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Abstract

The relevance of the development and metrological studies of reference installations when working in a humid gas
medium is considered. The concept of creating a reference installation for reproducing the mass flow of humid air is
outlined. An algorithm for the operation of a reference installation has been developed, which provides for the generation
of water vapour as a component of the gas flow. Based on the algorithm and operation features of a reference installation,
a list of the considered type A uncertainties, which relate to the estimation of the air volume measured by a reference
meter, duration of the control volume reproduction, mass of generated water vapour during the period of reproduction
of the volume, and relative humidity of the ambient air, was formulated. Type B uncertainties are considered, which are
determined by metrological characteristics of the used measuring equipment: reference gas meter, chronometer, hygrometer,
manometer, thermometer, and instruments for measuring the mass of generated moisture. Algorithms for evaluating the
standard uncertainty by using the standard reference data are given: pressure and density of saturated water vapours, and
air density under standard conditions. The formula and algorithm for its metrological evaluation based on the uncertainty
theory for determining the compressibility coefficient of the ambient air used during the operation of the installation, taking
into account its relative humidity, are also presented. The expressions for evaluating the combined and extended uncertainties
of the developed installation are given.

The developed model relates to the mass measurement of wet gas and allows assessing the influence of operating
conditions of the installation on the indications of the mass flow measuring equipment of various operating principles, for
example, thermo-anemometric, ultrasonic.

The developed metrological model can be used to estimate metrological characteristics of reference installations operating
in different types of gaseous medium, including natural gas.
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Introduction

At present, the accuracy and reproducibility of
physical quantities are relevant in the field of ac-
counting for gas-fluid medium. Metrological studies
of flow measurements taking into account various
physical and chemical characteristics of the working
medium, which are carried out with the help of
reference installations for reproducing the volume and
flow of gas media, require sufficient attention. They
realise the scientific and methodological basis for
determining the metrological characteristics of such
measuring instruments as flow meters and gas meters.

© HHIL «Inctutyr merpoJorii», 2023

As it is known [1], most reference instruments
and installations for determining the metrological cha-
racteristics of instruments in the field of flowmetry
of gaseous media operate on dry air or dry natural
gas. This is caused primarily by technical require-
ments for the quality characteristics of natural gas (for
example, the molar fraction of water should not exceed
0.00015 [2]), which is transported by gas networks.
In addition, the current regulatory documents that
regulate the conditions of verification of domestic and
industrial gas meters [3—5] provide for the operation of
reference installations in air under conditions when the
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moisture content in it practically does not affect the
change of metrological characteristics of the gas meters
under consideration. This approach is justified by the
fact that moisture reduces the calorific value of natural
gas while simultaneously increasing its volume, and at
the same time, the possibility of hydrate formations
in low-pressure gas networks increases. The presence
of moisture in natural gas at the stage of extraction is
related to the origin and operation modes of gas fields,
and at the stage of delivery to the final consumer, it
depends on the level of drying at industrial complexes
and directly on the condition of the gas transportation
system and the conditions in which it functions.

Along with this, when producing gas, which is
usually wet, new measurement technologies, can be
used for its metering, for example, using the thermo-
anemometric method [6]. Measuring instruments
of this type are relatively simple in design and are
characterized by sufficient accuracy and sensitivity
of measuring the multicomponent flows, and have
a small inertia. In addition, from the point of view of
the authors, in the future they can be used as mois-
ture meters of gaseous media.

The theoretical aspects of the influence of hu-
midity on the operation of thermo-anemometric
converters are described in [7], which determines the
need for practical confirmation of theoretical studies.
Therefore, the development and metrological studies
of reference installations for reproducing the mass
flow of humid air are relevant, which is the purpose
of highlighting the research results of this publication.

Main part

With the participation of the authors, a schematic
diagram of the installation was developed, which pro-
vides for the generation of a range of air flows with
different degrees of humidity. The installation includes
a flow source (blower), which can provide different
air flow modes by throttling the flow with a choke
mounted at its outlet. The flow source is connected
in series to the reference gas meter, which, complete
with a chronometer, allows determining the volume
flow of air in the installation. The output from the
reference meter is connected in series to the ultrasonic
humid generator, which saturates the air passing
through the gas fraction of the water container with
moisture. The humidified air stream enters the test
instrument of the measuring equipment, for example,
a thermo-anemometer. The installation measures the
pressure and temperature of the working medium at
its inlet and outlet, as well as the relative humidity of
the medium entering the installation inlet. The mass
value of moisture, which is added to the air flow
in the installation, is determined with the help of
a microprocessor-based tensor-resistive scale.

The algorithm of the operation of the installation,
taking into account known physical patterns of chan-
ges in the density and partial pressure of the water

vapour of the gas mixture, involves the implementa-
tion of such an algorithm proposed by the authors [8]:

q, = K[2‘89.103 Py M-"_(P'meax j+ﬂ’ (1)
T T-K, T
where ¢, is the mass flow of generated humid air,
kg/s; V is the volume of air measured by the reference
meter over time t, m3;, @, P, T are relative humidity,
absolute pressure and absolute air temperature under
operating conditions of the installation (after the air
flow generator) (¢ is a dimensionless unit; P — Pa;
T — K); Pyiuer Pwinax ar€ the partial pressure and density
of saturated water vapour under operating conditions
of the installation (Pa, kg/m® accordingly); K, is the
compressibility coefficient of humid air (ambient me-
dium) at the inlet of the installation (dimensionless
unit); ps is the air density under standard condi-
tions, kg/m?® m is the mass of generated humid per
time 1, kg.

To calculate the compressibility coefficient of hu-
mid air K, one can use a calculation method that
takes into account the water vapour content in the gas
accounting for the methodology [9] and its specification,
taking into account that the compressibility coefficient
of water vapour at low working pressures K, =1[10]:
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where K, is the compressibility coefficient of dry air
under operating conditions of the installation.
The relative error of the studied flowmeter & can
be experimentally calculated using the formula:

5= =9 1009, 3)
9
where ¢ is the flow, which is measured by the flow-
meter under consideration.

To evaluate the uncertainty of the compressibility
coefficient of humid air, the following expressions can
be used to estimate the weighting coefficients of the
influence of the components included in formula (2):
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According to [11], the combined uncertainty for
estimating the humid gas compressibility coefficient
can be written as the following expression, since
the table data and the error of the manometer and
hygrometer are characterized by type B uncertainties,
and the experimental data (measurements of operating
pressure and relative humidity) will be characterized
by type A uncertainty:
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u. (K, )=

Since the metrological model of the reference
installation is built on the theory of uncertainty and
contains standard uncertainties of type A and B, which
in their combination form the combined and extended
uncertainty of the installation, which is methodically
explained in [11].

Uncertainties of type A are determined by
parameters that are subject to experimental study during
metrological studies. These are the uncertainties of the
volume of air measured by the reference meter u, (V),
duration of reproduction of the control volume u,(T),
mass of generated water vapour during the volume
reproduction period u,(m), relative humidity of the
ambient air u#,(@). These uncertainties are evaluated
according to the known formula:

Y (F-F)
i=1

n(n-1) ’
where the letter F, refers to the parameters of the
volume of measured air V;, the duration of reproduction
of the volume of the working medium t,, the mass
of generated water vapour m;, the relative humidity
of the ambient air ¢, at the i-th measurements,
accordingly; and F is the average arithmetic value
of the parameters listed above; n is the number of
repeated measurements (n = 13).
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Uncertainties of type B are formed by the stan-
dard uncertainties of the used measuring instru-
ments uy(V), uy(v), up(m), ug(®), u(7), uy(P), as
well as metrological characteristics of the reference
data, which relate to the determination of the partial
pressure of water vapour u,(Py,..), its density in
the saturation state uz(py..), and air density under
standard conditions uy(pg). Taking into account the
adopted uniform law of distribution of measured and
table values, the specified uncertainties can be eva-
luated as:

uy (E ) 5 (10)
where the letter E refers to the values of the maximum
basic permissible error of the instruments to measure
volume §,, time &, mass §,, relative humidity 3§,
temperature o,, pressure o,, the maximum basic
permissible error of the partial pressure of water
vapour §,,...,» density in the state of saturated water
vapour o and air density under standard condi-
tions 3.

The combined uncertainty u(g,) during the
operation of the installation in the flow reproduction
mode, taking into account the main provisions of the
theory of uncertainty in measurements, is evaluated
by the formula:
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where D is the conditional designation of each of the ops K, T (15)
four parameters indicated above. 3
To evaluate the combined uncertainty of the mass ' = M, (16)
flow of humid air g, which passed through the device opP Ky Tt
under consideration, we present the following expres- 2.89-10° P, -ps
sions for estimating the weighting coefficients of the oq Vol P max = K. T
influence of the components included in formula (1): a—q')" = . L , 47N
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Table 1
Uncertainty budget of the installation for reproducing the mass flow of humid air
Sensitivity coefficient,
Measured Value of oq,/0ox, Value of Measurement
quantity Estimated type A type B uncertainty
x, and its value uncertainty, | Calculation uncertainty, contributions,
dimension u,(x) algorithm Result ug(x,) uc(x)
formula
v, m? 5.5x102m? 2.44x10°m? (13) 6.09x10- kg/(s'm?) 1.16x10*m? 1.18x10*m?
s 200 s 7.05%102s (14) -1.75x10kg/(s?) 5.77x102s 9.11x102s
pe» kg/m’ 1.20 kg/m? - (15) 2.76x10*m?/s 5.77x10kg/m’ -
P, Pa 1.03%10°Pa 39.01 Pa (16) 3.27x10kg/(s'Pa) 57.74 Pa -
[0} 0.5 1.98x10+ (17) -2.88x10°kg/s 2.89x10 2.89x10
o P2 2335.34 Pa - (18) -1.63x10%kg/(s-Pa) |  5.66x10" Pa -
7 K 293 K - (19) -1.14x10°kg/(s*K) 5.77x102K -
K, 0.9996 - (20) -3.33x10*kg/s - 5.77x10°%
P e KM’ 17.29x10° kg/m? - 21) 1.38x10“*m%/s 5.77x10°kg/m? -
m, kg 3x10°kg 9.94x10" kg (22) 5x107s"! 5.77x107 kg 1.15x10%kg

oq,  2.89:107 -V p (P Py -0)

or K, T*1 - (19
0 2.89-10°.V-p.-(P-P .
qm - _ QS ( W max (P), (20)
oK, K,>-T-1
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ameﬂX T
%zl, (22)
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The extended uncertainty of the installation is

evaluated by the formula:

U=k,-u-(q,), (23)
where k is the coverage factor, which forms the
numerical value of the expanded uncertainty for the
corresponding confidence level, which for 95% in
the absence of correlations between measurement
parameters can be taken equal to two.

The calculation of the uncertainty budget of the
developed installation is given in Table 1.

Taking into account that the combined uncer-
tainty according to (11) is u.(g,) = 7.64x107 kg/s,
the calculated value of the absolute expanded uncer-
tainty according to (23) will be U = 1.53x10° kg/s.
At the same time, the relative extended uncertainty

(in percent) according to the selected calculated values
given in the Table 1 is quantified as Ur = £0.44%
provided that ¢, = 3.502x10* kg/s is calculated ac-
cording to (1).

Conclusion

Based on the results of theoretical studies,
algorithms for evaluating the standard uncertainties
of measurements of the control volume of the
reference installation, its reproduction time, the mass
of generated moisture, the relative humidity of the
working medium and operating parameters of the
installation were developed, as well as the algorithm
for calculating the compressibility coefficient of
humid air, which is necessary for metrological
assessment of reference installations for reproduction
of mass flows of humid air. Expressions for evaluating
combined and extended uncertainties during the
operation of the installation under consideration are
given.

The developed model concerns the mass
measurements of humid gas and allows estima-
ting the influence of operating conditions of the
installation on the indications of mass flow measuring
equipment of various principles of operation, for
example, thermo-anemometric, ultrasonic. The use of
numerical modelling characterizes that the extended
uncertainty of the installation with the correct
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selection of reference instruments and measuring The developed metrological model can be used
transducers can be within +(0.4—0.5)%, which to assess metrological characteristics of reference
justifies the possibility of its use as a working stan-  installations operating on different types of gaseous
dard. media, including natural gas.
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AHoTauis

PosrisiHyTO aKkTyaabHICTh pO3pOOJIEHHST Ta METPOJIOTIYHUX JOCTIIKEHb €TaJJOHHUX YCTAHOBOK IMPU POOOTI HA BOJIOTOMY
ra3oMJIMHHOMY CepeloBUlli. BUKIaneHo KOHLEMUil0 CTBOPEHHSI €TaJIOHHOI YCTAHOBKM IUISI BiATBOPEHHSI MAaCOBUX BUTpAT
BoJiororo moBiTpsi. Po3pobsieHo ajroput™ (pyHKIIIOHYBaHHSI €TaJIOHHOI YCTAaHOBKH, 1110 Tepeadavyae TeHepyBaHHS BOASIHOT
Mapu sIK KOMIIOHEHTa ra3ofIMHHOTO MOTOKY. Ha oCHOBI airoput™y Ta 0cobauBOCTel (DyHKIIIOHYBAaHHS €TaJJOHHOT YCTAaHOBKU
copMyTHOBaHO TIEpENiK AOCTIMKYBAaHUX HEBU3HAYEHOCTEW TUMY A, IIO CTOCYIOTHCS OIIHIOBAHHS 00’€MY BUMIpSIHOTO
MOBITPSl €TaJJOHHUM JIIYUJIbHUKOM, TPUBAJIOCTI BiITBOPEHHSI KOHTPOJILHOTO 00’€MY, MAacu I'eHepOBaHOI BOISHOI Mapu 3a
MepioJ BiATBOPEHHsS 00’€MY Ta BiHOCHOI BOJIOIOCTi MOBITPsSI HABKOJMIIHBLOTO cepeaoBuilia. PO3MISSHYTO HEeBU3HAYEHOCTI
Tumny B, 1110 BU3HAYAIOThCS METPOJIOTIYHUMM XapaKTepUCTUKAMU BUKOPUCTAHUX 3aCO0iB BUMIpIOBAJIbHOI TEXHIKU: €TAIOHHOTO
JIYMJIBHUKA Ta3y, XpOHOMETpa, BOJIOTOMipa, MaHOMETpa, TEPMOMETpa Ta 3acO0y BMMIpIOBaHHSI Macu reHepOBaHOI BOJIOTHU.
HaBeneHo anropuT™Mu OIIHIOBaAaHHSI CTAaHIAPTHOI HEBU3HAUEHOCTI Bill BUKOPUCTAHHS CTAaHAAPTHUX pedepeHTHUX MaHUX:
TUCKY Ta TYCTMHM HAacCHU4Y€HOi BOJSHOI Mapu Ta TYCTMHU IOBITPs 3a CTaHAAPTHUX yMOB. Takox IogaHo ¢dopmyay Ta
aJITOPUTM i1 METPOJIOTIYHOTO OIliHIOBaHHS Ha 0a3i Teopil HeBM3HAUYEHOCTI MJId BU3HAYEHHS KoedillieHTa CTUCIMBOCTI,
BUKOPHUCTOBYBAHOTO MPU poOOTi YCTAHOBKM HaBKOJMIIIHBOTO TOBITPSI 3 BpaxyBaHHSIM Horo BiIHOCHOI BosorocTi. HaBeneHo
BUpa3u IS OOYMCIIEHHST CyMapHOI Ta PO3IIMPEHOT HEBU3HAYEHOCTE! PO3po0IeHOi YCTAHOBKMU.

Po3pobiieHa Mofe/b CTOCYETbCSI MAacOBOTO BHMMIipIOBaHHSI BOJIOTOrO ra3y Ta JO3BOJISIE OLIIHIOBATU BILJIUB POOOYMUX
YMOB YCTAaHOBKM Ha IIOKa3M 3aco0iB MacOBOi BMTPATOBUMIPIOBAJIbHOI TEXHIKM pPI3HUX TPUHLMUIIB Ail, HaNpuKIal,
TEPMOAHEMOMETPUYHUX, YJIbTPa3ByKOBUX.

Po3pobieHy MeTposioriyHy Moaeab MoXe OYTH 3aCTOCOBAHO ISl OLIiHIOBAHHSI METPOJIOTIYHUX XapaKTepUCTUK €TaJOH-
HMX YCTaHOBOK i3 (DYHKIIOHYBaHHSIM Ha Pi3HMX BUIAX Ta30MUIMHHUX CEPEIOBUIL, Y TOMY YUCIi MPUPOAHOTO rasy.

KiouoBi cioBa: erajjoHHa yCTaHOBKA; MOBITPsI; BOJIOTICTb; KOe(illiEHT CTUCIMBOCTI; MacoBa BUTpaTa; e€TaJIOHHU

JIYMJIBHUK Ta3y; TepMOAHEMOMETpP; HEBU3HAYEHICTh.
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