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Abstract

The urgency of development and metrological research of reference installations based on high-pressure vessels, which
meet the requirements of the implementation of traceability of instruments for measuring gas volume and gas volume
flow rate, is considered. The operation algorithm of the specified reference installations when transferring the unit of gas
volume to the gas meters under consideration is studied. Based on the algorithm and features of the operation of PVTt-type
standards, a list of the analysed uncertainties of type A is formulated when estimating the volume of the calibrated high-
pressure vessel; when measuring the absolute pressure and absolute temperature of gas due to the influence of instability
of pressure and temperature on the gas meter under consideration due to the presence of a temperature gradient in the
vessel. Uncertainties of type B, which are determined by metrological characteristics of measuring instruments, as well as
the uncertainty of parameters evaluated by means of calculation, in particular the compressibility factor of the working
environment, the influence of water vapour on the working environment and the influence of the discreteness of the device
for collecting information about measurements from the gas meter are considered.

Formulas to quantify the combined uncertainty of measuring the volume of the calibrated vessel, the absolute pressure
and absolute temperature as well as to calculate the air compressibility factor for the operating conditions of the installation
are given. These parameters are the absolute pressure and absolute temperature of the gas and the compressibility factor
of the working environment in the vessel at the beginning and at the end of the reproduction of the reference volume as
well at the inlet of the gas meter. The expressions for calculating the combined and expanded uncertainties of PVTt-type

standards are given.
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Introduction

The need to develop metrological research in
the field of metrology of natural gas measurements
determines the relevance of the study of metrological
aspects of the operation of reference installations for
measuring gas volume and gas volume flow rate. Taking
into account the need for practical implementation of
the traceability when measuring gas volume and gas
volume flow rate, it is recommended to introduce
more PVTt-type standards (standards based on high-
pressure vessels) that can operate on air and natural
gas [1]. Prospects of the implementation of reference
installations of this type are confirmed by the project
of the metrological centre in Boyarka (Ukraine) [2]
as well as by the creation of primary standards of
gas volume in France, Great Britain, Japan, Sweden,
and other countries [3]. Therefore, it is important to
develop a metrological model of PVTt-type, which is
the purpose of highlighting the study results of this

paper.
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Main part

Theoretically, there are well-known operation
algorithms for pressure vessels (PVTt-type), which
involve the leakage of gas from the vessel through the
test area with the gas meter (GM) under consideration
and measurement of pressure and temperature in the
vessel and before the GM. In this case, the leakage of
gas from the vessel is carried out for a certain period
time At, during which there is a decrease in pressure
in the vessel from the value of p, to p,.

The use of the basic equation of state of the
real gas involves the implementation of the following
algorithm for calculating gas volume flow rate through
the GM [4]:
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where ¢ is the gas volume flow rate through the GM;

V, is the volume of the calibrated vessel; At is the time
of gas volume flow rate through the GM; P,,T,,Z,;
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P,,T,.Z,; P;,T,,Z, are the absolute pressure, absolute
temperature and compressibility factor of the gas in the
vessel at the beginning and at the end of the gas leakage
and in the test area before the GM, respectively.

Assuming a stable value of the reproducible gas
volume flow rate ¢, the formula for determining the
reference volume of V,, gas passing through the meter
will be as follows:

Ve =q-At. )

Substituting (1) into (2) we obtain:
Vo =Ve| -2 | BB )

7] 'Zl Tz 'Zz Pz

The metrological model based on the theory of
uncertainty contains standard uncertainties of types A
and B, which in combination will form the combined
and expanded uncertainties of the installation [5].

Uncertainties of type A are determined by the
parameters to be experimentally examined during
metrological studies, in particular: the volume of
the calibrated high-pressure vessel; gas pressure, gas
temperature; instability of pressure and temperature
before the GM; the presence of a temperature gradient
in the vessel.

Uncertainties of type B are formed by the standard
uncertainties of the used measuring equipment, as well
as by the uncertainty of the parameters determined by
means of calculation, in particular, the compressibility
factor of the working environment. Moreover, an
additional methodological error may be the presence
of water vapour in the working environment and the
discreteness of the device for collecting information
about measurements from the GM.

With the participation of the authors, several
technical improvements of this type of standards are
suggested, which allows to increase their accuracy and
reduce the components of uncertainty. For example,
to reduce the temperature gradient in the vessel,
according to the patent [6], it is suggested to use an
assembly for axial swirling of the gas volume flow rate
when supplying gas to the vessel. To reduce the error
of the installation due to the instability of pressure
and temperature before the GM, according to the
patent [7], together with the constructive improvement
of the information and measuring system of the
installation, it is suggested to improve control devices
for stabilizing dynamic gas parameters before the GM
under consideration. Also according to [7], to reduce
the error due to the presence of water vapour in the
working environment, it is advisable to additionally
equip the gas supply line with a gas dehumidifier.

Therefore, to develop a model for calculating the
uncertainty of measurements, we will focus on the
methodological study of the algorithm for transferring
the unit of gas volume, given by formula (3), provided
the installation operates in the air.

To evaluate the combined and expanded uncertainty
of the reference volume of V,, gas passing through
the meter under consideration, the uncertainties of all
constituent quantities included in expression (3) should
be evaluated in advance.

Let us consider the uncertainty of measuring the
volume of the calibrated vessel V.

The uncertainty of type A is evaluated by
expression [5]:

“4)

where V), is the volume of the calibrated vessel du-
ring the i-th measurement; V/ is the arithmetic mean
of the volume of the calibrated vessel for n measure-
ments.

The uncertainty of type B is formed by metrolo-
gical characteristics of the used measuring instruments.
At the same time, the uniform law of the distribution
of measurement results is accepted. Therefore, the
uncertainty will be evaluated by expression [5]:

Sy, 5
uy(Vy) 5 (5)
where 8,,0 is the maximum permissible error of the
reference meter of the liquid used to calibrate the
vessel V.
The combined uncertainty of the calibrated vessel
volume measurement is determined as follows [5]:

uC(I/()):VuA(K))2+uB(I/())2' (6)

The evaluation of combined uncertainties of the
results of measuring the absolute pressure in the vessel
at the beginning and at the end of the gas leakage be-
fore the GM, P,, P,, P, accordingly, and the un-
certainties of measuring the temperature in the vessel
u-(T) at the beginning and at the end of the gas
leakage before the GM, T,, T,, T; accordingly, is
carried out similarly by algorithm (4) — (6).

To evaluate the uncertainty of the calculation of
the compressibility factor of the gas in the vessel at the
beginning Z, and at the end of the gas leakage Z, and
before the GM Z,, the uncertainty of type B should be
evaluated, as this coefficient is determined by means
of calculation and not by measurement results.

According to [4, 8] the following approximation
dependence can be used to determine the gas com-
pressibility factor:

Z =0.99963 — P(0.045955 — 0.000141-T), (7)

where P and T are the absolute pressure and absolute
temperature of the air in the installation.

Therefore, the component of the combined
uncertainty will be the uncertainty from the
approximation of the dependence (7).
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Let us consider the method of evaluating the
uncertainty of the compressibility factor of the gas Z,
in the vessel at the beginning of the gas leakage.

To evaluate the uncertainty of the gas com-
pressibility factor, the expressions for estimating the
weight coefficients of the components included in (7)
should be defined. In particular, at the beginning of
the gas leakage at absolute pressure P, and absolute
temperature 7, in the vessel we obtain:

o7
=L =0.000141-T —0.045955; ®)
1
oz
- = 0.000141- P, )

The combined uncertainty of determining the
compressibility factor of the gas Z, in the vessel at
the beginning of the gas leakage is as follows

uc(zl)z\/[%uc(e)j +(%u6<m] v, (10)

where u-(P,) and u-(T,) are the combined uncertain-
ties of the result of measuring the absolute pressure
P, and absolute temperature 7, at the beginning of
the gas leakage, respectively; u,, is the uncertainty of
the approximation of expression (7).

Evaluation of the uncertainty of gas compressibi-
lity factors Z, and Z, under operating conditions
of the installation is carried out similarly by algo-
rithm (7) — (10).

When evaluating the combined uncertainty of the
volume of Vg, gas that passing through the meter, we
write expressions to estimate the weight coefficients of
the components included in (3):

aVGM_ AR B Ii-Z, (11)
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The combined uncertainty, when the installation
operates in the mode of reproduction of the volume,
taking into account the main provisions of the theory
of the uncertainty in measurements [5], is calculated
by the formula:

v,

1

uC(VGM) =

2

N
oF,

Expanded uncertainty is calculated by the formula:

2

3

UP(VGM) = ko U (VGM ), (22)
where k, is the coverage factor that forms the numerical
value of the expanded uncertainty for the corresponding
selected confidence probability [5].

Conclusion

Based on the results of theoretical research, the
algorithms to calculate the standard uncertainties of
calibration of the reference vessel, measure gas pres-

2 2 2
or, ov, ov,
+[ a}G)M uc(Pz)J +(a_;Muc(Tz)j +£67G}W'uc(zz)j +
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3

sure and temperature, and calculate the gas compres-
sibility factor, which is necessary for metrological
assessment of the reference installation based on the
high-pressure vessel.

The expressions for calculating the combined
and expanded uncertainties of the installation under
consideration are given.

The use of numerical modelling characterizes
that the expanded uncertainty of the installations with
the correct choice of reference tools and measuring
transducers can be within £ (0.25... 0.45)%, which
justifies the possibility of their use as working standards.
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AHoTamis

PosrnssHyTo akTyanbHICTh PO3pOOJEHHSI i METPOJIOTIYHUX JOCHIIKeHb €TaJJOHHUX YCTAaHOBOK Ha 0a3i €MHOCTI
BUCOKOTO THCKY, SIKi BiIIIOBiIarOTh BUMOTaM JisI 3acO0iB BUMiploBaHHSI 00’eMy Ta 00’e€MHOi BUTpatu Tasy. [ocmimkeHo
anropuT™ (yHKIIIOHYBaHHSI BKa3aHUX €TAJIOHHUX YCTAHOBOK IpH MepefaBaHHi ONMHUII 00’eMy ra3y A0 MOCHTiIKYyBaHUX
JYMIbHUKIB Ta3y. Ha ocHOBi anroputmy it ocobimBocTeil (hyHKIIIOHYBaHHSI ycTaHOBOK PVTt-tumy cdopmynboBaHO
nepesiK AOCTiIKYBaHUX HEBU3HAYEHOCTEH TUMY A: MPU OLIHIOBAHHI 00’€My KajliOpOBaHOI €MHOCTI BUCOKOTO THUCKY; MPU
BUMIpIOBaHHiI aOCOJIIOTHOrO TUCKY Ta aOCOJIIOTHOI TeMIepaTypu Ta3y; Bil BIUIMBY HECTaOiIbHOCTI THUCKY i TeMmepaTypu
nepea AOCiIKYBaHUM JIIUMJIBHUKOM ra3y; Bill HAsABHOCTI IpaJlieHTa TeMmIepaTrypu B €MHOCTi. PO3rJisiHyTI HEBU3HAYEHOCTI
Uiy B, sKi BU3HAUaIOTLCS METPOJIOTIYHUMU XapaKTepUCTUKAMU 3aC00iB BUMipIOBaJIbHOT TEXHIKM, a TAKOX HEBU3HAYEHICTIO
napaMeTpiB, 1110 OLIIHIOIOTHCS PO3PaxXyHKOBO, 30KpeMa (haKTOp CTUCIMBOCTI poOOYOro cepenoBuIla, BIUIMB BiJl HassBHOCTI
BOJSIHOI Tapy B poOOYOMY CepelOBMILi, BIUIMB JUCKPETHOCTI MPUCTPOIO 300pYy BUMIPIOBAJILHOI iH(GOpMALIil 3 JiYMIbHUKA
rasy.

IMomani (opmyau sl KiabKiCHOI OLIIHKM CyMapHOi HEBM3HAYEHOCTI BUMiplOBaHHS 00’€My KajliOpoBaHOI €MHOCTI,
a0COJIIOTHOTO TUCKY 11 aOCOJIOTHOI TeMIlepaTypu, a TaKoX po3paxyHKy (akTopa CTUCIMBOCTI IMOBITPS s poOOUYMX YMOB
YCTaHOBKU. TakuMu mapameTpaMu € abCOMIOTHUM TUCK i TeMrmepartypa rasy Ta ¢akTop CTUCIMBOCTI pOOOUYOro cepenoBuIla
B €MHOCTI Ha TOYaTKy i B KiHIIi BiATBOPEHHSI €TAJIOHHOTO 00’€My, a TaKOX IIi MapaMeTpu Ha BXOMi JIYWJIbHUKA Tasy.
HageneHi Bupa3u ajisi 0OYMCIGHHSI CYMapHOi Ta PO3IIMPEHOI HeBU3HAUYeHOCTel ycTtaHOBOK PVTt-tumy.

KirouoBi cioBa: 06’eM rasy; eTaJoHHa yCTAaHOBKA; KaJliOpoBaHa €MHICTb; JIUWJIBHUK Ta3dy; TUCK; TeMIeparypa; hakTop
CTUCJIMBOCTi; HEBU3HAYEHICTb.

MeTpOJIOFI/I‘IECKI/Ie HUCCJICIOBAHUA A3TAJTOHHOM YCTAaHOBKH

Ha 0a3e eMKOCTH BbICOKOIO JABJI€HHUS
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AHHOTaIMSA

PaccmotpeHa akTyalbHOCTb pa3pabOTKU UM METPOJOTMUYECKUX MCCIeNOBAaHUN 3TAJIOHHBIX YCTAHOBOK Ha 6a3e €eMKOCTHU
BBICOKOTO AaBiieHus. MccienoBan anroputM QyHKIMOHUPOBAHUS YKA3aHHBIX STAJOHHBIX YCTAHOBOK IIPU Iepeaade eIrMHU-
bl 00beMa raza K McclieAyeMbIM cdyeTurkaM. C ydeToM ajJiropuTMa M OCOOEHHOCTEW (PYHKIIMOHMPOBAHUSI YCTAHOBOK
PVTt-tuna cdhopmynnpoBaH mepedeHb HeompeaeaeHHocTeil turma A u B. IlpencraBieHbl (OpMyIbl WIS KOJMYECTBEH-
HOIl OIICHKU CyMMAapHOI HEOIpeneeHHOCTH H3MepeHUsi o0beMa KaJIMOpOBAHHOW €MKOCTH, aOGCOJIOTHOTO JIaBJICHUS
1 abCOJIIOTHOI TeMIlepaTyphbl, a TaKXkKe pacuera (pakTopa CKMMAEMOCTU BO3[yxa ISl pabO4YMX YCJIOBUI yCTaHOBKM. Taku-
MM ITapamMeTpaMu SIBJISTIOTCST aOCOIIOTHOE MaBJIEHWe W TeMIlepaTypa ras3a, hakTop CKMMaeMOCTH pabodeil cpelbl B eMKOCTU
B Hayajie M B KOHIIE BOCIIPOM3BEICHNSI STAIOHHOTO 00beMa, a TakKe 3TU MapaMeTphbl Ha BXoje cueTdrka rasa. [Ipencrasie-
HBI BBIPaXXCHUS IJIS BBIYMCIICHUS CYyMMapHO# M pacIIMpeHHOM HeOoIpeaesieHHOCTe ycTaHOBOK PVTt-Tura.
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