 m3/h – 350 m3/h),
● Turbine gas meter G1000 (up to 1000 m3/h).
The project 1296 was officially concluded with the Final Report dated on
October 20, 2015. (LABSAGAS Calibration results given in Table 3)
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Table 3: LABSAGAS Calibration results of the transfer meter G 650 under Project 1296
Flow rate
in the
meter

Absolute
pressure in
the meter

Temperature
in the meter

Pressure
loss of the
meter

Error of the
meter

Uncertainty
of the error
U(k=2)

[m /h]

3

[Pa]

[°C]

[Pa]

[%]

[%]

995.83

95460

21.93

852

0.30

0.29

800.40

95693

21.84

528

0.28

0.29

651.00

95848

21.83

347

0.26

0.29

452.39

94243

21.88

162

0.22

0.29

349.77

94959

21.90

97

0.23

0.29

251.65

95496

21.92
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0.24

0.29

159.54

95867

21.95

17

0.24

0.29

100.09

96023

21.99

-

0.23

0.29

50.23

95831

22.02

-

0.17

0.30

20.02

96079

22.05

-

0.27

0.31

Every participating laboratory used their usual calibration procedure. The
comparison was conducted with respect to CIPM key comparisons guidelines
and the calibration procedure provided by the project.
The LABSAGAS designated by the Institute of Metrology of Bosnia and
Herzegovina conducted the same measurements as all other 12 participating
national metrology institutes’ laboratories. The reference value was determined
for each flow rate separately.
Table 4: LABSAGAS Approved capabilities
Flow
rate
in the
meter

Error
of the
meter
in lab.

Uncertainty
of the error
U(k=2)

Uncertainty
of the error
U, incl.
stability of
the meter
(k=2)

Key
refer.
value
xref

Expanded
uncertainty
of the key
comparison
ref. value
U(xref)

[m³/h]

[%]

[%]

[%]

[%]

[%]

1000

0.300

0.290

0.294

0.148

0.065

800

0.280

0.290

0.294

0.103

650

0.260

0.290

0.294

450

0.220

0.290

350

0.230

250

di=xi-xref

Ei=׀di/U(
di)׀

Result

0.15

0.53

passed

0.066

0.18

0.62

passed

0.161

0.066

0.10

0.34

passed

0.294

0.210

0.066

0.01

0.03

passed

0.290

0.294

0.226

0.066

0.00

0.02

passed

0.240

0.290

0.294

0.233

0.066

0.01

0.02

passed

160

0.240

0.290

0.294

0.305

0.066

-0.07

0.23

passed

100

0.230

0.290

0.294

0.295

0.066

-0.07

0.23

passed

50

0.170

0.300

0.304

0.275

0.066

-0.11

0.35

passed

20

0.270

0.310

0.314

0.089

0.067

0.18

0.59

passed

mean

0.04

0.30

passed

(Lab to
KCRV)
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Figure 8: Position of LABSAGAS in the EURAMET Project 1296
The method of determining the reference value in each flow rate corresponds to
the procedure A presented by M.G.Cox (Evaluation of key comparison data,
Metrologia, 2002,39,589-595). According to the measured and determined
values for each participating laboratory, one table with the approved capabilities
was provided. (LABSAGAS Approved capabilities are given in Table 4 and in
Figure 8).
Through the highest level and the newest inter-laboratory calibration
comparison documented as EUARMET Project 1296, LABSAGAS proved its
capabilities and the above given short report provides information about
LABSAGAS and the confidence in this laboratory in the given flow rate range.
LABSAGAS fulfilled all the calibration and inter-laboratory comparison
requirements given in the first part of this research. The purpose of the interlaboratory calibration comparison is to make participating laboratories
internationally recognized and for their measurements to inspire confidence.
With this report, there is evidence that this laboratory is relevant for further
research in the confirmed range.
This research elaborates and gives insight into one practical example that deals
with the agreement of the results of the measurements done through the
standardized procedures given by the standards [11], [43]. In this case, the
uncertainty (GUM) approach is used to calculate the measurement uncertainty
for each particular gas meter [6]. The constructed setup was designed and used
to simulate the complex part of a real-life distributed system. The error
approach is used for the calculation of the measurement uncertainty of the
constructed setup
The ﬁrst phase of the research case (hereinafter: RC1) gas meters from onsite (Figure 9) were calibrated according to the following program:
a) Nine rotary meters G 25 [8] each was calibrated separately in 13 ﬂows (0,6;
2,0; 6,0; 8,0; 10,0; 13,0; 16,0; 20,0; 24,0; 28,0; 32,0; 36,0; and 40,0 m 3/h).
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b) Three rotary meters G65 [8] each was calibrated separately in 13 ﬂows (0,6;
5,0; 15,0; 20,0; 25,0; 32,5; 40,0: 50,0; 60,0; 70,0; 80,0; 90,0; and 100,0 m 3/h).
c) One turbine meter G250 [7] was calibrated in 9 ﬂows (20; 40; 80; 160;
240; 280; 320; 360; 400 m3/h).

Figure 9: First Phase of Research Case (RC1)
SM – standard meter (Rotary gas meter G25, G40, G100, G160 and Turbine
gas meter G250)
MUT – meter under test (Rotary gas meters 9 × G25 and 3 × G65, One Turbine
gas meter
G250), P–Pressure meter, T–Thermometer
RC1 was performed with air as a working ﬂuid under temperature and pressure
at atmospheric conditions.
The absolute pressure and temperature were precisely measured at the meters.
After reaching a stable ﬂow, every single test lasted a minimum of 180 seconds.
Tests at each of the calibration ﬂows were repeated three times.
The error of the meter under test was calculated after the correction of the
volume indicated by the master meter to the pressure and temperature
conditions of the meter under test.
Standard meters used in RC1 were: a Rotary gas meter G25, G40, G100,
G160 and a Turbine gas meter G250 and the range of ﬂows was from 0,6 m 3/h
to 400 m3/h.
Relevant ranges of the realized ﬂow, velocity and Reynolds numbers are given
in Table 5.
Table 5: Data about ﬂow under RC1
G

DN

Qmin

Qmax

KV

Vmin

Vmax

Remin

Remax

size

[m]

[m3/h]

[m3/h]

[m2/h]

[m/s]

[m/s]

25

0.04

0.6

40

0.0000149

0.13

8.85

356.2

23748.8

65

0.05

0.6

100

0.0000149

0.08

14.15

285.0

47497.6

250 0.10

40.0

400

0.0000149

1.42

14.15

9499.5

94995.2

Respective calibration curves for rotary and turbine gas ﬂow meters are given in
Figures 10-12.
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Figure 10: Calibration of G25 728/ 732/ 729 (Standard conditions 15˚C, 1013.25
hPa)

Figure 11: Calibration of G65 390 (Standard conditions 15˚C, 1013.25 hPa)
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Figure 12: Calibration of G250 721 (Standard conditions 15˚C, 1013.25 hPa)
Table 6: Technical data of calibrated ﬂow meters
Producer Model

Ser. number

Type

Size

Qmin

Qmax

K-factor

DN

[m3/h]

[m3/h]

[pls/m3]

Elster

G25

20520728-09

IRM-3

40

0.6

40

10

Elster

G25

20520732-09

IRM-3

40

0.6

40

10

Elster

G25

20520729-09

IRM-3

40

0.6

40

10

Elster

G65

20520390-10

IRM-3

50

0.6

100

10

Elster

G250

10515721

SM-RIX

50

40

400

10

The non-standardized model of the measuring system in real conditions has
priority when developing the ﬁt-for-purpose approach that, with certain
approximations, can be transferred into the standard approach.
The aim of this research was to analyze the accuracy for the non-standardized
model in gas ﬂow measurement. The observed system was given as one real
pipeline system, which consists of a ﬂow meter on one side and a set of ﬂow
meters on the other side (supply points) (Figure 13).
The second phase of the research case (hereinafter: RC2) comprises the
analyses of the accuracy for a non-standardized setup of meters.
This system consists of one turbine meter G250 (High Frequency readout), one
rotary meter G65 (Low Frequency readout), and a set of three rotary meters
G25 (Low Frequency readout).
The turbine meter G250 and the rotary meter G65 are part of a serial
connection and they serve as reference meters. Three rotary meters G25 are
connected in parallel and they serve as meters under test.
They are also included in a serial connection together with the reference
meters.
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Figure 13: Second Phase of Research Case (RC2)
SM – standard meter (Rotary gas meter G25, G40, G100, G160 and Turbine
gas meter G250)
MUT – meter under test (Rotary gas meters 9×G25 and 3× G65, One Turbine
gas meter G250)
P – Pressure meter
T – Thermometer
Three rotary meters G25 connected in parallel measure simultaneously three
ﬂows each (app: 8,33; 13,33; and 23,33 m3/h), while in the same time one
turbine meter G250 and one rotary meter G65 measure the quantity of the total
ﬂow that passed through these three G25 meters, meaning three ﬂows (app:
25,0; 40,0; and 70,0 m3/h). In the previous research case, all gas-flow meters
used for this research case were calibrated in a laboratory with internationally
recognized capabilities (Figures 10-12).
RC2 was performed with air as a working ﬂuid under temperature and pressure
at atmospheric conditions (kinematic viscosity v=1.48∙10-5 m2/s) . The relevant
ranges of ﬂows, velocities and Reynolds numbers are given in Table 7.
Table 7: Data about flow under RC2
G

DN

Qmin

Qmax

KV

Vmin

Vmax

size

[m]

[m3/h]

[m3/h]

[m/s]

[m/s]

[m/s]

Remin

Remax

25

0.04

8.33

23.33

0.0000149

1.84

5.16

4,945.7 13,851.5

65

0.05

25.00

70.00

0.0000149

3.54

9.91 11,874.4 33,248.3

250

0.10

25.00

70.00

0.0000149

0.88

2.48

5,937.2 16,624.2

The measurements were carried out with three different sets. Nine G25 meters
separated in three groups were used in combination with three G65 meters. The
research results that came from one set group are given in this research. The
air as a working fluid in this research case study was used under operating
conditions in the laboratory. The temperature and pressure were measured at
the employed meters. Every single test lasted at minimum 180 seconds.
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The measurements were repeated three times for each steady calibration flow.
Based on the performed measurements, the error was calculated by
implementing all the necessary corrections. The volume was corrected based
on the conditions (pressure and temperature) that correspond to the working
conditions of the network meters.

Figure 14: Calibration of set of meters 3xG25 (LF) by G250 (HF)
Dashed line – ﬂow through G250 Turbine gas ﬂow meter (HF)
Full line – cumulative ﬂow as a sum through three G25 Rotary gas meters (LF)
The calibrations in the laboratory of one set of three G25 gas ﬂow meters with a
low-frequency (LF) readout signal that is running in parallel with a serially
connected reference G250 turbine gas meter with a high-frequency (HF)
readout signal gas, provided results with the uncertainty on the level of
acceptance and with the error curve drifted in plus in favor of G250 by at least
0.2 % of the given ﬂow (Figure 14).

Figure 15: Calibration of set of meters 3xG25 (LF) by G65 (390) (LF)
Dashed line – ﬂow through G65 Rotary gas ﬂow meter (LF)
Full line – cumulative ﬂow as a sum through three G25 Rotary gas meters (LF)
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The calibrations in the laboratory of one set of three G25 gas meters, the same
ones as in the previous case, that are running in parallel by a serially connected
G65 rotary gas meter with a low frequency (LF) readout signal provided results
with an acceptable value of the uncertainty and with the error curve drifted in
plus in favor of G65 for at least 0.2% of the given ﬂow (Figure 15).

3.3. Practical implications of the research – Results
(Hypotheses A/B)
The analyses presented in this research focus on the ﬂow measurements of
gaseous ﬂuids for reasons of greater generality because of the fact that the
meters used for the gaseous ﬂuids are more complex and sensitive to external
conditions than the meters used for liquid ﬂuid ﬂow. Because of their sensitivity,
the measurements of gaseous ﬂuids ﬂow are less reliable and are accompanied
by larger uncertainties compared to the ﬂow meters with a liquid as the working
ﬂuid. Two alternative approaches about the metrological compatibility are
introduced: the quantitative approach and the qualitative approach. Based on
the presented, the following interpretation can be made to orientate the results:
● Two techniques were used when the setup of a non-standardized model of a
real gas-measuring system were analyzed: one with HF and the turbine meter
as the reference and the one with LF and the rotary meter as reference. The
evaluation of the results generated by an application of these two techniques
proved the previously stated: the curve of the references drift is about 0.2 %
from the curves that represent the sum of the ﬂows of three meters connected
in parallel. This implies that the total quantity delivered through the three meters
shows a smaller value than the one measured by the turbine HF gas meter or
the rotary LF gas meter. Regardless of these facts, the approach with the
turbine meter with HF and the rotary meter with LH imply very different
measurement conditions. The curves presented in Figures 14 and 15 show the
same trend, indicating that the correlations between the meters dominate the
overall behavior, and as such, have to be taken into account through a precise
analysis of the characteristic measurement setup. If three meters in parallel
produce a signiﬁcant drift of about 0.2 % from the sum of ﬂows, it would be
interesting to see the trend when a larger number of meters is connected in
parallel.
● The equations for the calculation of the combined standard uncertainty are
valid only if the input quantities are independent or uncorrelated (the random
variables, not the physical quantities that are assumed to be invariants). If some
of the input quantities are significantly correlated, the correlations must be taken
into account [3]. Considering the fact that there are correlations between the
used meters, these correlations need to be fully investigated if they are going to
be used in any standardized approach. This issue leads to an unrealistically
estimated uncertainty budget, most often in the direction of lowering the real
value of the measurement uncertainties that have implications for the quality of
the measurement and which subsequently leads to an inability to meet the
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requirements of the directives [15], [16]. The results of the study imply that the
standardized uncertainty approach for modeling the measurement uncertainty is
less appropriate then the error approach for real-life gas-flow measurements.
● In order to keep as many uncertainty sources under control, the described
experiments were set in a high-performance laboratory, implying very high
quality and complexity and thus quite expensive installations. It is important to
keep in mind that other sources of uncertainty coming from a poor installation
and by using different meter types have to be taken into account for each
individual case. The question is how the results of the similar settings would
look like under poor laboratory conditions and with less experienced staff, which
is quite common in practice.
● Two different approaches to the evaluation of uncertainty exist: The GUM
approach [3] predicts uncertainty in the form of the variances on the basis of
variances associated with the inputs to a mathematical model, while ISO 5725
[4] uses the fact that, if those same influences vary representatively during the
course of a reproducibility study, the observed variance is a direct estimate of
the same uncertainty.

● ISO 5725 [4] was created independently of the GUM [3]. The GUM approach
treats only within-laboratory measurements, while ISO 5725 deals with intercomparisons. The GUM approach introduces and uses the “Uncertainty
Approach” (Type A, Type B), while ISO 5725 uses the “Error Approach”
(accuracy, reproducibility, repeatability). Dealing with inter-comparisons, ISO
5725 can also be related to the Key Comparisons of the MRA:1999 [46] and to
the proficiency test standards [47]. Some of the main features of the intercomparison exercise are different in the three cases (repeatability within
laboratories, reproducibility over laboratories, stability (long-term fluctuations)).
● It can be concluded that GUM [3] treats the uncertainty estimation by the
application of mathematical modeling, i.e., the process being evaluated is
considered to be complying with the “theoretical behavior“. In this case, the
uncertainty budget consists of type-A and type-B sources. ISO 5725 [4] is more
suitable if it is known that the system being evaluated is behaving within
reasonable limits with no significant outliers, making the variance of the
measurements a representative form for the uncertainty expression.
● The main purpose of the calibration is to reduce the measurement
uncertainty to an acceptable level. Calibrations are used to provide traceability
to known reference standards. This is realized through the hierarchy of
laboratories, where each higher-level laboratory provides a reference through
the calibration to the lower level one. The calibration rig of each laboratory in
this hierarchy is followed by the traceability and the combined uncertainty prior
to the calibration. The choice of the probability distribution will be cleared when
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the source of uncertainty information is well defined. When the information is
less well defined like in the cases of a difference between the conditions of the
calibration and use, the choice of the distribution (data from single distribution,
both distributions are normal or not) becomes an issue and a matter for a
professional decision.
● It is expected that this research and the obtained results will provide
improved presumptions and measuring results, which will lead to more precise
premises for the relations of the flow of the flow meters in parallel. Additionally,
the presented analysis will contribute to the improvement of the existing
normative documents in this field, which will more take into account differences
in calibration conditions and in the field, and inevitably bring about more
accurate and precise trade with these (missing) energy sources.
● A large number of approaches in the modeling and the estimation of the
measurement uncertainty provides an opportunity that is certainly useful in
selecting the most argumentative process to generate real and meaningful
values. Only an analyst familiar the prescribed requirements and with the
behavior of the measuring system in real conditions has the priority when
developing a fit-for-purpose approach that, with certain approximations, can be
moved into the standard procedure.

3.4. Contributions to science (Hypotheses A/B)
A. Hypothesis: Most of the time, the instrument is calibrated for the specified
service conditions. Nevertheless, the calibration under laboratory conditions
does not match the conditions of operations of flow meters in a real
environment and therefore the calibration as such, and consequently the
uncertainty of the final result, could be questioned. Accurate and more
comprehensive and traceable measurement results and calibration certiﬁcates
of gas ﬂow meters, matching speciﬁc installation conditions, can be achieved
and created.
Contribution to science: When the measuring instruments are operating
outside the laboratory, it is practically impossible to determine the Type-A
evaluations of the measurement uncertainty, because even in the laboratory it is
only theoretically possible to perform multiple repeated measurements of the
same quantity under the same conditions. Regardless of how many repeated
measurements were performed in the laboratory to obtain the measurement
uncertainty, it cannot be completely relevant to the operation of the same
measuring instrument in real-life conditions. Regarding the effects, the random
errors may vary between observations, and should not be corrected.
In the case of Type-B evaluations of the measurement uncertainty, it is almost
impossible to evaluate the sensitivity coefficients when the measuring
instruments are operating outside of the laboratory, because even in the
laboratory it is only theoretically possible to determine one sensitivity coefficient,
while the other sources of uncertainty are kept constant. In addition, the whole
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analysis, according to the Type-B evaluations and the use of the formula for the
combined standard uncertainty, which is the positive square root of the
combined variance, can be done by using a mathematical tool/model, but only
if the input quantities are non-correlated (which is not the case in the model
being processed, because the same type of measuring instruments are
calibrated in the same laboratory, by the same measuring instruments, set in
parallel and with the same gas flowing through them).
Determining the coefficient of correlation of the input quantities is a problem that
can be solved by knowing the phenomenon, by possessing a large base of
measurement data of the similar or same problems, and finally based on the
respectable knowledge of this problem - because the problem is unexplored.
That is not to say that those using the measurement result could not apply their
own multiplicative factor to its stated uncertainty in order to obtain an expanded
uncertainty that defines an interval that has a specified level of confidence and
that satisfies their own needs.
Here, the elaborated uncertainty and the error approaches in the modeling and
estimation of the measurement uncertainty provide an opportunity that is
certainly useful in selecting the most argumentative process to generate real
and signiﬁcant values. As it was mentioned before, experts familiar with the
requirements and with the behavior of the measuring system in real conditions
can provide the input for a speciﬁc purpose that, with certain approximations,
can be transformed into the standardized procedure of uncertainty analyses
with the basic anticipations which are: the data come from single statistical
distribution, the distribution is normal distribution, and the errors are
uncorrelated over time.
The research results [48] and outcomes can improve the present status of the
processes in providing the traceability chain of ﬂow measurement results to the
International System of Units (SI) and consequently to reliable measurements of
gas ﬂow. For a complete and traceable measurement result and calibration
certificate, the matching (appropriate to) to the specific installation conditions, a
thorough analysis of uncertainty contributions and the sensitivity
coefficients/factors have been developed.
Due to the advantages and disadvantages of certain approaches, the use of a
hybrid model is a possible solution for the estimation of the measurement
uncertainty in real-life conditions, where the “top-down“ approach should also
be used. We should try to obtain, wherever possible, the measurement and the
measurement-uncertainty analysis of the measurand from the data obtained
from measurements by a single measuring instrument, rather than as a function
or the sum of the measurand’s fractions measurements displayed by several
measuring instruments.
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B. Hypothesis: This dissertation shows that some existing international normative
documents in the field of uncertainty estimation and flow measurement are still
insufficiently precise, which is why they are sometimes used when it is not
proper.
Contribution to science: This research [48] can assist and contribute to prenormative research with the aim to optimize existing methods with the proposed
inputs. That means that the inputs can technically improve existing methods or
develop new test methods to support the application of written standards,
including the appropriate estimation of the measurement uncertainty
expectations. The deliberation of the written standards, referred to in ﬁndings
and measurement results performed in an internationally recognized laboratory
by this research provides added value that is a more precise and objective
measurement result, which is reﬂecting a speciﬁc gas-ﬂow installation. In reality,
these facts are demonstrated by aligning the entire quantity of the gas on one
side of a complex distributed system with the cumulative sum of the individual
gas meters at a speciﬁc installation on the other. The achievement of less
unreliable and less uncertain measurements of the delivered (supplied) gas and
energy is a task that is prescribed by the directives [15], [16] and is interesting
for both the suppliers and the consumers in the transport of natural gas.
Reliable measurements with lower uncertainty can help to avoid distrust
between suppliers and consumers and can help in loss control. Energy is an
important part of a company’s business and can be one of the most important
controlled costs [23]. These research ﬁndings can improve the present status of
the activities in legal metrology.
The so-called custody transfer measurement involves the use of equipment that
is veriﬁed [18], [49] or calibrated by standards that are previously calibrated
using standards of better quality, through the international realization of the
measuring unit, with the assumption that all calibrations imply standardized
procedures. The results of this research will help to satisfy the demands given
in [15] that Member States shall ensure that “billing information is accurate and
based on actual consumption”, as well as the demands given in [16], which
state that “ﬁnal customers for natural gas are provided with individual meters
that accurately reﬂect the ﬁnal customer’s actual energy consumption”.
The result is based on the individual SI traceable calibration results of gas-flow
meters as the elements of a complex distributed system. The added value is a
more precise and objective measurement result, reflecting the specific gas-flow
installation that can contribute to better normative documents and
ensures/enhances fair trade in one of the fastest-growing energy-consumption
areas.
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4. HYPOTHESES RELATED TO FLOW CONDITIONS
AND FLUID PROPERTIES (Hypotheses C/D)
Specific and unsolved measurement-traceability problems can arise by the
nature of how a flow meter is affected by the flow conditions or by the properties
of the fluid passing through the flow meter.
If possible, the calibration should be done using the same fluid, flow conditions
and pipe-work configuration within the flow meter that will normally operate. In
reality, this is only theoretically possible and when the flow meter is installed in
a laboratory for calibration, some degree of disturbance to the flow meter and
inconsistency with real conditions are unavoidable.
The quantity of the fluid measured in the field by the flow meter, which is
calibrated in the laboratory, is an issue if the measuring quantity is important
and/or expensive [15], [16] and [39]. It is a goal to approach with possibilities of
reliable measurements in that case and with the relevant verifications and the
calibration to meet the requirements established by normative documents.
The second group of hypotheses given in this chapter is linked to the flow
conditions and fluid properties, explicitly:
C. The related correlations and the concept of the validity of the hypothesis of the
equal flow through the three flow meters, each of which is in one of the three
parallel connected pipes, each working in the same flow conditions, are
reconsidered. The starting theoretical model of the measurement uncertainty
evaluation through the three flow meters, each of which is working in one pipe
connected in parallel, under the initial assumption that the flow rate is about the
same in each of these pipes.
D. With a certain level of confidence, it is possible to predict the measurement
characteristics of gas-flow meters that operate in real conditions (natural gas at
overpressure) by calibration in a laboratory with air at atmospheric pressure.
There is a mathematical model of measurements and a mathematical analogy
with the prediction of the results and differences, if the calibration is done using
natural gas at overpressure, instead of by using the air at atmospheric pressure.

4.1. Theoretical introduction (Hypothesis C)
The objective of the following research case is to test the validity of the
hypothesis of the equal flow of the three flow meters in parallel (which is the
initial hypothesis of this research), and to expand the mathematical model for
the two flow meters into three flow meters in parallel. The theoretical – starting
uncertainty model is developed under the assumption that the flow rate is the
same in the three pipes connected in parallel. Within this research, a new
calibration model of the flow meters 1:1 and the calibration model 3:1 are
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developed, and the absolute and relative measurement uncertainty of the three
flow meters in parallel are analyzed.
Following the research done on the calibration installation described in the
previous chapter, an expensive and comprehensive experiment with 135 gasflow measurements through three parallel pipelines was carried out, while
unsolved problems on traceability related to flow conditions are studied in this
chapter.
The related correlations and the concept of the validity of the hypothesis of the
equal flow through the three flow meters, each of which is in one of the three
parallel connected pipes, each working in the same flow conditions, are
analyzed.
As an upgrade to the procedures described in the standards ISO 5168 [43] and
ISO 21748 [11], which apply to the work in the laboratory and a assume 0 % or
100 % correlation between measurements of flow meters running in parallel, a
new model for the estimation of the measurement uncertainty for the three flow
meter instruments in parallel is developed and is based on the presumptions
given in these standards. It is expected that the analysis and the obtained
results will provide an improved presumption and measuring results, which will,
along with the previously mentioned, lead to more precise expressions for the
relations of the flow meters in parallel.
Additionally, this analysis could contribute to the improvement of the existing
normative documents in this field, which will inevitably bring more accurate and
precise trades with these missing energy sources.
In order to apply the measurement-uncertainty evaluation model and to carry
out the experiments, the various uncertainty contributions have to be classified
as either correlated or uncorrelated [3].
The following assumptions and evaluations have been made along with the
laboratory experiment in order to have the correlations classified:
● Uncertainty of the correction factor estimate (the adjustment after
deviations between each flow meter and reference measurement at the
flow laboratory are established). It is assumed that this uncertainty
contribution is uncorrelated as each meter will have its own deviation
curve, and possible errors due to the linear interpolation in such a
deviation curve are not likely to repeat between different meters.
● Uncertainty of the reference measurement at the flow laboratory: If the
three flow meters are calibrated at the same time and at the same
location, it is likely that this uncertainty contribution is correlated, as the
flow meters are compared to the same reference.
● Repeatability, including all flow meters to be calibrated and the reference
measurement: This represents random variations, and will thus be
uncorrelated between the two flow meters.
● Repeatability of the flow meter under field operation: this represents
random variations, and will thus be uncorrelated between the three flow
meters.
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● Measured pressure: Each flow meter has its own pressure meter. It is
therefore assumed that this effect is uncorrelated.
● Measured temperature: Each flow meter has its own temperature meter.
It is therefore assumed that this effect is uncorrelated.
● The uncertainty of the various fractions and products of the molar mass,
compressibility and/or calorific value: As it is assumed that the same gas
composition is used for all three flow meters, this parameter is correlated.

4.2. Applied research methods and experiments (Hypothesis C)
The gas flow through all three pipelines, which are connected in parallel, is
observed. There is no full mathematical model for them in the available
references.
In the standard, the case of measuring the gas-flow through the two parallel
branch pipes is analyzed and elaborated. As the valid presumption [11], [43]
quote that the measured flow through both the branches is equal, that is:
𝑞𝑚,𝐴
𝑞𝑚,𝐵
1
=
= 2.
𝑞
𝑞
𝑚

𝑚

4.2.1. Mathematical model of gas-flow measurement through three parallel
pipelines
One of the objectives of this research is analyzing the validity of the symmetrical
hypothesis for the three measuring instruments in parallel.
If the three measuring instruments in parallel are considered, their flows can be
written by using the following relations:
q m,A = f(x1A , x2A , … , xnA )
q m,B = f(x1B , x2B , … , xnB )

(12)

q m,C = f(x1C , x2C , … , xn,C )
It is usual to use n = 7 variables for the description of the flow [11]. It is
necessary to enhance the calibration method 1:1 and the calibration method 3:1
in such a way that they can also be used while putting the three flow meters in
parallel. Additionally, the summary of the relations necessary for the
assessment of the measurement uncertainty of both calibrations is provided.
Calibration 1:1
The formula, from which the calculation starts [50], is given as follows:
f

fp =

n
Vp (1+100
)Pp Tn

Vn Pn Tp

−1

(13)
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The first-order partial derivate for each of the variables represents the sensitivity
coefficients and they are as follows:

c1 =
c2 =

c3 =

c4 =

c5 =

c6 =

c7 =

∂fp
∂Vp
∂fp
∂fn

∂fp
∂Pp

∂fp
∂Tn

∂fp
∂Vn

∂fp
∂Pn

∂fp
∂TP

f

=

=

n
(1+100
)Pp Tn

Vn Pn Tp
Vp Pp Tn
Vn Pn Tp

∙

1
100

(14)

(15)

f

=

n
Vp (1+100
)Tn

Vn Pn Tp

(16)

f

=

n
Vp (1+100
)Pp

Vn Pn Tp

(17)

f

=

n
−Vp (1+100
)Pp Tn

Vn 2 Pn Tp

(18)

f

=

n
−Vp (1+100
)Pp Tn

Vn Pn 2 Tp

(19)

f

=

n
−Vp (1+100
)Pp Tn

Vn Pn Tp 2

(20)

The Type-B measurement-uncertainty estimation gives us the next step of the
calculation of the measurement uncertainty:

(ub )2 = (c1 u1 )2 + (c2 u2 )2 + (c3 u3 )2 + ⋯ + (c7 u7 )2

(21)

And then the combined measurement uncertainty is evaluated by using the
relation:

(uc )2 = (ua )2 + (ub )2

(22)
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Calibration 3:1
The formula, from which the estimation begins, with this type of calibration
according to [50], has an extension in the denominator in comparison with the
formula for the calibration 1:1. The main reason for that is the consideration
consequence and the mutual influence of the measuring instruments.

fp =

Pp
p

Vp ∙T

−1=

V
PN,i
∑3i=1[ N,i
∙
fN,i TN,i ]
1+
100

Pp
p
VN,1 PN,1 VN,2 PN,2 VN,3 PN,3
∙
+ f ∙T + f ∙T
fN,1 TN,1
N,2 N,2
N,3 N,3
1+
1+
1+
100
100
100

Vp ∙T

−
(23)

1

The variables in this formula can be divided into two groups:



General variables (independent from the flow meters considered):
Vp , Pp , Tp ;
Specific variables related to some flow meters: VN,i ; PN,i ; TN,i ; fN,i (i = 1,3).

The sensitivity coefficients for the general variables can be determined directly.
On the other hand, it is enough to determine the coefficients of sensitivity, which
refer to the first flow meter (for 𝑖 = 1) for the specific variables, while the rule of
symmetry is applied for the corresponding sensitivity coefficients for the second
and third flow meters.

c1 =

c2 =

c3 =

∂fp
∂Vp

∂fp
∂Pp

∂fp
∂Tp

=

=

Pp
Tp
VN,1 PN,1 VN,2 PN,2 VN,3 PN,3
∙
+ f ∙T + f ∙T
fN,1 TN,1
N,2 N,2
N,3 N,3
1+
1+
1+
100
100
100
Vp
Tp
VN,1 PN,1 VN,2 PN,2 VN,3 PN,3
∙
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−
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(26)
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The type-B measurement uncertainty is estimated according to the relation:
(ub )2 = (c1 u1 )2 + (c2 u2 )2 + (c3 u3 )2 + ⋯ + (c15 u15 )2

(33)

While for the combined measurement uncertainty the same formula is used as
in the case of the calibration 1:1.
4.2.2. Analysis of the measurement uncertainty for the three flow meters
in parallel
The model of the absolute measurement uncertainty for the total flow 𝑞𝑚 =
qm,A + qm,B + qm,C , can be written using the following relation:
2

2

2

∂f
∂f
∂f
(u(VpA ))] + [
(u(VpB ))] + [
(u(VpC ))]
∂Vp
∂Vp
∂Vp
∂f ∂f
∂f ∂f
+ 2r1,1
u(VpA )u(VpB ) + 2r1,2
u(VpA )u(VpC )
∂Vp ∂Vp
∂Vp ∂Vp

[u(q m )]2 = [

2

∂f ∂f
∂f
+ 2r1,3
u(VpB )u(VpC ) + ⋯ + [
(u(TpA ))]
∂Vp ∂Vp
∂Tp
2
2
∂f
∂f
+[
(u(TpB ))] + [
(u(TpC ))]
∂Tp
∂Tp
∂f ∂f
∂f ∂f
+ 2r1,1
u(TpA )u(TpB ) + 2r1,2
u(TpA )u(TpC )
∂Tp ∂Tp
∂Tp ∂Tp
∂f ∂f
+ 2r1,3
u(TpB )u(TpC )
∂Tp ∂Tp

(34)

When forming the previous expression, the concept of correlation is considered.
When three measuring instruments in parallel are observed, similar
measurements/calculations are made in every case and the possible correlation
between these measurements has to be taken into account.
An absolute correlation is expressed by the correlational coefficient 1, and if
there is no correlation at all, the corresponding coefficient is 0.
What needs to be mentioned is that, in these equations, the three points are
represented as analogous members, which refer to other variables (which are
not written due to the practical use of the reports).
The next relation (35) for the relative measuring uncertainty can be obtained
from the formula for the absolute measuring uncertainty. The formula (35) for
the relative measurement uncertainty is derived from the formula of absolute
measurement uncertainty divided by the value of 𝑞𝑚 2 . In order to keep this
formula relative, and in order to be able to use the simplifications in a special
case later, each term has been expanded in a way that is multiplied and divides
by the same value. For example, in the first term, it is multiplied and divided by
the flow rate power one; and with the value of the variable VpA, thus obtaining
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the ratio of the flow of the first measurement and the total flow, as well as the
relative uncertainty ratio of the specified variable and the variable itself.
2

2

2

u(xm ) 2
qm,A VpA u(VpA )
qm,B VpB u(VpB )
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(35)

The equal flow in both the measuring instruments is assumed for the standards
with the two measuring instruments in parallel [43]. If we analogously assume
that the flows in the measuring instruments A, B, and C are equal for the
q
q
considered system with three measuring instruments in parallel ( qm,B = qm,A =
qm,C
qm

m

m

1

= 3), the last relation is simplified:
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If it is additionally assumed that all of the correlational coefficients are 0, the
form of the relation is:
2

2

2

VpB u(VpB )
VpC u(VpC )
u(xm ) 2 1 VpA u(VpA )
[
] = {[
] +[
] +[
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] +[
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(37)

4.2.3. Analysis of the measurements performed in real conditions
Here arises the question whether the hypothesis of the equal flow in all
measuring instruments is justified for the three measuring instruments in
parallel.
In order to examine the stated hypothesis, a series of measurements [42], [45],
[48] was performed in LABSAGAS at KJKP Sarajevogas d.o.o. (natural-gas
distribution company in Bosnia and Herzegovina), which is a EURAMET
Associate: Designated Institute.
The measuring instruments with the following serial numbers were used (Figure
16):
1. G25:724, 725, 726 – I case (respectively denominated as meters A, B, and
C);
2. G25: 735, 530, 528 – II case (respectively denominated as meters A, B, and
C);
3. G25: 728, 732, 729 – III case (respectively denominated as meters A, B, and
C).
Three rotary meters G25 connected in parallel measure simultaneously three
ﬂows each (app: 8.33; 13.33; and 23.33 m3/h) while, at the same time, one
turbine meter G250 and one rotary meter G65 measure the quantity of the total
ﬂow that passed through these three G25 meters, meaning 3 ﬂows (app: 25,0;
40,0; and 70,0 m3/h) [51].
The measurements were made with three different sets.
Nine G25 meters with exactly the same type and capabilities were used,
separated into three groups in combination with three G65 meters.
The air, as a working fluid in this research case, was used under operating
conditions in the laboratory.
The temperature and pressure were measured with the the employed meters.
Every single test lasted at minimum of 180 seconds.
The measurements were repeated three times for each steady calibration flow.
Based on the performed measurements, the error was calculated by
implementing all the necessary corrections [48].
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Figure 16: Model of the performed measurements
The flow measured through the measuring instruments was considered, and the
𝑞
𝑞
𝑞
relations 𝑞𝑚,𝐴 , 𝑞𝑚,𝐵 , 𝑞𝑚,𝐶 for all the measurements in the frame of all the set cases
𝑚

𝑚

were formed.

𝑚

4.3. Practical implications of the research – Results (Hypothesis C)
After the equal measurements were made for each set of three meters (A, B,
and C), the percentages or shares of the total flow that went through each
single line in parallel were calculated. The results of the individual shares of the
gas-flow passed through a single branch in parallel are given in the diagram.
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Figure 17: Share of the flows (135 measurements were performed in total)
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From Figure 17 it is clearly seen that the share of the flow of the first and third
flow meter (according to the total flow) are significantly different compared to
the share of the second flow meter. But still, the relations for all the
measurements are not completely the same, so it is relevant to use frequency
histograms to show the frequency values of the flow relations. In addition to the
frequency histograms, the table of basic statistical data for the relations of the
flow of all the measuring instruments is showed.
The following figures (diagrams) show the histograms related to the flow
amounts through the branches divided by the total flow in two ways. The first
method (Figures 18-20) represents the histograms in which the characteristic
values (on x-axis) are ranked according to the frequency of occurrence
(represented on the y-axis from the largest to the smallest) and these are
obtained using Excel. The second method (Figures 21-23) represents the
histograms in which the values on the x-axis are ranked by their size and these
are obtained by using the MATLAB programming tool. Table 8 comprises some
statistical data from the measurements.

Figure 18: Histogram for the share of the total flow that runs through the upper
flow meter in parallel connection (Excel)

Figure 19: Histogram for the share of the total flow that runs through the middle
flow meter in parallel connection (Excel)
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Figure 20: Histogram for the share of the total flow that runs through the lower
flow meter in parallel connection (Excel)

Figure 21: Histogram for the share of the total flow that runs through the upper
flow meter from the parallel connection (MATLAB)

Figure 22: Histogram for the share of the total flow that runs through the middle
flow meter from the parallel connection (MATLAB)
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Figure 23: Histogram for the share of the total flow that runs through the lower
flow meter from the parallel connection (MATLAB)
Table 8: Statistical data of the shares of flows of all flow meters
Qref-M1

Qref-M2

Qref-M3

Mean

0.366

Mean

0.253

Mean

0.379

Standard Error

0.001

Standard Error

0.001

Standard Error

0.000

Median

0.364

Median

0.254

Median

0.380

Mode

0.363

Mode

0.248

Mode

0.381

Standard
Deviation

0.006

Standard
Deviation

0.008

Standard
Deviation

0.005

Although the histograms are a highly effective visualization tool, to test the
hypothesis mentioned above, we should not rely on them, because they cannot
give a specific statistical value for the formulation of an adequate conclusion.
It is important to choose an appropriate statistical quantity for the justification of
the assumption for the equal flow in all flow meters. The mean value, as the
main statistical quantity, would not be appropriate for this analysis. Namely, with
the assumption of the equal flow in all the measuring instruments and for some
1 3 qm,i
1
other values of these flows, the mean value (q
̅̅̅̅
m = 3 ∑i=1 q ) is also equal to 3
m

(because the relations obtained in the individual measurement of some of the
scenarios of the three non-negative values, whose sum is always equal to 1)
[30], [52].

Because of the proof that here is the word about the scenario with the fixed
mean value, more appropriate types of statistical quantities for testing the stated
hypothesis are the ones that show a certain measurement deviation from the
“fixed” mean value.
72

In the statistical theory these deviations are known as central moments and
they are determined by the order of deviations (linear, square, cubic, etc.).
Significant representatives of these statistical quantities are the standard
deviations and the variance.
Variance is defined as the measurement of the medium square deviation of a
certain sample from its mean value, while the standard deviation is the root of
the variance.
For a sample that consists of 𝑛 quantities (x1 , x2 , … , xn ) and whose mean value
̅, the standard deviation of measurement samples is calculated according to
is X
the following formula:

n
1
s=√
X) 2
∑ (x − ̅
n − 1 i=1 i

(38)

Although the standard deviation estimation is performed by averaging a group
consisting of 𝑛 samples, it is divided by (n − 1) because there is exactly the
same number of independent quantities in the set of values(xi − ̅
X) (i = 1, n).
For the stated expression, (n − 1) degrees of freedom are often used. For the
scenario considered in this research, 𝑛 = 3, so the standard deviation is
calculated according to the following expression:

1 3 qm,i 1 2
√
s=
− )
∑ (
2 i=1 qm 3

(39)

In the result analysis this expression was used twice.
For the first time, the values of the three mean values of the flow rate for the
three pipelines that operate in parallel, are included and the obtained value is s
= 0.071.
For the second time, all the data (based on 135 measurements) are included in
the same formula of the flow rate for the three pipelines operating in parallel,
and the obtained value is s = 0.069.
This value can be accepted as accurate in the further analysis of the considered
hypothesis.
The obtained value clearly indicates the significant deviation from the assumed
equal flow rates in all the pipelines (flow meters) that operate in parallel.
Whether a considered value is large or small, it is often much better evaluated
relatively rather than absolutely [52]. In this research, we compared the
obtained standard deviation with the mean value in the case of the assumption
of the equal flow ratios for all three measuring instruments in parallel to the
𝑠
relation 𝑡 = 0.333.
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Namely, (0.069/0.333=0.2072) there is a deviation from the assumed value of
the flow relations in the amount of 1/3, and it is greater than 20%.
Besides the fact that it is logically clear that a deviation bigger than 20% is
enough, from the data in Table 8, a large constancy with the value of the
standard deviation less than 1% could be found. This value is much smaller
than the calculated standard deviation between the real measurement results
and the assumption of equal flow ratios for all the flow meters.
Regardless of whether this deviation (of 20%) applies only to one measuring
instrument or to all three measuring instruments (as in our case), the hypothesis
of equal flows does not correspond to the actual state in real measurement
conditions.
Therefore, in real and laboratory measurement conditions, wherever the
branching of the volume or mass flow in parallel exists, one should not assume
an equal share of the flow between the branches so that the final results of the
measurement and the analysis of the measurement uncertainty would be
precise and accurate.

4.4. Contributions to science (Hypothesis C)
C. Hypothesis: The related correlations and the concept of the validity of the
hypothesis of equal flow through the three flow meters, each of which is in one
of three parallel connected pipes, each working in the same flow conditions are
reconsidered. The starting theoretical model of measurement-uncertainty
evaluation through the three flow meters, each of which is working in one pipe
connected in parallel under the initial assumption that the flow rate is about the
same in each of these pipes.
Contribution to science: On the basis of the given results, the hypothesis of
the equal flow rates through the three flow meters, each of which is in one of the
three parallel connected pipes working in the same flow conditions, can be
denied. This conclusion is important, especially taking into account the
assumed equality of the flow relation for the two flow meters in parallel
branches of the pipeline [43] and the lack of an adequate analysis for the three
measuring instruments in parallel.
This research and its conclusions can be the basis for further analysis of
several flow meters working in parallel (four, five or more measuring
instruments) from the aspect of the hypothesis of the flow relation in certain
parallel branches. The results of that analysis can lead to presenting the
accurate results in relation to the frequently used hypothesis of flow equality,
when the flow conditions in parallel pipes are the same.
Possible future research would be connected to analyze the influence of newly
adopted flow relations in certain measuring instruments on the relative
measurement uncertainty.
Additionally, considering the results presented, a question regarding the flow
through the middle branch of the pipeline in relation to the total flow, which can
74

lead to the wrong delivery of the gas amount to the end user, and consequently
can lead to inaccurate commercial transactions [17], [18], [51], arises.

4.5. Theoretical introduction (Hypothesis D)
Different properties of the fluid that is flowing through the measuring instrument,
different principles of operating the flow meters and the recommendations of the
standards represent a great challenge when it comes to the traceability of
measurements to the SI, but also the projecting of the certain equivalent
calibration installation. With the calibration of one type of measuring instrument
it has to be born in mind whether that type of measuring instrument can be
calibrated by the available standard. Restrictions and possible relations and
impacts are different from the impacts of the flow of the fluids on the one and
another flow meter, from the position of the flow meter compared to the other,
from the pressure of the working fluid, etc. Restrictions and possible
relationships and impacts vary due to the impact of fluid flow on the one and
other flow meters, from the position of the flow meters, from the density and
pressure of the working fluid, etc. If we analyze the requirements given by the
Directive [18], in the OIML document [51], and in the standard [39], having in
mind the transition from the air the atmospheric pressure to the real conditions,
it is demanding to decide what is necessary and what is possible to be done to
fulfill the different prescribed requirements.

4.6. Applied research methods and experiments (Hypothesis D)
No matter whether the calibration is performed centrally or in situ, it is
necessary to choose the corresponding standards for certain measuring
instruments. A relatively small number of countries in the world produces
measuring instruments, and besides that there is a large number of different
measuring instruments for the flow of fluids (Figure 24).

Figure 24: The share of certain types of meters in use (source: Valve User
Magazine)
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The latest revisions of the standard [39] recommend that a turbine meter should
be calibrated close to its operating conditions in order to minimize measurement
errors caused by the pressure variation.
Legal metrology, which has the task of protecting the customer and the
distributor, deals especially with measurement error [53]-[58].
Measurement errors are especially important for some measuring instruments,
such as gas-flow meters.
Taking into account the equation of the ideal gas-flow at a constant
temperature, it can be concluded that two gas parameters are important for
establishing the equivalence or for comparing the conditions for the
measurement in two different situations (in the laboratory and in real conditions,
for example) [50].
These parameters are pressure and density, as can be seen in the following
analysis:
Ideal Gas Law:
pV=nRT
where:
p – pressure,
V – volume,
n - the number of moles.
R - the universal gas constant,
T - temperature (K).
When we use it, if the temperature and volume remain constant, then the
pressure of the gas changes in direct proportion to the number of molecules of
gas present:
p = ρ Rspec T
Rspec is the specific gas constant and the ratio of R/M where M is the molar
mass.
And consequently:
p/ρ=const.
Bearing in mind the fact that the dynamic viscosity of the air is practically
independent of the pressure when it is less than 100 bar (Figure 25), and in the
case of natural gas that is virtually independent of any pressure (Figure 26),
then, as the most influential one, the most relevant parameter for the analysis of
the equivalence or for comparing the measurement conditions in the two
different situations (in laboratory and in real conditions, for example) imposes a
gas density.
Density-related performance effects are the most relevant when comparing
meters calibrated under the conditions that are similar to those expected in
service.
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Figure 25: Air dynamic viscosity at varying temperature and constant pressures
(source: The Engineering ToolBox)

Figure 26: Dynamic viscosity of methane at varying temperature and pressure
(source: The Engineering ToolBox)
As can be seen from the analysis of the representation of certain meters in use,
it is obvious that flow meters that function on the basis of pressure-difference
measurements are the most common (30 %) (Figure 24).
In accordance with the previous analysis of the ideal gas-flow at constant
temperature, the principle of pressure-difference measurements is directly
related to density changes. The most commonly used type from the group of
flow meters that work on the basis of pressure-difference measurements is the
orifice plate.
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Due to the greatest representation in usage of the orifice plate and due to the
relatively more complex formula for the flow calculation involving a relatively
large number of influencing factors, an analysis of the mathematical model of
this flow meter was made to determine the sensitivity coefficients to determine
the effect of gas density on the measurement itself and approving the
hypothesis.
Comparing the situation of the existing calibration/verification installations for
flow meters and the requirements prescribed by the normative documents,
some gaps in the installations and over-ambition in documents are evident.
Both gaps and the over-ambition could be decreased if we investigate more
cases from the field by the setup arranged in laboratory conditions.
To define the background of the requirement given by the directive [18] and the
standard [39], it is necessary to go from the measurement-uncertainty analysis
of the flow metering starting from data from ISO 5168 [43].
The aim is to demonstrate that the measurement uncertainty obtained for a
measurement that works with the air at atmospheric pressure will be higher than
the results if the measurement is conducted in real conditions of exploitation
with natural gas at real pressure.
The gas mass flow as a function of inputs, in case of the subsonic flow of
gaseous fluid through the meter, which works by measuring the pressure drop
through the meter, is given as follows:

Q m = Cε

1
4

(1 − β )

πd2
1/2
1 4 (2ρ∆p)
2

(40)

Qm - Mass flow;
C- Coefficient of the speed distribution;
ε- Coefficient of the gas expansion;
β- Relation of the diameter of the hole of the measuring instrument (d) and the
pipe (D)
d- Diameter of the neck of the measuring instrument;
ρ- Density of the gas fluid;
∆p- Pressure drop through the measuring instrument.
The square of the standard uncertainty of the output value y = Qm, for the input
values xi = xQi, is:
n

u2 (y) = ∑ ci2 u2 (xi )

(41)

i=1
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n

u2 (Q m ) = ∑ ci2 u2 (xQi )

(42)

i=1
n

u2 (Q m ) = ∑(
i=1

∂Q m 2 2
) u (xQi )
∂xQi

∂Q m 2
∂Q m 2
∂Q m 2
) u (C) + (
) u (ε) + (
) u (β)
∂C
∂ε
∂β
∂Q m 2
∂Q m 2
∂Q m 2
+(
) u (d) + (
) u (ρ) + (
) u (∆p)
∂d
∂ρ
∂∆p

u2 (Q m ) = (

(43)

(44)

The sensitivity coefficient ci describes the influence of particular changes in the
input value xQi on the estimate of the output value, Qm.

∂Q
)
∂𝑥𝑖

(45)

∂Q m
Qm
)=
∂ε
ε

(46)

ci = (

cε = (

cβ

∂Q m
2Q m
β4
=(
)=
∂β
β (1 − β4 )

(47)

∂Q m
2Q m
1
)=
∂d
d (1 − β4 )

(48)

∂Q m
Qm
)=
∂C
C

(49)

c∆p = (

∂Q m
Qm
)=
∂∆p
2∆p

(50)
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To investigate the impact of density of gas on gas flow at this point, only the
sensitivity coefficient related to the density is analyzed:

cρ = (

∂Q m
Qm
)=
∂ρ
2ρ

(52)

When the density ρ increases, the sensitivity coefficient cρ decreases.
Consequently, the standard uncertainty u(Qm) decreases. In other words, the
bigger the density of the gaseous fluid ρ, the smaller is the standard uncertainty
of the output value of the mass flow rate u(Qm).
The density of the air at atmospheric pressure is about 1.2 kg/m3. The density of
the natural gas ("Groningen" gas) at atmospheric pressure and at a temperature
of 15C is ρ=0.833 kg/m3 (about 50% smaller than the density of air at the same
pressure).
Having in mind the ideal gas-flow, where p/ρ is constant for the case when the
temperature is constant, then, from this analysis, it is evident that the standard
uncertainty of the output value of the mass flow rate, when performing the
calibration with the air at atmospheric pressure, is considered, will be greater
than the standard uncertainty of the output value of the mass flow rate, when
the calibration with the natural gas in any case when an overpressure is greater
than 0.5 bar is considered. There is a small number of calibration installations in
Europe that work with natural gas as the processing medium (Figure 27). Those
that operate with natural gas operate at an overpressure of 8 bar, often 20 bar,
and even 60 bar.

Figure 27: Locations of laboratories that perform the calibration of the gas-flow
meters with natural gas at an overpressure
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Also, the natural-gas flow-measuring instruments (turbine, rotary, ultrasonic,
diaphragm and other operating at an overpressure) that are the most often
calibrated with atmospheric pressure are also operated in conditions where the
overpressure is about 20 bar and never less than 3 bar. Obviously, from these
data and the given analysis, the results of the calibration of the gas-flow meters,
obtained on installations with air at atmospheric pressure, will certainly be with
worse calibration parameters compared to those they will have in real
conditions (natural gas at an overpressure not less than 3 bar), which
contributes to the reliability of the data obtained from the laboratory. This
analysis supports the decision of the calibration of the gas-flow meters in a
laboratory that works with air at atmospheric pressure due to the reliability of the
calibration parameters. They will be on the so-called safe side.
Of course, if we want to comply with the requirements of the directives and with
the recommendations of the standards, then the calibration conditions in the
laboratory must be as similar as possible to those in real conditions in order to
deal with more precise data, not only because of the custody transfer issues,
but also because of the better management of the process parameters in real
terms.
Figure 28 shows the agreement of the error curve at the same pressure when
different gases are used [38]. In the central part of the range this agreement is
close, but at the ends, the deviations are a minimum of 0.2%. This
mathematical model analysis and the obvious proof of the hypothesis is
practically proved by the measurements in the laboratory that can provide both
conditions. Turbine flow meters are used as meters under test.

Figure 28: Agreement of the calibration curves of the gas-flow meters (air
vs. natural gas) on overpressure (source: FMG Flow Meter Group)
Figure 29 shows the typical response of a turbine meter to flow rates at different
operating pressures and with different flow media [60]-[65]. The flow rate and
the fluid pressure (density) have major effects on the accuracy of a turbine
meter. At low flow rates and at low pressures, the viscosity forces are dominant.
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At high flow rates and at high pressures, the inertia forces are dominant. Hence,
the error curve of the meter becomes much more linear and predictable.

Figure 29: Changes in calibration curves with changing operating pressure and
density (ρ1rel=1 (air), ρ2rel= ρ3rel =0.64 (natural gas)) (source: FMG Flow Meter
Group)
A turbine meter is essentially a machine that converts kinetic energy into
dynamic energy and rotational motion. The rotational speed of an ideal turbine
meter should be exactly proportional to the volumetric flow rate of the flowing
medium. Turbine meters are affected by inertial and viscous forces. The
Reynolds number as a dimensionless ratio of the inertial to viscous forces in the
flow through the meter takes into account the flow rate and the physical
properties of a moving fluid. The Reynolds number can be used to correlate the
calibration and the operating conditions of a turbine meter under various flow
rates, pressures and fluid types (Figure 30).

Figure 30: Different gas-flow ranges vs. natural gas at different pressures (red
line - air at atmospheric pressure) (source: FMG Flow Meter Group)
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The analysis and the diagram show that the gas density has three main effects
on the performance of the gas turbine meter [66].
• The range of the meter increases in higher flows as the gas density
increases.
• The pressure drop through a turbine meter increases as the gas density
increases.
• Some calibration characteristics may change when the gas density
changes.

4.7. Practical implications of the research – Results (Hypothesis D)
● The implementation of the Directive through building some new laboratories
is happening very slowly. In this case, the problem of traceability is again a
very sensitive and open one. Existing laboratories do not have the same
range since they try to satisfy the needs of the European market for
calibration in real conditions [29], [59], [67].
● When talking about real conditions we are talking about real natural gas and
high pressure. Real natural gas is not standardized and everybody is using
gas that they have in their own piping system. This gas is different from
laboratory to laboratory and is different in the same laboratory throughout
the period of one year. There is no reference material for natural gas.
● All natural gases are gaseous fluids that are compressible and the factor of
compressibility is in relation to the gas quality. When we have in mind a very
small or limited number of existing laboratories and the fact that those
laboratories are not easily comparable because of the different ranges they
have and different gases they use, then we have an open question about
how they conduct inter-laboratory comparisons to prove their competencies
at the international level. And finally, how they define the traceability routes
of their measurements.

4.8. Contributions to science (Hypothesis D)
D. Hypothesis: It is possible, with a certain level of confidence, to predict the
measurement characteristics of gas-flow meters that operate in real conditions
(natural gas at an overpressure) by calibration in a laboratory with the air at
atmospheric pressure. There is a mathematical model of the measurements
and a mathematical analogy with the prediction of the results and differences, if
the calibration is done using natural gas at an overpressure, instead of by using
air at atmospheric pressure.
Contribution to science: It is evident that in this research the very natural set
of mathematical relations [50] that can calculate what will happen with the
results in the case of different conditions, namely in laboratory and in the field,
is used.
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The difference between two approaches and cases can be very precisely
defined [38] and recognized as the correction that will be used when switching
from one to another condition, in order to compare them.
If we use the existing laboratory with the air at the atmospheric pressure as the
working fluid for the calibration of flow meters, we will have calibration results
that describe the meters’ measurements capabilities worse than that meter will
show in real conditions (when the pressure of the natural gas in real conditions
is higher than at least 1.5 bar).
This means that if the calibration of gas-flow meters with air at atmospheric
operating pressure is considered, then we will have measurement capabilities of
that meter on a safe side somehow, as we will not send the meter on the field to
operate in real conditions with any risk, since if the meter has shown
satisfactory measurement capabilities in the laboratory, it will show better
measurements capabilities on the field. If we want to compare this meter with
the one calibrated in a laboratory prescribed by the Directive, it will be possible
if we define the correction at the place.
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5. HYPOTHESES RELATED TO THE
TECHNOLOGY/INSTRUMENT AND TO THE DYNAMIC
RESPONSE AND RANGE (Hypotheses E/F)
Specific and unsolved measurement-traceability problems can be borne by
differences in the measurement uncertainty evaluation for different technologies
employed in the single flow measurement problem [68]-[71].
The employed technology or the type of meter, with the problems of the
instrument configuration and the influences on the installation, taking or not
taking care about what to measure or what to control besides the flow rate, to
be able to provide an accurate flow measurement result, as said before, all this
can influence both the accuracy and the total measurement uncertainty of the
flow measurement.
One new approach to the detection of the vortices in a vortex flow meter and
the associated technology improvements can influence and provide a number of
advantages that improve the characteristics of the vortex flow meter, including
the dynamic range of the meter.
The performance of turbine flow meters in transitional flow regimes is another
issue and one of the research cases in this dissertation. The results of this
research study suggest a good dynamic response of turbine flow meters in
accelerating flows, with only a slight delay of the turbine rotation.
The third group of hypotheses, given in this chapter, is linked to the operating
principle of the instrument and to the dynamic response and range, namely:
E. The simultaneous detection of a pair of vortices with opposite circulation by
means of two pairs of ultrasonic detectors in a vortex meter that are developed
and considered, can be used to provide instrument technology improvements
with a redundant operation of the flow meter, and finally to enable the
calibration procedures that contribute to the measuring capabilities, to reduce
the noise caused by the installation vibration and the flow disturbance, and the
size of the bluff body, pressure drop on the flow meter, measurement
uncertainty, etc.
F. The understanding the dynamic response is essential to evaluate the dynamic
errors and evaluate the overall measurement uncertainty of the turbine meter.
Multiple regression models can be used for the quantification for flow-meter
response times and for over-registered volumes, which both could drop with the
Reynolds number and increase with the flow meter size.
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5.1. Theoretical introduction (Hypothesis E)
The phenomenon of the fluid vortex, behind the obstacle that fluid circulates
around, is used for the development of the fluid-flow measuring instruments
[72]. This kind of flow meter generally consists of three elements:
● The vortex generator, which represents the solid body immersed in a fluid
and attached to the tube. Vortex generators can have different shapes and
different cross-sections and they can take a different percentage of the total
circulating cross-section of the tube.
● The sensor of the generated vortices. When a vortex path is formed behind
the vortex generator, then it is necessary to detect these vortices by the
appropriate method in order to actually detect the frequency of the occurrence
of these vortices. By measuring this frequency, the fluid flow data can also be
obtained. The modern approach of the vortex detection and the determination of
their frequencies is based on the ultrasonic principle. An ultrasonic transceiver
is set downstream behind the vortex generator so that by the modulation of the
ultrasonic signal, one can determine the frequency of the created vortices.
● The electronics for the processing of the obtained signal from the vortex
frequency sensor is an element of every flow measuring instrument, and in fact
it represents one computer unit that obtains data from the sensor in the form of
an appropriate signal that converts to the forms more suitable for the budget,
and which determines the flow through the measuring instrument on a fixeddata basis (pipe diameter, dimension of the vortex generator, nominal
temperature and pressure).
Vortex meters operate using the principle of measuring the vortex frequency, by
which they are wavering away from the walls of the buff bar or the shredder bar
(the vortex generator). Due to the viscosity force, in certain conditions of the
flow, the vortex is torn off from the edges of the generator, alternating from one,
and then from another. The frequency of the shedding vortex is proportional to
the fluid speed in the pipe and as such it is proportional to the flow. The vortex
frequency is independent of some fluid properties such as density, viscosity,
and conductivity. The principal scheme of the vortex measuring instrument is
given in Figure 31.

Figure 31: The relation between the vortex frequency and the fluid speed is
given as the Strouhal number
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𝑆𝑡 =

𝑓∙𝑑
𝑉

Where:
-

St - Strouhal number (non-dimensional);

-

f - vortex frequency;

-

d - vortex generator width;

-

V - medium fluid speed.

It is assumed that the cross-section cylinder is placed vertically to the axis and
that the circulation is around the solitary cylinder, that the fluid is ideal, that the
individual vortices are potential vortices with axes parallel to the cylinder, that
the vortices have equal but opposite circulations, that the flow is turbulent,
excluding the vortex path, that both lines of the vortices have an unlimited
length.
The Strouhal number is in the range of 0.2 to 0.24 for most meters. The
Strouhal number is a non-dimensional number of fluid mechanics that occurs in
non-stationary motion, but it is also a non-dimensional calibration factor used to
characterize different vortex generators.
If the Strouhal numbers are even for the two different vortex generators with the
same characteristic dimensions, then the speed V for both the measuring
instruments will be determined according to the same formula. The gas vortex
frequency, which occurs when the fluid circulates through the vortex generator,
is about 15 times greater with the air than with the water.
The physical features of water and air are given in Table 9.
Table 9: Physical features of water and air
Fluid

Density

Kin. viscosity ν

Din. Viscosityt µ

(t=20C)

(t=20C)

[k/m3]

[m2/s]

[kg/ms]

Water

1 000

1.0038 10-6

1002 10-6

Air

1.164

15.7000 10-6

18.3 10-6

This is a very important problem, which represents the most important reason,
due to which the development of the gas vortex meters is more challenging than
the development of the liquid vortex meters.
The choice of the suitable or the corresponding transducer or transceiver (which
transmits and receives waves at a frequency of 1 MHz) is the key problem in
the mentioned case. On the basis of the continuity equation and the expression
for the speed, the volume flow can be calculated according to:

Q = A ∙ V = A ∙ f ∙ kr = K ∙ f
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In this way, the output quantity in the function of one quantity that is measured
(in this case the vortex frequency) is obtained again. All the other elements are
integrated in the constant “K”, which is determined experimentally for each
meter and flow condition.
It is also determined for the range or Re numbers for which it is applied, i.e., for
which the range of Re numbers it is constant.
Every vortex measuring instrument has to be calibrated due to the existence of
this constant. Since the Reynolds number declines as the viscosity increases,
the range of the vortex meter is reduced by the viscosity increase.
The maximum viscosity limit in terms of maintaining the function of the
corresponding accuracy and the required range is between 810-3 Pas and
3010-3 Pas.
A dynamic range of 20:1 for conventional gases and vapors, and about 10:1 for
low-viscosity fluids can be obtained taking into account the dimension of the
vortex meter. The circulating phenomenon in the vortex path behind the cylinder
was experimentally and theoretically investigated by several authors, for which
a range of information can be found.
A regular vortex trace is formed only in the Re range from 60 to 5000. For the
Re<60, the flow behind the cylinder is laminar (without visible vortices), and for
Re>5000 behind the cylinder, a completely turbulent flow is created.
There are various methods for the measurement of the frequency of vortices at
the vortex flow meter. All of them, at the classic vortex flow meter, are based on
the detection of pressure fluctuations downstream near the bluff body. These
pressure variations, caused by the separation of the vortices, can be detected
by: differential pressure sensors, piezoelectric sensors, capacitive sensors,
thermo-resistance sensors, etc.

5.2. Applied research methods and experiments (Hypothesis E)
For the experimental testing, the prototype vortex flow meter of a nominal inner
diameter (ID) 50 mm, is developed. The cylindrical bluff body for vortex
shedding is used. Ultrasonic transducers based on the piezo-crystal PZT-5A,
inserted into the wall of the vortex meter casing, are utilized.
The testing of the prototype ultrasonic vortex flow meter is realized on the
calibration station with the water. The results at the testing point show to the
possibility of measuring flow of liquid fluids at velocities less than 0.5 m/s, with
an uncertainty better than ±1%.
The research given here is the incorporation of knowledge based on fluid
mechanics, ultrasonic detectors and signals, calibration and metrology. There
are different ways of detecting vortices, and different sensors are used
(pressure sensors, capacitive sensors, thermo-resistance sensors, ultrasonic
sensors).
The proposed method is based on the characteristics of flow behind the bluff
body, known as the von Karman vortex street [72]-[76] and on the simultaneous
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detection of a pair of vortices with opposite circulations by means of two pairs of
ultrasonic detectors, as shown in Figure 32. This phenomenon is the result of a
flow separation on an immersed body, called the bluff body or the generator of
vortices.
A beam of ultrasound from the ultrasonic transmitter to the ultrasonic receiver is
transmitted perpendicularly to the vortex street. The received ultrasonic signal is
the amplitude and phase modulated. The frequency of the modulated signal is
equal to the frequency of the vortices. Behind the bluff body, under certain
conditions of the flow (certain ranges of the Reynolds number), two rows of
vortices are formed in the wake of the bluff body.

Figure 32: Vortex meter with the new approach to the detection of vortices
The Strouhal number is a function of the frequency of vortices f, their velocity in
the vortex street Uv and the width of the vortex street h.
The velocity Uv of the vortices and the width h of the vortex street depend on the
mean flow of the velocity V and the width of the bluff body d, respectively. The
Strouhal number can be written as:

St =

f∙d
V

(53)

and the velocity V as:

V = kr ∙ f

(54)

where kr is a constant,

V = k r ∙ fk r =

d
St

For one type of bluff body, the Strouhal number is constant across a wide range
of Reynolds numbers (104≤Re≤5∙105) [77]-[79]. According to the relation (53),
the frequency of the vortex shedding is a direct measure of the mean flow
velocity.
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The volume flow, according to relation (54), as mentioned before, is:

Q= A∙V=A∙K∙f⟹Q=k∙f

(55)

where A is a cross-section of the vortex flow meter.
All of the various methods for the measurement of the frequency of the pressure
variations, caused by the separation of the vortices at the vortex flow meter, at
the classic vortex flow meter are based on the detection of the pressure
fluctuations downstream near the bluff body [75], [76], [80], [81].
These can be detected by: differential pressure sensors, piezoelectric sensors,
capacitive sensors, thermo-resistance sensors [77], [80]-[85].
Different shapes of the bluff body, with a different characteristic dimension
(size) and a different blockage ratio (the ratio between size of the bluff body and
the pipe diameter d/D), are considered. [85]-[88].
For the conventional vortex flow meter, the blockage ratio is from 0.2 to 0.3,
causing a high-pressure drop on the flow meter. Also, the sensors position
behind the vortex shedder is of great importance to the accuracy of the
measurements [79],[89]-[92].
All the mentioned methods provide an accurate measurement of the vortex
shedding frequency. However, the flow range measured in this way is limited
because the differential pressure sensors cannot detect small pressure
variations near the bluff body, for which the Strouhal number is still linear [14].
Ultrasound is also used for the detection of the frequency of vortices. An
ultrasonic wave is sent from the transmitter to the receiver perpendicularly
across the Karman vortex street, behind the bluff body [93]-[96].
The ultrasonic signal and the converted ultrasonic-to-electronic signal are
amplitude- and phase-modulated by vortices at the same time. Both the
amplitude and the phase modulation signals can be used for the detection of
the vortices. The demodulated signal corresponds to the frequency of the
vortices. Ultrasonic detection of vortices is more sensitive than the classic
method based on the detection of pressure variation.
Vortices can be detected at a lower flow rate using ultrasound, but the
ultrasonic method of vortex detection is more sensitive to the turbulent
fluctuation caused by eddies and secondary vortices. This is the key
disadvantage of ultrasonic vortex flow meters [84],[96],[97]. For the elimination
of the effects of noise on the measurement signal caused by the installation
vibration and the disturbances in the fluid flow, i.e., for the estimation of the
measurement signal, complex electronic signal processing is used, such as the
autocorrelations function, power-spectrum analysis, the fast Fourier transform,
the wavelet transform, adaptive filters, etc. [84],[98]-[100].
By applying the previously mentioned techniques of DSP, the measurement
range is increased in the low flow domain, but the implementation of these
techniques makes the meters more complex and more expensive. In this
desertion an ultrasonic vortex-detection technique is presented, which enables
the reduction/elimination of the noises caused by different disturbances
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(installation vibration, upstream disturbances in the flow), based on classic
signal processing of the amplitude- and phase-modulated signals.
For the experimental verification of the new approach of vortices detection, a
prototype vortex flow meter of a nominal ID 50 mm, with a cylindrical bluff body
and two pairs of ultrasonic transducers (1-2 and 3-4, Figure 32) based on PZT5A, with the nominal resonant frequency of 2 MHz are developed.
Ultrasonic sensors are placed behind the bluff body, to detect one pair of
vortices separated at different sides of the bluff body alternatively, as shown in
the Figure 32. The ultrasonic transducers are built-in the wall of the flow meter
casing, so that they are in contact with the fluid.
Frequency of vortices can also be detected by modulation of the ultrasonic
wave, transmitted perpendicularly to the Karman vortex street behind the bluff
body [10].
An analytical model of Karman vortex street is presented in next literature [75],
[101]-[103].
An analysis of the propagation of the ultrasonic wave through the von Karman
vortex street, perpendicular to the axis of the pipe and bluff body, are
presented, assuming that the following conditions are satisfied:
-

the flow is two dimensional;

-

vortices are circular in shape;

-

the flow is potential in vortices and turbulent outside the vortices;

-

the shape of the vortices does not change in the region of the stable flow;

von Karman vortex street is unlimited and the vortices are generated
from both sides of the bluff body have the same value of circulation, but the
opposite direction,
-

frequency of the ultrasonic wave is 2 MHz.

With testing of the prototype ultrasonic vortex flow meter is realized on the
calibration station on the water. The results at the testing point to the possibility
of measuring flow of liquid fluids at the velocities less than 0.5 m/s, with an
uncertainty better than ±1%.
Amplitude and phase modulation of the ultrasonic wave [94], [95], [104] are the
result of an interaction between the two mechanical fields: flow velocity field and
ultrasonic field. The motion of the wave in a 2D (x-y) plane [102] is considered
as shown in the Figure 32.
The equation describing ultrasonic wave propagation through the fluid flow is:

1 ∂2 u
∆u − 2 ∙ 2 = 0
c ∂t

(56)

where ∆ is the Laplace operator.
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As the ultrasonic wave propagates only in the y direction (Figure 32), relation
(56) becomes:

∂2 u 1 ∂2 u
− ∙
=0
∂y 2 c 2 ∂t 2

(57)

The solution of this equation is a harmonic function that can be given as:

u(y, t) = U(y)cos(ω0 t − ky + φ0 )

(58)

Where:
ω0 - ultrasonic resonant angular frequency,
k - wave number,|k| =

2π
λ

=

2π∙f0
c

φ0 - initial phase angle of ultrasonic wave,
c - velocity of ultrasound in liquid,
f0 – ultrasonic resonant frequency
The amplitude of the ultrasonic wave U(y) depends on the distance between the
ultrasonic transmitter and the ultrasonic receiver y, and on the absorption
coefficient m of the ultrasonic wave in a liquid:

U(y) = U0 e−my
The ultrasonic signal at the transmitter (y=0) is:

U(t) = U0 cos(ω0 t + φ0 )
and at the receiver (y = D),where D is the diameter of the flow meter:

U(t) = U0 e−mD cos(ω0 t − kD + φ0 )

(59)
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When an ultrasonic wave passes through the vortices, with tangential velocity
Vθ , the relation (58) could be shown as:

u(y, t) = U0 e−m(c±Vθ )t Re[ejф(t) ]

(60)

ф(t) = ω0 t − ky + φ0
This equation at the receiving side (y = D) becomes:

u(y, t) =

mVej ∙D
−mD ± c t
U0 e
e
Re[ejф(t) ]

(61)

Part of the expression (61),U1 = U0 e−mD is a result of the absorption of
ultrasonic waves in the fluid, free of the vortices. Therefore, the relation (61) can
be written as:

u(y, t) =

mVej ∙D
±
c
U1 e
Re[ejф(t) ]

(62)

mVej ∙D

The factor e± c shows the effect of the influence of vortices on the amplitude
of the ultrasonic waves. This is the result of the absorption of the ultrasonic
waves in the vortices and their tangential velocity Vθ .
mVej ∙D

If the expression e± c is expanded in the Taylor series (respecting Vθy , as
the y component of Vθ ), and if the first two terms are taken into consideration,
the relation (62) becomes:

u(y, t) = U1 (1 ±

mD
Vθ cosωt) Re[ejф(t) ]
c

(63)

where: Vθy = Vθ cosωt, ωis the circular frequency of the vortices.
The sign ± in relation (63) indicates two opposite directions of the velocity of the
circulation of the vortices.
Denoting ma = ±

mDVθ
c

, expression (63) becomes:

u(y, t) = U1 (1 ± ma cosωt)Re[ejф(t) ]

(64)
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Equation (64) presents the well-known amplitude-modulated signal, where ma is
the coefficient of the amplitude modulation (Figure 33).

Figure 33: Amplitude-modulated ultrasonic wave (100 mV/cm)
The phase of the ultrasonic wave, according to relation (60), can be written as:

Φ(t) = ω0 t −

2πf0
y + φ0
c

(65)

For a homogeneous liquid y = (c ± Vθy )t,
i.e,. y = (c ± Vθ cosωt)t

(66)

The sign + indicates the two opposite directions of the velocity of the circulation
of the vortices. By substituting the term y in relation (65) with relation (66),
relation (65) becomes:

Φ(t) = ±
For y = D and, t =

D
c

2πf0 Vθ cosωt
t + φ0
c

(67)

the previous relation can be written as:

Φ(t) = ±

2πf0 Vθ Dcosωt
t + φ0
c2

(68)
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In this relation, it is possible to suppose that φ0 = 0. Finally, the ultrasonic
modulated signal on the receiving side can be presented as follows:

1 ± ma
u(D, t) = [U0 (
)] cos(ω0 t ± mp cosωt)
cosωt

(69)

where:

mp ~

2πf0 Vθ D
c2

is the phase-modulation coefficient. According to relation (69), both the phase
and amplitude modulation of the ultrasonic signal occur at the same time. The
signal obtained after the electronic processing and demodulation is shown in
Figure 34. The form of the demodulated signal is the result of the shape of the
vortices, which are not of an ideal circular shape, and the influence of the signal
noise.

Figure 34: Demodulated ultrasonic wave (1V/cm)
The experimental verification of this method was performed on the prototype
vortex flow meter PVMP50, with an inner diameter of 50 mm. The ultrasonic
converters are based on PZT-5A piezo-crystals with a resonant frequency of 2
MHz, adapted for the transmission of ultrasound through water. The diameter of
the transducers was 15 mm.
The amplitude-modulated signal corresponding to the flow of Q (200 l/min.) is
presented in Figure 33. The amplitude of the excitation signal for the ultrasonic
transducers is 12 Vpp, and the operating frequency of the ultrasonic
transducers is 2.227 MHz. The prototype vortex flow meter PVMP50 was
designed using a cylindrical bluff body, with the characteristic dimension d=3
mm. It was tested and calibrated with a turbine flow meter with water as the
working fluid using a water calibration station.
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This size and shape of the bluff body are chosen in order to reduce the drop of
the pressure in the flow meter, because it is the main disadvantage of classic
vortex flow meters.
Using the presented approach, based on the two pairs of ultrasonic transducers
for the detection of vortices at the vortex flow meter, it was experimentally
shown that even with a very small size of the bluff body (only 3 mm) it is
possible to measure the flow in a large dynamic flow range.
A turbine flow meter with a measurement uncertainty of 0.15% was used as a
standard flow meter. The prototypes of the vortex flow meter and the turbine
flow meter were connected in line, one behind other. Water passes through the
standard flow meter (turbine), and after that, through the calibrated (vortex) flow
meter. The straight part of the tube, in front of the prototype vortex flow meter,
was 40D. The regulation valve was used for the flow-rate adjustment. The
results of the calibration are presented in Table 10. and Figure 41.
The calibration constant could be determined using the next relation:
Vr

K = Nv
where:
Nv – number of pulses registered by the counter of the vortex flow meter in a
fixed time interval,
Vr – volume of fluid that flowed through the standard flow meter during the same
time interval.
The maximum flow rate was limited by the capacity of the installation.

5.3. Practical implications of the research – Results (Hypothesis E)
This approach is based on the properties of the two rows of vortices, separated
along the lateral edges of the bluff body, under the specific conditions of the
flow. The vortices have the opposite circulation, and the distances between
each pair of consecutive vortices, generated on the opposite sides of the bluff
𝐿
body, are constant, as shown in Figure 32, 2 = 𝑐𝑜𝑛𝑠𝑡. The vortex street width h
is approximately equal to the characteristic dimension of the bluff body d.
If two pairs of ultrasound converters are used, as shown in Figure 32 (1-2 and
3-4), so they detect the two vortices with opposite circulations at the same time,
the ultrasonic waves will be modulated by signals that have the opposite phase.
The modulation is a result of the interaction between the velocity field of
ultrasound c and the tangential velocity of the vortices 𝑉𝜃 . The velocity of the
fluid flow is not directly affected by this interaction, because the ultrasound
passes perpendicularly to the flow.
The fluctuating components of the fluid velocity interact with the ultrasound, and
this influence is manifested as a disturbance (noise). It is important to note that
all the noises added to both modulating signals are similar and have the same
phase.
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The propagation of the ultrasound through the fluid for the 1-2 pair of ultrasonic
converters in Figure 32, from the ultrasonic transmitter to the ultrasonic receiver
in y direction, according to the relation (12), can be shown as follows:

u1 (t) = U1 (1 ± ma cosωt + f(t))Re[eΦ(t) ]

(70)

and for the 3-4 pair of ultrasonic converters:

u2 (t) = U1 (1 ∓ ma cosωt + f(t))Re[eΦ(t) ]

(71)

f(t) - noise signal.
For the purpose of a theoretical analysis it is assumed that the vortices have a
circular cross-section and an unchangeable shape. In the following elaboration,
the amplitude and the phase modulation of the ultrasonic wave will be analyzed
separately. According to the relations (70) and (71) it is clear that the amplitudemodulated signals of the ultrasonic waves on both the pairs of ultrasonic
transducers are of the opposite phases. It is possible to suppose that the phase
of the ultrasonic modulated signal is constant. After the demodulation of the
amplitude-modulated electronic signals, filtering of the demodulated signals,
inverting one of them and adding to the other, the final modulating signal
becomes:

u(t) = 2U1 ma cosωt
It is clear that the noise signal is eliminated and the amplitude of the modulating
signal is doubled. A similar analysis shows that the phase-modulated ultrasonic
signals at the receiver, for the 1-2 pair of ultrasonic converters, is:

u1 ′(t) = UA (t)cos (ω0 t ∓ mp cosωt + f(t))

(72)

and for the 3-4 pair of ultrasonic converters it is:

u2 ′(t) = UA (t)cos (ω0 t ± mp cos(ωt + π) + f(t))

(73)

The DSP of the phase-modulated signals allows the following approximation to
be made: UA(t)=UA=const. Relation (73), using a basic trigonometric
transformation, can be expressed as follows:
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u2 ′(t) = UA (t)cos (ω0 t ∓ mp cos(ωt) + f(t))

(74)

Adding relation (74) to the inverted relation (72) and applying a basic
trigonometric transformation, the new relation can be shown as:

u(t) = 2UA sin(ω0 t + f(t)) ∙ sin(mp cos(ωt))

(75)

Considering the following conditions:

mp cos(ωt) < 1 ⟹ sin(mp cos(ωt)) = mp cos(ωt)
relation (75) becomes:

u(t) = 2UA mp cos(ωt) sin(ω0 t + f(t))

(76)

In practice, relation (76) presents the amplitude-modulated signal, whose
modulation coefficient is 2mp. The signal noise f(t) only affects the phase of the
carrier ultrasonic signal, and can be eliminated with a low-pass filter.
The measurement (demodulated) signals, in the time and frequency domains,
for the 1-2 and 3-4 pairs of ultrasonic transducers, are presented in figures 35,
36 and 37, 38, respectively. For the experimental verification of the previous
analysis, two pairs of ultrasonic transducers in a steel housing, based on a
piezo-electric crystal PZT-5A of a nominal resonant frequency 2 MHz, and a
diameter of the transducers equal to 15 mm are used. The amplitude-modulated
signal corresponding to a flow of Q (200 l/min.) is presented in Figure 33.

Figure 35: Measurement signal in the time domain at 200 l/min (500 mV/cm)
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Figure 36: Measurement signal in the frequency domain
The amplitude of the excitation signal for the ultrasonic transducers is 12 Vpp,
and the operating frequency of the ultrasonic transducers is 2.227 MHz. The
amplitude of the modulated signal on the receiving side, after the amplification
(A=240), is 2.5 V. The amplitude of the modulating signal is 200 mV–300 mV
and accounts for 8 %-12 % of the modulated signal.
The modulating signal after the demodulation and amplification (A=10) is
presented in Figure 34. The coefficient of the amplitude modulation, according
to the relation (11), depends on the ultrasound absorption coefficient in the fluid,
i.e., the frequency of the ultrasound. At a fixed frequency the absorption
coefficient is constant. It should be taken into account that the operating
frequency is changing around the resonant frequency, which has a negligible
effect on the absorption coefficient if the change is small, less than 1 % of the
resonant frequency. It means that the oscillator for the excitation ultrasonic
transducers must be very stable.

Figure 37: Measurement signal in the time domain at 200 l/min (500 mV/cm)
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Figure 38: Measurement signal in the frequency domain
The amplitude of the ultrasonic signal on the receiving side also depends on the
quality of the ultrasonic transducers. This, however, is not a subject of this work.
The final signal, after DSP (inverting one of the modulating signals and adding it
to the other) is shown in Figure 39 and Figure 40.
It is obvious that the signal noise is minimized and the amplitude is doubled.

Figure 39: Measurement signal in the time domain at 200 l/min (1 V/cm)
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Figure 40: Measurement signal in the frequency domain (in the pick f=128 Hz)
The noise, added to each of the modulating signals, is the result of the
vibrations of the installation, disturbance in the fluid flow, etc.
The described approach considerably reduces or totally eliminates this noise.
The position of the pairs of ultrasonic converters (1-2 and 3-4) is of great
importance for the presented approach’s implementation. For the simultaneous
detection of vortices with the opposite circulation, the distance between the two
pairs of ultrasonic transducers must be equal to half of the distance between the
two consecutive vortices, generated on the same side of the bluff body or 3, 5,
7, etc. times larger.
This distance could be determined in two ways:
i) using the calibration constant value K,
ii) using the value of the Strouhal number St.
Table 10: Prototype vortex flow meter PVMP50 calibration results
Flow
Q

Velocity
v

[l/min]

[m/s]

1.

55.0

0.43

2.1104

2.

100.2

0.85

151.0

3.
4.
5.
6.

Shape of
bluff body

Cylinder

Num.

Char.
dimen.

d = 3 mm

Re

f

St

K

32.6

0.228

0.0281186

4.3104

64.0

0.226

0.0260938

1.28

6.4104

96.0

0.225

0.0262153

200.8

1.71

8.5104

128.2

0.225

0.0261458

250.6

2.13

1.1105

160.0

0.225

0.0261042

280.5

2.38

1.2105

179.0

0.226

0.0261173

[Hz]

101

Figure 41: Calibration curve of the vortex flow meter PVMP50
The calibration constant, according to relation (55), represents the relation
between the volume flow and the frequency.

Q VA
D2 π
K= =
,A =
f
f
4

(77)

According to the wave theory,

L = VT =

V
f

(78)

From the relations (77) and (78) it follows that:

LD2 π
4K L
2K
K=
,L = 2 , = 2
4
D π 2 D π

(79)

If the calibration constant K is known, it is possible to determine the precise
position of the ultrasonic converters on the body of the vortex flow meter,
according to relation (79). According to the definition of the Strouhal number
(53) and the wave theory (78), the next relation follows:

St =

d
d
L
d
⟹L= ⟹ =
L
St
2 2St

(80)
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If the value of the Strouhal number is known, a dry calibration can be used to
determine the position of the ultrasonic converters 1-2 and 3-4, so they can
simultaneously detect two consecutive vortices with mutually opposing
circulations (28). The Strouhal number for different shapes of bluff body is in the
range from 0.18 to 0.28 [14]. The newly proposed approach for the detection of
the vortices, based on two pairs of ultrasonic transducers, provides a number of
advantages compared to the traditional vortex flow meter and the ultrasonic
vortex flow meter.
Two pairs of ultrasonic transducers detect neighboring vortices, which are
separated from the different sides of the bluff body with the opposite circulation.
Using simple signal processing (amplitude and phase demodulation, inverting
one of the demodulated signals and adding the other), the same or similar types
of noises will be reduced or totally eliminated, and the amplitude of the
measured signal will be doubled. The noise signal caused by the vibration of the
installation and the disturbances in the flow can be reduced considerably,
because of the presented technique for measurement and signal processing
[84],[85],[96],[98],[100].
Also, this technique provides the possibility to use a very small vortex shedder
(blockage ratio d/D = 0.06), even for the cylindrical shape of the bluff body. The
developed prototype vortex flow meter has a cylindrical bluff body. The testing
is realized using four cylindrical bluff bodies with different blockage ratios (0.06,
0.1, 0.15 and 0.2). Here, we present the results of the testing of the prototype
vortex flow meter with the blockage ratio d/D = 0.06.
The goal was to show that by using the presented technique, it is possible to
measure the flow using a vortex flow meter with a very small blockage ratio
(0.06) and thus reduce the pressure drop on the flow meter and expand the
measurement range, without increasing the error and the measurement
uncertainty. This is an important improvement since the sensor and the vortex
shedder must be optimized from the aspect of the vortex shedding and the
signal processing.
The choice of the sensor for the detection of the pressure requires a relatively
large blockage ratio of 0.2–0.3, which has a high pressure drop and a low flow
range (1:5) of the vortex flow meter as a consequence. The ultrasonic detection
of the vortices requires a complex and expensive electronic structure for the
signal processing.
Amplitude modulation can be used to measure the high flow rate, higher than a
given value, (for example, half of the measuring range), and the phase
modulation can be used to measure the low flow rate, less than a given value
(half of the measuring range) for the same flow meter.
In this way it is possible to extend the flow range of the vortex meter in the lowflow-rate region. The minimum measured flow velocity through the prototype
ultrasonic vortex flow meter, with the nominal ID-50 mm, is 0.43 m/s, which is
less than the 0.5 m/s minimum velocity of the ultrasonic vortex flow meter based
on complex DSP (correlation function, wavelet transform digital filters, etc.).
This velocity is also three times smaller than the minimum velocity of the
traditional vortex flow meter based on detecting a variation of the pressure
behind the bluff body.
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It should be noted that this result is achieved with a cylindrical shape of the bluff
body with a blockage ratio of d/D, as mentioned, equal to 0.06. Better results
can probably be expected when using a shape of the vortex shedder with
clearly defined points for the separation of the vortices (triangular, trapezoidal
etc.), but this needs to be explored.
The measurement uncertainty is the most important feature of the vortex flow
meter. Different factors affect the measurement uncertainty: shape and position
of the bluff body, position of the sensor, roughness of the inner surface of the
pipeline, electronic signal processing, etc. [83], [90], [96], [97], [105], [106]. The
measurement uncertainty of the tested prototype vortex flow meter ID 50mm, in
the measurement range, is better than ±1%, (exactly ±0.75%), which fits to the
traditional vortex flow meter. A flow measurement based on the proposed
technique is not limited to high flows. In the realized experiment it is not shown,
due to the limitation of the calibration station, but it is possible to conclude that
the proposed technique offers a measurement range for liquid fluids better than
1:15, which is three times higher than for traditional flow meters.

5.4. Contributions to science (Hypothesis E)
E. Hypothesis: The simultaneous detection of a pair of vortices with the opposite
circulations, by means of the two pairs of ultrasonic detectors in a vortex meter
that are developed and considered, can be used to reduce the following: the
noise caused by the installation vibration and flow disturbance, the size of the
bluff body, the pressure drop on the flow meter, the measurement uncertainty,
and also to provide instrument technology improvements with the redundant
operation of the flow meter, and finally to enable calibration procedures that
contribute to the measuring capabilities.
Contribution to science: The newly proposed approach to the detection of
vortices [41], based on the two pairs of ultrasonic transducers, provides a
number of novelties and advantages, such as:
Both the amplitude and phase of the ultrasonic wave are modulated by
the vortex street. These instrument-technology improvements can improve the
characteristics of the vortex flow meter, for example:
- Amplitude modulation can be used to measure a high flow rate
(higher than a given value) for the same flow meter,
- Phase modulation can be used to measure a low flow rate (smaller
than a given value) for the same flow meter,
- Consequently, both the amplitude and the phase modulation will
increase the dynamic range of the meter,
- Both the amplitude and phase modulation will provide redundant
operation of the flow meter and increase the reliability of the
instrument in the range where both of them are possible. This will
provide a reduced measurement uncertainty for the meter, and so
ensure an improved statement of the complete uncertainty
contributions,
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- The linearity of the calibration constant, in the full range of flow
rates, is better than ±1%,
- The minimum flow rate detected by the prototype vortex flow meter
is less than 50 l/min,
- The minimum value of the mean velocity was 0.43 m/s,
- The corresponding value of the Reynolds number was 2.1*10 4,
- The calibration procedures will be simplified and together with other
indicated innovations will provide a more consistent traceability
route.
The bluff body size can be reduced. The result of this is a reduction of the
pressure loss on the meter:
- The noise signal caused by the vibration of the installation and the
disturbance of the flow can be reduced considerably, because of
the presented digital signal processing (DSP).

5.5. Theoretical introduction (Hypothesis F)
The performance of turbine flow meters in transitional flow regimes was studied
in this research. Different flow meters and peak gas-flow rates were used, with
a step flow transition induced by the rapid closing and re-opening of the pipeline
valve. Hotwire anemometry was employed as a reference method to assess the
dynamic response of the turbine flow meters. In order to analyze the dynamic
changes of the flow regimes, a brief description of the principles, technical and
measurement features of the gas turbine flow meter and the hot-wire
anemometers is given.
5.5.1. The turbine gas-flow meter
Despite the constant development of novel flow measurement methods, turbinetype meters remain widely used in the volume measurement of natural gas due
to their accuracy and reliability.
A well-calibrated and properly installed turbine flow meter is capable of
measurements with less that ±0.25 % error [107].
Several publications have so far dealt with turbine meter calibration and
measurement-uncertainty analysis [108], [109], [110], as well as with the
numerical modeling of the turbine meter’s operation [111], [112].
The gas turbine flow meter is a measuring instrument that indirectly measures
the mean gas velocity that passes through the measuring instrument, and after
that determines the gas flow that passes through the measuring instrument and
finally determines the amount of gas that passes through the measuring
instrument in a given time.
The gas turbine flow meter consists of a housing, pipes with or without flange
ends, a flow rotor, a turbine wheel carrier (most often axial), a turbine, an
impulse encoder, and a supporting signal processor (Figure 42).
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From the given description of the turbine measuring instrument, this traction is
dependent on the flow conditions (i.e., from the Reynolds number), but also
from the mechanical friction resistance in the transmission mechanism.
The turbine measuring instruments for the turbulent flow have a smooth
calibration curve near the "zero" deviation, which is why these meters are used
in flow conditions when the flow is greater than the 0.5 Qmax projected for that
turbine.
It is very important for this measuring instrument that the whole error curve,
from the minimum to the maximum flows, is “placed” within the boundaries of
the acceptable error.
With the turbine measuring instrument for gas fluid flow, the important
characteristic is that with an increase of the working flow in the measuring
instrument the error curve drops down from the values in the plus to the minus
values.

Figure 42: Turbine flow meter
From the point of view of fluid mechanics, unlike the measuring instruments
working on the hydrostatic principle (membrane, with rotary piston, etc.) the gas
turbine meter works on the hydrodynamic principle of fluid mechanics, which is
the same as the one used in hydraulic machines (HMs).
A HM seeks to have as much work (or power) as possible on the turbine shaft,
and here, when measuring the fluid flow with the turbine measuring instrument,
it tries to measure the flow with as little work (or power) as possible. Or, in other
words, with the usual water turbines the aim is to achieve the highest degree of
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efficiency , and here, in addition to this goal, the goal of getting as low as
possible, in terms of power efficiency, is set.
Although the goals are different, the turbines in the hydro power plants, the gas
turbines and the turbine flow meters operate on the same principle expressed
by the Euler turbine equation.
These types of axial rotor are commonly used today in measuring instruments
(concerning the small forces it is usually about an axial rotor with simply shaped
blades). If the function of the turbine flow of measuring instruments is compared
with the turbines in the usual function, then the operating point of the measuring
instrument resembles the operating point of the turbine when it comes to the
fallout of the electric generator from the network, so when the turbine is
completely relieved (it does not reveal any power outside of the system) and
when the rotor of the turbine accelerates to the maximum number of
revolutions. Turbine flow meters work in such a regime as well.
Unfortunately, while this area for ordinary turbines is thoroughly examined
(model and in situ), it has not been investigated for measuring instruments (at
least according to literature data) with respect to examining the dynamic
behavior of measuring instruments. This could certainly be an interesting issue
for further research, where it would be necessary to completely determine the
turbine characteristics first.
This review aimed at bringing turbine flow-measuring instruments to a
comparable situation as that for turbines.
The main equations are identical for all the turbines, so the relation is applied:
N= p Q 

(81)

where:
N – force at the outlet of the turbine
p – the change of the gas flow while flowing through the turbine
 - the overall level of the efficiency that comprises the hydraulic level of
efficiency h, of the volumetric v, and the mechanical level of efficiency m,
where =h vm
There is no information on how much loss is generated in the rotor and how
much is generated in the transmission mechanism - although it is immediately
possible to estimate that the losses in the transmission mechanism are far
greater than the losses that occur directly on the rotor.
It should be noted here that the measurement error at the beginning of the
measuring range has to be very large, because each turbine measuring
instrument must have a certain minimum speed of fluid motion under which the
rotor turbine cannot rotate. In such cases, the errors of the measuring
instruments are due to the imperfection of the measurement procedure and the
imperfection of the measuring instruments. When measuring the flow with a
turbine measuring instrument, the dependence Q = f (n) is required, where n is
the number of revolutions of the rotors of the turbine measuring instrument.
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The dependence Q = f (n) must be determined by a calibration. The rotor torque
can be more or less reduced due to the resistance (both the rotor and the entire
transmission mechanism). This causes a certain "slipping" of the rotor and
decreases the number of revolutions compared to the ideal situation.
The use of turbine flow measuring instruments for a longer period can cause
bearing impurities or the obstruction of the cross-sectional area of the impeller.
Gas impurities (solid particles, droplets (oils, for example), vapors, other gases)
have a negative impact on the work of measuring instruments (changes in the
dynamics of the impeller, damage to the blades of the impeller, impure
bearings, etc.).
Flow pulsations, fluid vortices and an unbalanced speed profile also affect the
dynamics of the impeller. In order to protect against these harmful effects, there
are built-in flow controllers that partially eliminate the harmful effects of these
interferences.
Taking into consideration all the positive features, some of the negative features
of turbine measuring instruments could not affect the fact that today turbine
measuring instruments are the most used for legal metrology.
The rangeability of a turbine meter is dependent on the process fluid density,
viscosity, and fluid type. For gas turbine meters, the rangeability is typically
reported as 10:1 at pressures close to atmospheric and as high as 100:1 at
elevated pressures. For turbine meters the rangeability is typically limited by the
rotor speed and the pressure drop across the rotor. Elevated levels of pressure
drop can damage the rotor blades and excessive velocity can over spin the
bearings.
5.5.2. The hot wire anemometer
Thermal measuring instruments for flow that are interesting for this purpose
belong to the group of measuring instruments with the abbreviated name CTA
(abbreviation of the English words constant temperature anemometry) [113].
Thermal measuring instruments of the CTA type consist of a heated body (wire
or film) that is immersed in a stream of the air. Because of the air circulating
around the heated body, it cools. An anemometry ensemble that maintains the
temperature of the heated body uses a voltage that is increased so that the
temperature of the heated body is kept constant. This change of the voltage on
the heated body is a function of the speed with which the air circulates through
the heated body. By measuring the voltage and by knowing the law U= f (E),
i.e., the law of the speed change from (U) based on the voltage (E), the speed
at one point for every moment can be determined.
The feature of these measuring instruments is that they are not sensitive to the
direction of the speed, i.e., they are not sensitive to reversible flow.
A diagram of one shaft with a heating-element “wire” is given in Figure 43.
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Figure 43: Thermal CTA instrument for measuring the air speed
CTA-type thermal measuring instruments can have one hot wire (SN “singlenormal " probes with the vertical on the medium speed, and SY "single yawed"
– probes with the incline on the medium speed) or multiple hot wires ("KS" and
"triple" probes – measuring instruments) [113].
A large number of wires provides measurements with more components of the
flow speed. In an anemometry sensor the hot wires have a length of 1–2 mm
and a width of 0.005 mm. So, the sensor is quite small, which means it provides
a good and fast response to the voltage change due to the speed change of the
fluids.
The dimensions of the sensor probe determine the frequency and quality of the
response.
Since the transfer of heat from the wire to the fluid depends on the flow
characteristics and the fluid characteristics, it is necessary to calibrate each
probe separately.
The calibration is performed with a simple procedure. For the measured flow (or
for the speed or Re number), the voltage is read on the anemometer amplifier.
On the basis of the obtained table of speeds, the voltage is determined by the
functional dependency of the flow speed.
A thermal anemometer provides an analogue output that represents the speed
at one point. In thermal measuring instruments of the CTA type, the hot-wire
sensor is electrically heated to a specific temperature within the range 225 C to
250 C.
The power of the electric energy at the entrance to the sensor is then related to
the voltage on the sensor.
This voltage provides the speed measurement and determines the heating
energy of the wire. For one sensor when determining the resistance and
temperature values, the equation can be written in the form:

E 2 = A + BV n

(82)
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The coefficients A and B are determined empirically, on the basis of the
obtained results of the sensor calibration.
After the coefficients are calculated, it is possible to construct a dependency
curve. An example of such a dependency curve E = f(V) is given in Figure 44.

Figure 44: Voltage dependency at the ends of the hot wire as a function of fluid
speed [75], [113]
Equation (82) can be linearized. Regularity (82) is more commonly sought in the
form:
V = f (E)
V = C0 + C1E + C2E2 + C3E3 + C4E4

(83)

There are many qualities of thermal measuring instruments of the CTA type
(fast response, measuring of the current speed, low cost, familiar mathematical
model measurement, small dimensions, possibilities of measuring low speeds
and large measurement ranges), and through history this type of measuring
instrument was used in scientific research.
The mean speed and the speed at a point, as well as the turbulence, were also
measured.
The small measuring volume control of the hot wire, with a diameter of 0.005
mm and a length of 1 mm, became popular with LDA (Laser Doppler
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Anemometer) measuring instruments that have a smaller measuring control
volume.
The law of the change of velocity (U) by the voltage (E) determines the speed at
any time at one point.
A characteristic of these criteria is that the device is not sensitive to the direction
of the speed vector and generally not sensitive to reflow.
The qualities of thermal CTA meters are numerous: quick response, current
speed measuring, low cost, well-known mathematical model of the
measurement, small size, the ability to measure low speeds, large measuring
range, etc. These types of meters were primarily used for the purposes of
scientific research.
The small measurement volume of a hot wire with a diameter of 0.005 mm and
a length of 1 mm is only comparable with a LDA, which may have even smaller
control volumes, but they have other disadvantages.
The disadvantage of hot-wire meters for speed is the sensor’s sensitivity to
dust, dirt, fumes, oil droplets, chemicals originating from the process, etc. All
these impurities interfere with the transfer of the heat to the change in the
sensitivity of the sensor and the response function. These impurities ultimately
lead to the destruction of the hot wire, due to overheating or mechanical shock.
The filtration of fluids and the regular cleaning of the hot wires can enhance the
hot wire’s performance. Frequent cleaning of the hot wire and filtering of the
working fluid can also decrease the uncertainty of the velocity measurement.
This can be further improved by shortening the calibration intervals of the hot
wire.

5.6. Applied research methods and experiments (Hypothesis F)
The majority of the existing studies were focused on the steady-state operation
of the flow meter where the flow rate of the gas is constant or changes at a very
slow rate, and the research on the dynamic changes in the flow measuring
processes are not often studied [114], [115].
While such a uniform transport of natural gas is certainly desired, the flow
conditions in the pipelines are often far from constant, due to fluctuations in the
gas supply and the demand, which are closely linked to unpredictable
environmental conditions [116].
The two main types of time-dependent flows are pulsating and intermittent flows
[117], but the actual gas flow can be a combination of both, especially over
longer periods of time.
Pulsating flows are typically generated by pulsating devices such as
compressors and regulators, and are characterized by harmonic oscillations of
the gas flow rate about its mean value, constantly resulting in excessive volume
readouts by the gas meter, known as over-registration or overestimation [118].
The effect of flow pulsations on the measurement uncertainty of turbine flow
meters was investigated and modeled by [117], [119] as a function of the
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pulsation frequency and amplitude, as well as the flow meter size and flow rate.
As shown by [120], acoustic perturbations (e.g., due to standing waves in the
system) can also cause significant oscillations of the gas flow rate, leading to
significant metering errors, due to the poor dynamic response of turbine flow
meters.
The effect of the pulsating flow disturbances can be partly reduced by the
proper installation of the flow meter, including a sufficient length of straight pipe
sections and the application of flow-settling devices such as tube bundles and
flow conditioning plates [121], [122].
However, even a properly installed turbine flow meter will still be affected by
intermittent flow transitions, which cannot be sufficiently reduced in the system.
These are mostly induced by quick changes in the flow rate of the gas, usually
due to the opening or closing of a pipeline valve or sudden changes in gas
demand.
The rotational speed of a flow meter turbine typically follows the flow
acceleration well, but exhibits a significant delay when slowing in a decelerating
flow [123], [117], resulting in over-registration of the gas volume.
Despite the fact that the rotational speed of the turbine drops exponentially with
time [123], the response times are usually large, leading to significant stop
delay errors (over-registration of the gas volume). According to [117], a typical
medium-sized turbine flow meter can experience as many as 10,000 on/off
cycles per year, consequently overestimating the gas volume by more than 1 %.
This flow-rate variability represents an additional source of measurement
uncertainty in the operation of turbine flow meters, besides the measurement
uncertainty in steady flows.
During use flow disturbances can cause a significant dynamic error in the
registered volume of natural gas. This is becoming an increasingly important
issue due to increasing natural-gas prices and consumption, as well as more
rigorous gas-metering regulations.
Therefore, this research aimed to assess the effect of the transitional flow
phenomena on the dynamic measurement error of turbine flow meters [42],
[124], [125]. The error, i.e., the over-registered gas volume, is presented as a
function of the flow meter size, the flow rate and the duration of the intermittent
step flow disturbance.
The laboratory for the testing and calibration of gas meters in Sarajevogas
(described in detail in the previous chapters) works at atmospheric pressure:
-in the range of flow rates 0.5 m3/h – 4000 m3/h;
-in the temperature range (21 ± 2)°C;
-with an expanded uncertainty (k=2) of 0.31 %.
In this experiment the setup operates on the master meter principle, where the
meter under test (transfer standard) is located downstream of the standard
meters. Ambient air is sucked in by a blower and the flow rate is adjusted by the
regulation of the blower and the electromotive valve. The testing procedure is
controlled by software.
To make qualitative testing, three measuring setups were prepared.
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The first setup consists of the pipe DN 80, a filter and the straightener on the
inlet side, the turbine meter G250 and the hot-wire sensor downstream, and
piping with valves, control units, and other measuring instruments on the outlet
side with the blower on the end (Figure 45).

Figure 45: Measuring setup with G250 turbine meter as standard
Qualitative testing made with this setup, with smaller size flow meters given in
Figure 46 shows different responses from the hot wire (red line), which reacts
almost instantly to a change in the flow, while the turbine flow meter (highfrequency signal) (blue line) has a delay in the retardation of the fluid flow and a
much smaller delay when the fluid flow is accelerating.

Figure 46: Qualitative tests - response of system to given disturbances in the
flow

113

The second setup consists of a pipe DN 250, a filter and straightener on the
inlet side, a turbine meter G1000 and a hot-wire sensor downstream, and piping
with valves, control units, and other measuring instruments on the outlet side
with a blower on the end.
The third setup consists of a pipe DN 300, a filter and straightener on inlet side,
a turbine meter G2500 and a hot-wire sensor downstream, and piping with
valves, control units, and other measuring instruments on the outlet side with a
blower on the end.

Figure 47: Measuring setup with G1000 and G2500 turbine meter as standard

Figure 48: Qualitative tests - response of system to given disturbances of the flow
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Qualitative testing made using the setup with the larger flow meters given in
Figure 48 again shows the different responses from the hot wire (red line),
which reacts almost instantly to the change in the flow, while the turbine flow
meter (high-frequency signal) (blue line) has a delay in the retardation fluid flow
and a much smaller delay when the fluid flow is accelerating.
After these qualitative findings some detailed research was conducted [42] with
the following plan:
With the turbine meter G250, five flow rates were measured in m3/h: 50, 100,
150, 200, 250.
With the turbine meter G1000, five flow rates were measured in m 3/h: 300, 500,
700, 900,1100.
With the turbine meter G2500, five flow rates were measured in m 3/h: 1100,
1500, 2000, 2500, 3000.
The hot-wire sensor measures the velocity of the air up to 33 m/s.
Measurements of all 15 runs were performed at LABSAGAS by applying the
same procedure, which starts with the stabilization of the desired flow in the
installation. When the flow is stabilized, the measurements of high frequency
(HF) on the turbine flow meter and the measurement of voltage on the hot wire
(HW) can start. The complete obstruction of the cross-section of the inlet pipe
was made at one moment by a valve.
Using turbine flow meters in the long term can cause contamination and
obstruction of the moving part and the cross-sectional area in the impeller. The
impurities in gases (solid particles, droplets (oil for example.), vapor, other
gases) have a negative influence on the operation of the meter (changes the
dynamics of the impeller, damage to the blades of the impeller, dirty bearings,
etc.).
Pulsation of flow, the fluid asymmetrical velocity profile, also influences the
change in the dynamics of the impeller. As a protection against these harmful
effects, flow straighteners are installed that partially eliminate the effects of
these disturbances. However, the turbine gas flow meter is still considered as
the best gas flow meter.
Measurements of HF and HW were continued and recorded. The intermittent
flow performance of the three different turbine flow meters was evaluated in a
specially adapted test rig – consider the measurement setup shown in Figure
49.
The test installation consisted of an open pipeline filled with air (at 1 bar
absolute pressure and about 20 °C), a centrifugal fan for producing the desired
volumetric flow rate Q, a turbine flow meter to be tested, and a valve. During the
measurements, the valve was rapidly closed and then re-opened after
approximately one minute to induce an intermittent step disturbance of the flow
deceleration and acceleration, respectively.
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Figure 49: Measurement setup for testing the turbine flow meter’s dynamic
response
Flow rate, i.e., the rotation speed of the flow meter turbine, was measured by a
high-frequency pulse signal p(t), for flow meters of three different sizes
(diameter D, Table 11) with respective maximum flow rates Qmax.
Additionally, the velocity of the circulating air at the pipe centerline was
measured by a hotwire (HW) anemometer [113] as a representative of the
instantaneous air flow rate. The main advantage of HW anemometry is its very
good dynamic response to changing flow conditions, making it well suited for an
evaluation of other methods' performance in transitional flows.
Both, the flow meter signal and the HW anemometer signal were sampled at
5000 Hz and acquired by a computer using National Instruments measurement
cards and LabVIEW software.
Table 11. Turbine flow meters used in the experiments. Ranges of Q and Re
are provided for unrestricted flow (fully opened valve)
No

Type

D

Qmax

Q range

Re range

[m]

[m3/h]

[m3/h]

[∙103]

1

G250

0.1

400

50-250

11.8-58.9

2

G1000

0.2

1600

300-1100

35.4-130

3

G2500

0.25

4000

1100-3000

104-283

In the first step of the measurement data post processing, the turbine rotational
speed ω (unit: Hz) was calculated from the pulse signal p(t) as the inverse value
of the times between the peaks of the p(t).
Then, the normalized rotational speed was calculated as ωn = ω/ωmax, where
ωmax is the maximum value of ω.
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Next, the centerline flow velocity v was calculated from the hotwire voltage
signal U(t) by equation v = (U2/0.741-2.651)2.036, which was obtained from the
HW calibration data. For the purpose of a comparison with the turbine rotational
speed, the HW-measured velocity was also normalized as vn = v/vm.
However, due to the fact that the HW signal exhibited significant turbulenceinduced oscillations, the signal v(t) was smoothed and down sampled to a 100
Hz sampling rate. Then, vm was computed as the mean velocity after the flow
rate through the meter was fully resumed following the valve reopening. Finally,
both ωn and vn were plotted as a function of time (a sample diagram is shown in
Figure 50).
Note, that since vn was computed from measurements conducted at the pipe
centerline, it is linearly proportional to the maximum flow velocity of a velocity
profile, but not to the mean flow velocity 𝑣 , as the profile shape changes with
the Reynolds number (Eq. (84)). In Eq. (84), νa is the kinematic viscosity of air.

𝑅𝑒 =

𝑣𝐷
𝑣𝑎

(84)

However, flows at all operating points were turbulent with Re = 1.2∙104…2.8∙105
(Table 11), suggesting similarly shaped velocity profiles roughly following the
1/7th power-law curve [126]. For this reason, no corrections were made to the
value of vn, assuming 𝑣𝑛 ∝ 𝑄 and 𝑣𝑛 ∝ 𝑅𝑒.

Figure 50: A sample diagram of normalized HW and turbine-measured dynamic
response to a step flow transition (Q = 900 m3/h)
Figure 50 shows the temporal response of ωn and vn for the G1000 flow meter
at an initial flow rate Q = 900 m3/h.
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Closing of the pipeline valve occurs at time t0 and is followed by a rapid
reduction of the flow velocity detected by the HW anemometer (vn) due to flow
deceleration.
However, the response of the flow meter’s rotational speed ωn was much
slower, even 60 seconds after t0 the turbine was still spinning. At t1, the valve
was reopened and the flow velocity vn resumed in less than 2 seconds.
Now, the value of ωn lags behind vn much less than in the case of flow
deceleration, returning to 99% of its initial magnitude at time t2, which was
chosen to mark the end of the turbine’s dynamic response. To characterize the
dynamic response of the turbine flow meter to the step flow transition, multiple
quantitative measures will be introduced. Due to the lag of the turbine’s
rotational speed, the flow meter over-registers the volume of the gas between t0
and t1 and under-registers it between t1 and t2. The over-registered volume V1
and the under-registered volume V2 can be calculated by integration – Eqs. (85)
and (86). The constant kt = 1s introduced to allow the dimensionless formulation
of V1 and V2, which is mathematically more correct considering the fact that ωn
and vn are already dimensionless. Note that the integration of the normalized
quantities ωn and vn yields a result with [s] unit.
For the example presented in Figure 50 we obtain V1 = 21.6 and V2 = 0.93,
meaning that between t0 and t2, the gas volume is over-registered by V1-V2 =
20.7, or an equivalent of the dimensional gas volume transferred through the
flow meter for a fully opened valve in 20.7 seconds (5.18 m3).
Since the interval length t0 and t1, in which the valve was closed, was not
constant at all operating points, the volume V50 (Eq. (87)) will also be introduced
as the over-registered gas volume in the first 50 seconds after t0.
1

t

t

0

V1 = k ∫t 1(ωn (t) − vn (t))dt
1

t

t

1

V1 = k ∫t 2 (vn (t) − ωn (t)) dt
V50 =

1
kt

t0 +50𝑠

∫t

0

(ωn (t) − vn (t))dt

(85)

(86)

(87)

A measure closely related to over- and under-registered gas volumes is the
ratio θ between the acceleration and deceleration time of the flow meter turbine
– Eq. (88). Typically, the value of θ is well below 1, as the turbine accelerates
quickly and decelerates slowly upon a step flow transition.
𝑡 −𝑡

𝜃 = 𝑡2 −𝑡1
1

0

(88)

Another characteristic parameter will be introduced as the halving time, τ1/2,
required for ωn to drop to 50% of its initial value at t0.
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As such, the time constant τ1/2 is an important measure of the flow meter mass
inertia and the mechanical losses. A dimensionless formulation of the halving
time will be designated as τ = τ1/2/kT.

5.7. Practical implications of the research – Results (Hypothesis F)
5.7.1. Flow meter dynamic-response curves
In order to reduce the random error and the measurement uncertainty it is
necessary to increase the number of measurements of particular quantity. The
consequence of reducing the uncertainty of a measurement as a phenomenon
(reduction of a lack of knowledge about the measuring process) may be an
increase in the numerical expression in the declaration of the uncertainty.
With this approach more realistic and less unreliable results than usual, which
was previously reported, will be available. The assumption is that the same
quantity is measured by:
- different types of meters,
- to use the same knowledge about the measurement process in both
cases,
- that the environmental conditions and conditions in the working media
influence in a similar or the same way on both meters.
Similar to Figure 50, the dynamic response of the investigated flow meters will
be presented with curves of the normalized turbine rotational speed ωn (Figs.
51-53) for different initial flow rates Q. The graphs will show ωn as a function of
the time t-t0 passed since the closing of the valve. In Figs. 51-53, reopening of
the valve (at t1) is marked by circles, while triangles denote the time t2 when the
flow meter turbine reaches 99% of its final rotational speed. By our convention,
this marks the end of the turbine’s dynamic response.

Figure 51: Response of flow meter No. 1 to flow deceleration and acceleration
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Figure 52: Response of flow meter No. 2 to flow deceleration and acceleration

Figure 53: Response of flow meter No. 3 to flow deceleration and acceleration
From Figs. 51-53 it can be seen that the curves of ωn resemble the shape of an
exponential decay function (consistent with the findings in [123]).
However, the dynamic response of the normalized rotating speed ωn to an
otherwise very quick flow deceleration is slow, with halving times τ1/2 between 6
s and 35 s, and generally dropping with Q (Figure 54). Consequently, the
transferred volume of gas is largely over-registered between t0 and t1.
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The volume V50 (Figure 54), which marks the over-registered volume between t0
and t0 + 50 s, can be observed to drop with Q and increase with the flow meter
size. Also, at all operating points, the under-registered volume V2 is much lower
than the over-registered volume V1 (V1/V2 = 12…60, consider Figure 54). This
leads us to a conclusion that V2 is not a significant issue in a transitional flow
measurement and even reduces the overall measurement error (V1- V2) through
partly offsetting V1.

Figure 54: Characteristic dynamic-response parameters of turbine flow meters
depending on their size and the initial flow rate Q
5.7.2. Regression models for transient delay and measurement errors
To present the results of the analysis of the measured parameters more
systematically, the effect of the operating parameters on the dynamic response
of flow meters will also be modeled mathematically. Due to the relatively large
range in which these parameters were varied, power-law fitting will be used to
form multiple regression models for V50, θ and τ – Eqs. (89), (90) and (91),
respectively. To make these models fully dimensionless, the flow meter size D
(unit: m) will be replaced by δ = D/kL, where kL = 1 m. The following general
equation will be used for power-law fitting:
𝑎2

Πi = a0 Re𝑎1 δ

(89)

In Eq. (89), Πi is the modeled variable (V50, θ or τ). Regression coefficients a0,
a1 and a2 are obtained by least-squares fitting of the power-law model to the
measurement data.
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The following models are obtained:
1.77

(90)

0.945

(91)

V50 = 1.61 ∙ 104 Re−0.737δ
θ = 2.69 ∙ 103 Re−0.737 δ

1.77

τ = 7.20 ∙ 106 Re−0.900 δ

(92)

All the models in Eqs. (90)-(92) have a high coefficient of determination (R2):
0.923, 0.931 and 0.960, respectively. This indicates a good agreement between
multiple regression models and measurement data to which they are fitted. As
demonstrated by Figs. (55)-(57) and corresponding Eqs. (90)-(92), all the
modeled variables (V50, θ and τ) increase with the flow meter size δ. This is
consistent with the findings of [119], [123] where longer response times and
larger over-registered volumes for larger turbine flow meters are reported. Such
behavior can be explained by the fact that larger flow meters possess a higher
ratio of inertial mass forces to the dissipative forces of aerodynamic drag and
friction in bearings and other mechanical elements [112].

Figure 55: Dimensionless volume V50 as measured in experiments (data points)
and modeled by Eq. (7) – trend lines (R2 = 0.923)
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Figure 56: Acceleration/deceleration time ratio θ as measured in experiments
(data points) and modeled by Eq. (8) – trendlines (R2 = 0.931)

Figure 57: Dimensionless halving time τ (corresponds to τ1/2 in [s] unit) as
measured in experiments (data points) and modeled by Eq. (9) – trend lines (R2
= 0.960)
Speaking of the Reynolds number effect, it is evident that an increase of Re (or
equally, the ratio Q/QMAX for a flow meter of a given size) causes a more rapid
response (i.e., shorter halving time τ1/2 and acceleration time t2-t1) of the flow
meter turbine rotation to the flow transition phenomenon, and consequently also
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a smaller measurement error due to the gas volume over-registration. At the
same time, a reduction in θ implies that the flow meter’s dynamic response
becomes even more asymmetrical, with the turbine acceleration up to 12 times
faster than the deceleration. A faster acceleration with rising Re and Q/QMAX
values can be explained by the fact that a flow with a higher velocity (when the
valve is re-opened) means a greater kinetic energy available for the
acceleration of the flow meter turbine, while at the same time the relative effect
of the mechanical dissipative forces is reduced [112].
As said, the flow transition induced in our experiments is very rapid, which is
often not the case in natural-gas pipelines where the flow rate is adjusted more
gradually. Also, the flow meter response times in natural-gas systems are lower
due to significantly higher operating pressures (and consequently Reynolds
numbers). As a result, gas volume measurement errors due to unsteady gas
flow are not as extreme as in our experiments, though still significant if large
amplitude flow fluctuations are present in the system. Nevertheless, very high
R2 values of multiple regression models for V50, θ and τ suggest that these
models can be extrapolated well beyond the experimental range of Reynolds
numbers and flow meter sizes, thus providing a valuable means for an
assessment of the measurement uncertainty in natural-gas metering.

5.8. Contributions to science (Hypothesis F)
F. Hypothesis: Understanding the dynamic response is essential to evaluate
dynamic errors and evaluate the overall measurement uncertainty of the turbine
meter. Multiple regression models can be used to have quantified flow meter
response times and over-registered volumes, which both could drop with
Reynolds number and increase with the flow meter size.
Contribution to science: In this research, the dynamic response of turbine
flow meters to a step flow transition has been investigated from the perspective
of dynamic errors [42]. Experimental results show a highly asymmetrical flow
meter response characteristic to flow changes reported in literature. By their
importance, below are a list of science contributions and novelties provided by
this research:
-

-

-

Flow acceleration is not problematic as it is quickly followed by the
acceleration of the flow meter turbine.
However, during the regime of flow deceleration, the response of the flow
meter is much slower with characteristic time constants up to 35
seconds, causing the transferred gas volume to be largely overregistered.
The dynamic response during deceleration was found to be faster for
smaller flow meters operating at relatively high Reynolds numbers (i.e.,
near the maximum allowable flow rate). The same applies to the
measurement error due to gas volume over-registration.
Consequently, multiple regression models for dimensionless response
times and over-registered volumes demonstrate a straightforward
dependence on the flow Reynolds number and the turbine flow meter
size. By extrapolation of these models to the region of higher Reynolds
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-

-

-

-

numbers, the effect of flow transitions on the measurement uncertainty of
the natural-gas volume can be assessed.
To avoid an excess overestimation of the transferred gas volume, the
duration of the pipeline valve closing procedure should be of the order of
magnitude of 10 seconds or more. Slower valve closing is required when
a turbine flow meter is operating at partial loads or at lower system
pressures.
Further research of the dynamic response characteristics should include
measurements at elevated pressures and with different types of flow
variability (e.g., intermittent in the form of a ramp or pulsating sine-wave
function) to expand and verify the validity of multiple regression models
presented in this research.
A measuring system consisting of thermal and turbine types of standards
assumed improvements in the metrological characteristics, which were
confirmed through an experiment on different flow rates made in
LABSAGAS.
The presented method and the explanation can be used as a base for
improvements in the performance characteristics for the purposes of
calibration in situ of each meter connected in series and can be used to
improve the measurement of the amount of working fluid [42].
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6. OUTLINE OF THE CONTRIBUTIONS TO SCIENCE
This doctoral dissertation is dealing with research on the traceability to the
International System of Units (SI) of flow measurements – with the emphasis on
the specific and unsolved problems, and it is divided into groups according to
the likelihood that the problem can provide complete and traceable
measurement results and the calibration certiﬁcates of gas ﬂow meters, which
reflect speciﬁc installation conditions. A list of the contributions to science
quoted by the Commission that evaluated the suitability of the theses and
approved by University of Ljubljana are:
1. Contribution to previous normative research in order to optimize existing
methods, which will be achieved with the proposed modifications, which can
be technically improved existing methods or allow the development of new
test methods for support in using standardized procedures, including the
expected uncertainty; (Confirmed here through research results under
hypotheses A, B, C, and D)
2. Improving the calibration of the equipment itself as a contribution to
measuring capacities, which will be confirmed in selected cases;
(Confirmed here through research results under hypotheses D, E, and F)
3. Studies of the accuracy and measurement uncertainty of non-standardized
results in measurements flows. (Confirmed here through research results
under hypotheses A and C)
The extensive research was made to allow a more reliable decision on how to
deal in a particular situation with measurement uncertainty as the subject of a
flow meter’s calibration, as the quantitative parameter obtained in the
calibration in the laboratory and with a qualitative statement about the accuracy
of the meter operating in the field. In order to keep as many uncertainty sources
under control, the experiments conducted as part of this dissertation were
carried out in a high-performance laboratory, implying very high quality and
complexity and thus quite expensive installations.
A critical consideration regarding the possibilities and capabilities of calibration
installations and the capabilities of meters, on one hand, and metrological
requirements, on the other, are explored and new contributions, conclusions
and recommendations are provided. Regarding this, the identiﬁcation and
characterization of the traceability issues in real-life gas measurements,
conducted in complex distribution systems in terms of ’’installation-speciﬁc”
error sources was one of the objectives.
The hypotheses proved with this dissertation, as a result, have scientific
contributions that fully satisfy the target set of scientific contributions determined
by the Senate's decision and which, besides the requested set of contributions,
have additional recorded results and contributions as follows:
Contribution to science under Hypothesis A related to the calibration
methods as causes for problems in the traceability to SI:
The research results [48] and outcomes can improve the present status of
processes in providing a traceability chain of ﬂow-measurement results to the
International System of Units (SI) and consequently, the reliable measurements
of gas ﬂow.
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For a complete and traceable measurement result and calibration certificate,
matching the specific installation conditions, a thorough analysis of uncertainty
contributions and sensitivity coefficients/factors has been developed. Due to the
advantages and disadvantages of certain approaches, the use of a hybrid
model is a possible solution for the estimation of the measurement uncertainty
in real-life conditions, where a “top-down“ approach should also be used, trying
to obtain, wherever possible, the measurement and measurement-uncertainty
analysis of the measurand, from the data obtained from measurements by a
single measuring instrument, rather than as a function or the sum of the
measurand’s fractions measurements displayed by several measuring
instruments.
When the measuring instruments are operating outside the laboratory, it is
practically impossible to determine Type-A evaluations of measurement
uncertainty, because even in the laboratory it is only theoretically possible to
perform multiple repeated measurements of the same quantity under the same
conditions.
The whole analysis, according to the Type-B evaluations and the use of the
formula for the combined standard uncertainty, can be done by using a
mathematical tool/model, but only if the input quantities are non-correlated.
Determining the coefficient of correlation of the input quantities is a problem that
can be solved by knowing the phenomenon, by possessing a large base of
measurement data of similar or the same problems, finally based on a
knowledge of this problem - because the problem is unexplored.
Contribution to science under Hypothesis B related to the legal aspects as
causes for problems for the traceability to SI:
The result [48] is based on individual SI-traceable calibration results of gas flow
meters as the elements of a complex distributed system. The added value is a
more precise and objective measurement result, reflecting the specific gas flow
installation, that can contribute to better normative documents and
ensures/enhances fair trade in one of the fastest-growing energy-consumption
areas. In reality, these facts are demonstrated by aligning the entire quantity of
the gas at the input of a complex distributed system with the cumulative sum of
all the individual gas meters at a specific installation.
The provided research can assist and contribute to pre-normative research with
the aim to optimize existing methods with the proposed inputs. This means that
inputs can technically improve existing methods or develop new test methods to
support the application of written standards, including an appropriate estimation
of the measurement-uncertainty expectations.
The results of this research will help to satisfy the demands given in [15] that
Member States shall ensure “billing information is accurate and based on actual
consumption”, as well as demands given in [16] which states that “ﬁnal
customers for natural gas are provided with individual meters that accurately
reﬂect the ﬁnal customer’s actual energy consumption”.
Contribution to science under Hypothesis C related to the flow conditions as
a cause of problems for the traceability to SI.
On the basis of the results [48], the hypothesis of the equal flow rate through the
three flow meters, each of which is in one of the three parallel connected pipes
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working in the same flow conditions can be denied. This conclusion is
important, especially taking into account the assumed equality of the flow
relation for the two flow meters in parallel branches of the pipeline [43] and the
lack of an adequate analysis for the three measuring instruments in parallel.
The starting theoretical model of the measurement-uncertainty evaluation for a
set of three flow meters that are working in parallel is developed. If possible,
calibration of the flow meter should be done using the same fluid and flow
conditions as those that will be used in the real situation. In reality, this is only
theoretically possible, and some degree of disturbance to the flow meter and an
inconsistency with respect to the real conditions are unavoidable. In order to
apply the measurement-uncertainty evaluation model and to carry out the
experiments, various uncertainty contributions have been classified as either
correlated or uncorrelated. Additionally, considering the results presented, the
question arises regarding the flow through the middle branch of the pipeline in
relation to the total flow, which can lead to the wrong delivery of the amount of
gas to the end user, and consequently can lead to inaccurate commercial
transactions.
Contribution to science under Hypothesis D related to the fluid properties as
causes for problems with the traceability to SI.
- If we use the existing laboratory with the air at atmospheric pressure as the
working fluid for the calibration of flow meters, we will have calibration results
that describe the meters’ measurement capabilities worse than that meter will
show in real conditions (when the pressure of the natural gas in real
conditions is larger than at least 1.5 bar).
- The difference between the two approaches and cases can be very precisely
defined and recognized as the correction that will be used when switching
from one to another condition, in order to compare them.
- This means that if the calibration of gas flow meters with air at atmospheric
operating pressure is considered, then we will have the measurement
capabilities of that meter on a safe side, as we will not send the meter to the
field to operate in real conditions with any risk, since if the meter has shown
satisfactory measurement capabilities in the laboratory, it will show better
measurement capabilities in the field. If we want to compare this meter with
the one calibrated in the laboratory prescribed by the Directive, it will be
possible if we define the correction at the place. It is proved that with a
certain level of confidence, it is possible to predict the measurement
characteristics of gas flow meters that operate in real conditions (natural gas
at overpressure) by calibration in a laboratory with air at atmospheric
pressure.
- There is the mathematical model of the measurements and the mathematical
analogy with the prediction of the results. Installations for the calibration and
verification of flow meters are very expensive and the changes in
requirements for flow meters lead to the changes of needed possibilities for
these installations.
Contribution to science under Hypothesis E related to the
technology/instrument and flow range as causes for problems with the
traceability to SI.
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The newly proposed approach for the detection of vortices [41], based on the
two pairs of ultrasonic transducers, provides a number of novelties and
advantages, such as both the amplitude and phase of the ultrasonic wave are
modulated by the vortex street. These instrument technology researches can
improve the characteristics of a vortex flow meter, such as:
- Amplitude modulation can be used for the measurement of a high flow rate
(higher than a given value) for the same flow meter;
- Phase modulation can be used for the measurement of a low flow rate
(smaller than a given value) for the same flow meter;
- Consequently, both amplitude and phase modulation will increase the
dynamic range of the meter,
- Both amplitude and phase modulation will provide redundant operation of the
flow meter and increase the reliability of the instrument in the range where
both of them are possible. This will provide reduced measurement
uncertainty of the meter and will ensure an improved statement of the
complete uncertainty contributions;
Calibration procedures will be simplified and together with other novelties will
provide a more consistent traceability route;
Contribution to science under Hypothesis F related to the
technology/instrument and flow response as causes for problems with the
traceability to SI. In the research [42], the dynamic response of the turbine flow
meters to a step flow transition was investigated from the perspective of
dynamic errors. The experimental results show a highly asymmetrical flow
meter response characteristic to the flow changes reported in the literature. In
terms of importance, the contributions to science and the novelties provided by
this research are listed below:
- Flow acceleration is not problematic as it is quickly followed by the
acceleration of the flow meter turbine;
- However, during the regime of flow deceleration, the response of the flow
meter is much slower with characteristic time constants up to 35 seconds,
causing the transferred gas volume to be largely over-registered;
- The dynamic response during deceleration was found to be faster for the
smaller flow meters operating at relatively high Reynolds numbers (i.e., near
the maximum allowable flow rate). The same applies for the measurement
error due to gas volume over-registration;
- Consequently, multiple regression models for dimensionless response times
and over-registered volumes demonstrate a straightforward dependence on
the flow Reynolds number and the turbine flow meter size. By the
extrapolation of these models to the region of higher Reynolds numbers, the
effect of flow transitions on the measurement uncertainty of the natural-gas
volume can be assessed;


The presented method and explanation can be used as a base for
improvements to the performance characteristics for the purposes of the
calibration in situ of each meter connected in series and can be used to
improve the measurement of the amount of working fluid [42].
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6.1. Consolidated contributions to science
After the research work and the analysis of the whole problem, the
contributions of science were explicitly structured and given for each
hypothesis (A, B, C, D, E, F) in the dissertation itself, as follows from the
structure of the dissertation, but in the following, consolidated contributions
are grouped in four groups:


Science contributions in relation to calibration methods for ensuring
traceability to SI linked to the evaluation of contributions of uncertainty
type A and B, which have a significant impact on the quality of the final
result.



Science contributions for hypothesis C in conjunction with the flow
conditions for ensuring traceability to the SI, which take into account the
concrete arrangements of measurement instrumentation in real
situations, unlike the laboratory situation. The results presented allow the
transfer of the method to larger systems involving a large number of
meters, which refers to the practical application of the method.



Science contributions in relation to the properties of liquids to ensure
traceability to SI, which take into account the difference between real
gases, unlike laboratory conditions, where the calibration is carried out
with the air. The dissertation presents a mathematical model with
corresponding constitutional relations, which gives a physical
interpretation of the effects of real gas on the measurement uncertainty.
The mathematical model is also the basis for the calculation of sensitivity
coefficients that define the effects of directly measured quantities with
indirectly measured, calculated quantities, in this case the mass flow rate
of the gas.



Science contributions in relation to technology, measurement
instrumentation and measuring range to ensure traceability to SI, which
improve the measurement result with respect to the range of the
measured quantity. In this part of the thesis, the original method of the
modified calibration of the flow meter is presented, which reduces the
measurement uncertainty in the wide measuring range of the meters,
and complements the standards of certain calibration procedures.
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7. FUTURE CHALLENGES AND RESEARCH
This doctoral dissertation provided a list of contributions to science comprising
those quoted by the Commission that evaluated the suitability of the thesis and
approved by the University Ljubljana and those provided additionally through
the research and the experiments conducted as part of this dissertation, all
given in the chapter before, where these contributions are summarized.
Since the general problem is to clearly distinguish what could be corrected
(based on calibrations) and what is the total uncertainty of the measurement
result (based on a thorough evaluation of the uncertainty sources/contributions)
and because of the imperfections of the meters and the measurement process,
it is expected that some new or expanded problems will occur. This will, of
course, as before, mostly depend on the level of the development of new
sensor technologies and the ability to manage big databases. As it was before,
a knowledge of the people involved in these activities will still be in first place
According to the hypotheses, the following future challenges and research are
likely.
Future work under the Hypothesis A (calibration methods):
The research results [48] and outcomes can improve the present status of
processes in providing a traceability chain for the ﬂow measurement results to
the International System of Units (SI) and consequently, reliable measurements
of the gas ﬂow.
For a complete and traceable measurement result and calibration certificate,
matching the specific installation conditions, a thorough analysis of the
uncertainty contributions and the sensitivity coefficients/factors was developed.
Due to the advantages and disadvantages of certain approaches, the use of a
hybrid model is a possible solution for the estimation of the measurement
uncertainty in real-life conditions, where a “top-down“ approach should also be
used, trying to obtain, wherever possible, the measurement and measurementuncertainty analysis of the measurand, from the data obtained from the
measurements using a single measuring instrument, rather than as a function or
the sum of the measurand’s fractions resulting from several measuring
instruments.
Future work under the Hypothesis B (legal aspects):
The result of the research [48] can assist and contribute to the pre-normative
research with the aim to optimize the existing methods with the proposed
inputs. However, it is expected that the technical improvements of the existing
methods or the development of new test methods can additionally facilitate this
development.
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Future work under the Hypothesis C (flow conditions):
On the basis of the given results [48], the initial theoretical model for the
measurement-uncertainty evaluation for the set of three flow meters that are
working in parallel is developed and an experimental confirmation of the
correlations between the measurements is proved. Possible future research
would be connected on the analysis of the influence of newly adopted flow
relations in certain measuring instruments on the relative measurement
uncertainty. Also, it will be interesting to see what will happen if we have four or
more parallel pipes in this setup and what will be the correlations between these
measurements.
Future work under the Hypothesis D (fluid properties):
The flow meter should be calibrated using the same fluid and flow conditions as
those that will be used in the real situation. All natural gases are gaseous fluids
that are compressible, and the factor of compressibility is in relation to the gas
quality. When we have in mind a very small or limited number of existing
laboratories we have to consider how to organize an inter-laboratory
comparison between those few laboratories that are operating with natural gas
(which do not have a reference value and the changes in gas properties are on
a daily basis) that is at a real overpressure (which is designed/based on the
country’s needs, from installation to installation). And finally, how to define the
traceability routes of these measurements.
Future work under
technology/instrument):

the

Hypothesis

E

(dynamic

rage

and

The newly proposed approach to the detection of vortices [41], based on two
pairs of ultrasonic transducers, provides a number of novelties and advantages.
The newly proposed approach to the detection of vortices [41], based on two
pairs of ultrasonic transducers, provides a number of novelties and advantages.
But still, it will be interesting to see how this improvement can be extended. in
particular for the range of higher flow rates.
Future work under the Hypothesis F (dynamic response):
The presented method and research [42], with the explanation, can be used as
a basis for improvements of the performance characteristics for the purposes of
calibration in situ of each meter connected in series and can be used to improve
the measurement of the amount of working fluid. Further research on the
dynamic response characteristics should include measurements at elevated
pressures and with the different types of flow variability (e.g., intermittent in the
form of a ramp or pulsating sine-wave function) to expand and verify the validity
of multiple regression models presented in this research.
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9. EXECUTIVE SUMMARY
This dissertation deals with research on traceability to the International System
of Units (SI) for flow measurements – with the emphasis on specific and
unsolved problems. It is divided into groups according to the affinity of the
problem to provide complete and traceable measurement results and calibration
certiﬁcates for gas ﬂow meters, which reflect speciﬁc installation conditions.
Traceability is a property of a measurement result, and a feature of
measurement traceability is that it has a well-known history of calibrations, until
the definition of Measurement Units, that the measurement uncertainty in the
next chain becomes bigger, and that the measurement uncertainty cannot be
decreased by a calibration with a reference to a higher level standard.
The main idea is to obtain complete and accurate measurement results of flow
meters operating in real conditions. Therefore, the results from the calibration
laboratory must also encounter added corrections and uncertainty contributions
due to the specific installation situation, if necessary. When the uncertainty
sources can be well understood and controlled, they might even be considered
as corrections, therefore decreasing the overall uncertainty of the flowmeasuring device.
Extensive research was done to allow a more reliable decision on how to deal in
a particular situation with measurement uncertainty as the subject of a flow
meter’s calibration, as the quantitative parameter obtained in a calibration in
the laboratory and with a qualitative statement about the accuracy of the meter
operating in the field.
Accurate measurements means those with satisfactory closeness of agreement
between the measured quantity value and the true quantity value of
a measurand, are essential requirements for every customer as well as when
legal requirements are considered, mostly outlined in EU Directives and the
relevant standards. Appropriate laws and regulations should be in compliance
with the needs of customers that require accurate and reliable measurements.
Legal metrology is included to provide traceability for legal tasks in the field of
measurements, mostly for billing purposes, but also in the fields of safety,
health and environmental protection. In alignment with this, there are many
reasons such as: comparability of the measurement results of gas quantities of
considerable values, demanding and sometimes not, realistic requirements and
expectations for uncertainties regarding the required errors, difficulties in
determining realistic measurement uncertainties for on-site ﬂow meters
compared to those obtained in laboratories and many others.
Critical considerations about the possibilities and capabilities of calibration
installations and the capabilities of meters, on the one hand, and metrological
requirements, on the other, are explored and new contributions, conclusions
and recommendations are provided. Regarding this, the identiﬁcation and
characterization of the traceability issues in real-life gas measurements,
conducted in complex distribution systems in terms of “installation-speciﬁc” error
sources is one of the objectives of this research. It is necessary to continually
explore the sources of the measurement uncertainty, which will give a better
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insight into the number of factors affecting the measurement process, which
leads to an increased and more realistic value for the measurement uncertainty.
Maintaining the consistency of correct measurements, with respect to their
traceability to SI, and providing a complete measurement result, is a fairly
expensive process, even more expensive than the procurement of measuring
instruments or standards.
There is still a lack of knowledge with regards to ensuring the proper traceability
of measurement results, as well as the evaluation of measurement-uncertainty
contributions and their exact inﬂuence in many cases, where conditions during
the calibration process in the laboratory differ from the real-life environment,
where the instrument is actually positioned. This is not only because of the
increase in demands for the comparability of the measurement results of
quantitates with considerable values, but also because of the demanding and
very often not realistic requirements and expectations for uncertainties
respecting the required errors given in normative documents, and because of
the limits for determining realistic measurement uncertainties for on-site flow
meters and even for those in laboratories.
The concept of the uncertainty of a measurement result, based on a theoretical
definition, in some cases is insufficient. Because of this, measurements in real
conditions will not be able to achieve the measurement uncertainty defined by
written standards, and will be in reality much higher. It is an imperative that the
estimation for all the contributions that influence measurement results are
correctly made. These contributions are sometimes neglected or misinterpreted,
which leads to the wrong interpretation of the measurement results, especially
in real measurement conditions, resulting in wrong decisions.
The unnecessary overstatement of the measurement uncertainty can increase
the costs of the overall system of measurement and the control of delivery and
supply, as the level of reports about faults increases. The unnecessary
understatement of the measurement uncertainty might cause too much trust to
be placed in the values reported, which could even have devastating
consequences. Therefore, an overestimation of the measurement uncertainty
due to a lack of knowledge is equally problematic as underestimating it. If these
concerns and certain ﬂow measurements are analyzed, the number of unsolved
traceability problems of the measuring results of ﬂow measurements under real
conditions will decrease.
A number of international normative documents and standards deﬁne the
measuring procedures, the routes for establishing measurement traceability, the
analysis and evaluation of measurement uncertainty, and the on-site calibration
of gas ﬂow meters. However, considerable additional research is still necessary
in order to improve the relevance of these documents in real-life applications
from the perspective of scientiﬁc, industrial and legal metrology.
In order to keep as many uncertainty sources under control as possible, the
experiments done in this research were set in a high-performance laboratory,
implying very high quality and complexity and thus quite expensive installations.
It is important to keep in mind that other sources of uncertainty coming from a
poor installation and by using different meter types must be taken into account
for each individual case.
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The subject of the dissertation and the research is how to make the correct
judgment regarding measurement results performed using gas flow meters and
different calibration methods, legal aspects, technology, instruments, fluids, and
flow conditions, also with regards to the dynamic range and response.
Specific unsolved flow-measurement problems regarding the traceability to SI,
according to the identified origination, are organized here in three chapters.
The first part of the Dissertation is based on two hypotheses related to
calibration methods and legislative aspects, as causes for problems in
traceability to SI.
The first hypothesis in this part of the research that is proved states that, most
of the time, the instruments are calibrated for the specified service conditions.
Nevertheless, calibration under laboratory conditions does not match the
conditions of operation of flow meters in real environments and therefore the
calibration as such, and consequently the uncertainty of the final result, could
be questionable. Accurate and more comprehensive and traceable
measurement results and calibration certiﬁcates of gas ﬂow meters, matching
speciﬁc installation conditions, can be achieved and created. And the second
one, which is also proved, is that some existing international normative
documents in the field of uncertainty estimation and flow measurement are still
insufficiently precise, which is why they are sometimes used when it is not
proper to do so.
Two techniques were used when setting up a non-standardized model of a real
gas measuring system to be analyzed: one with high frequency with the turbine
meter as a reference and one with low frequency with the rotary meter as a
reference. The evaluation of the results generated by the application of these
two techniques proved the previously stated: the curve of references drift is
about 0.2% from the curves that represent the sum of ﬂows of three meters
connected in parallel. This implies that the total quantity delivered through three
meters has a smaller value than the one measured by turbine HF gas meter or
rotary LF gas meter. Regardless of these facts, the approach with the turbine
meter with HF and the rotary meter with LH imply very diﬀ erent measurement
conditions. The curves presented in the dissertation show the same trend,
indicating that the correlations governing meters dominates the overall
behavior, and as such, has to be taken into account through a precise analysis
of the characteristic measurement setup. If three meters in parallel produce a
signiﬁcant drift of about 0.2% from the sum of ﬂows, it would be interesting to
see the trend when a larger number of meters are connected in parallel.
Considering the fact that there are correlations between the used meters, these
correlations need to be fully investigated if they are going to be used in any
standardized approach. This issue leads to an unrealistic estimated uncertainty
budget, most often in the direction of lowering the real value of the
measurement uncertainties that have implications for the quality of the
measurement and which subsequently leads to the inability to meet the
requirements of the directives. The results of the research imply that a
standardized, uncertainty approach for modeling the measurement uncertainty
is less appropriate than an error approach for real-life gas-flow measurements.
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The second part of the dissertation is based on two new hypotheses related
to flow conditions and fluid properties as causes of problems for the traceability
to SI.
The first hypothesis in this part of the research that is proved states that the
related correlations and the concept of the validity of the hypothesis of equal
flow through the three flow meters, each of which is in one of three parallel
connected pipes, each working in the same flow conditions, have to be
reconsidered. The starting theoretical model of the measurement-uncertainty
evaluation for a set of three flow meters that are working in parallel is
developed. If possible, the flow meter should be calibrated using the same fluid
and flow conditions as those that will be used in the real situation. In reality, this
is only theoretically possible, and some degree of disturbance to the flow meter
and an inconsistency with the real conditions are unavoidable. In order to apply
the measurement-uncertainty evaluation model and to carry out the
experiments, various uncertainty contributions have been classified as either
correlated or uncorrelated.
And the second one which is also proved states, with a certain level of
confidence, it is possible to predict the metering characteristics of gas flow
meters that operate in real conditions (natural gas at overpressure) by
calibration in a laboratory with air at atmospheric pressure. There is the
mathematical model of the measurements and the mathematical analogy with
the prediction of the results. Installations for the calibration and verification of
flow meters are very expensive and the changes in requirements for flow
meters lead to changes in the needed possibilities of these installations. A
comparison of calibrations and a verification of results from very different
installations (e.g., different operating fluids and pressures) is also problematic.
The third part of the dissertation is based again on another two new
hypotheses, related here to a technology/instrument and to the dynamic
response and range as causes for problems of traceability to SI.
The first hypothesis in this part of the research, that is proved, states that the
simultaneous detection of a pair of vortices with opposite circulations, by means
of two pairs of ultrasonic detectors in a vortex meter that are developed and
considered can be used to: provide instrument-technology improvements with
the redundant operation of the flow meter, enable improvements to the
calibration and measuring procedures and capabilities, including the
measurement uncertainty. And the second one, which is also proved, is that
understanding the dynamic response is essential to evaluate the dynamic errors
and evaluate the overall measurement uncertainty of the turbine meter. Multiple
regression models can be used to have quantified for flow meter response
times and over-registered volumes, which both could drop with the Reynolds
number and increase with the flow meter size.
The employed technology or type of meter, and considering what to measure,
or what to control, can influence both the accuracy and the total measurement
uncertainty of a flow measurement. As a result of the research, one new
approach for the detection of vortices in a vortex flow meter is developed. Both
the amplitude and the phase modulation of the ultrasonic wave are modulated
by the vortex street. Amplitude modulation can be used for the measurement of
high flow rates (higher than a given value) for the same flow meter. Phase
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modulation can be used for the measurement of a low flow rate (smaller than a
given value) for the same flow meter. Consequently, as a novelty both the
amplitude and the phase modulation will increase the dynamic range of the
meter, and will provide redundant operation of the flow meter and increase the
reliability of the instrument in the range where both of them are possible. This
will ensure an improved statement of complete uncertainty contributions and
other measuring capabilities.
In this second piece of research, the dynamic response of turbine flow meters to
a step flow transition was investigated from the perspective of dynamic errors. It
was proved that flow acceleration is not problematic, as it is quickly followed by
the acceleration of the flow meter turbine. However, during the regime of flow
deceleration, the response of the flow meter is much slower, causing the
transferred gas volume to be greatly over-registered. The dynamic response
during deceleration was found to be faster for smaller flow meters operating at
relatively high Reynolds numbers (i.e., near the maximum allowable flow rate).
The same applies to the measurement error due to gas volume overregistration. Consequently, multiple regression models for dimensionless
response times and over-registered volumes demonstrate a straightforward
dependence on the flow Reynolds number and the turbine flow meter size. By
the extrapolation of these models to the region of higher Reynolds numbers, the
effect of flow transitions on the measurement uncertainty of the natural-gas
volume can be assessed.
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