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Abstract

The most accurate measurement of natural gas volumes by domestic meters can be achieved only in case when the

gas parameters (pressure, temperature) are maximally approximated to the standard conditions. Otherwise, it is necessary to
perform additional measurements of these parameters, but most domestic gas meters do not include the measuring instru-
ments to obtain these quantities; or to carry out approximate mathematical calculations, which from the point of view of
metrology is unreliable.

The purpose of the work is mathematical modeling of specific differences of the accounted volumes of natural gas and
development of methods for their measurement.

The methodology of measurement by indirect methods of changing the volumes of natural gas in gas supply systems
of residential buildings with domestic gas meters is developed. The dependence is obtained for estimating the specific dif-
ferences of natural gas volumes in domestic consumers by measuring the volume of gas by a household gas meter, the
temperature parameters of the air in the room near the gas pipeline and the gas and air meter. The physical quantities of
the ambient air parameters are identified, which are determined by the method of direct measurement, and based on the
obtained results, a methodology for estimating the metrological characteristics of the indirect measurement of the specific

differences of natural gas volumes is developed.

The results obtained by theoretical development are confirmed by experimental studies on a certified calibration setup

operating on natural gas.

The results obtained can be the basis for reviewing the existing and developing new regulatory documents for deter-
mining the specific differences in natural gas volumes recorded by domestic gas meters. Prospects for further research are
the development of the structure of the information measurement system and devices for the determination of the specific

losses of natural gas in house systems of gas supply.
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1. Introduction

The most accurate measurement of natural gas
volumes by domestic meters can be achieved only
in case when the gas parameters (pressure, temperature)
are maximally approximated to the standard conditions.
Otherwise, it is necessary to perform additional
measurements of these parameters, but most domestic
gas meters do not include the measuring instruments
to obtain these quantities; or to carry out approximate
mathematical calculations, which from the point
of view of metrology is unreliable. The concept [1]
establishes the necessity of creating a multi-level
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automated accounting system for natural gas in the
field of its extraction, transportation and storage.
In [2], the aspects of the development of the house
energy metering system on the basis of meters are
proposed. However, the presence of a natural gas
meter in house gas systems does not yet indicate
accurate accounting of this energy source. There are
several factors that cause gas losses, one of which is
the gas component composition [3]. In order for the
gas accounting to be accurate, the measurement of
the gas volume by means of a meter shall be carried
out under standard conditions or the volume of gas
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measured by the meter shall be brought to the standard
conditions [4] with the help of so-called correctors-
compensators. According to [4], the calculation for
the consumed gas shall be made when its tempera-
ture is 20 °C (293.15 K), pressure is 101.325 kPa
and humidity is 0 %. The most influential factor is
the gas temperature. In Ukraine, a significant part
of domestic gas meters are used, in which there are
no devices for gas temperature correction, therefore
these meters account for the “physical” volume of gas,
that is, without bringing it to standard conditions.
According to [5], the formula for converting the
gas volume brought to standard conditions and the
measured “physical” gas volume is as follows:

T,
v, ==2.v, (1)
T

where V' is gas volume under measurement conditions,
m’; V, is gas volume at the base (standard) gas tem-
perature, m?; 7 is gas temperature under measurement
conditions, K; 7, is the standard gas temperature —
20 °C (293.15 K). According to formula (1), when the
temperature changes for every 1 °C with respect to the
standard one of 20 °C, the volume of gas will vary by
about 0.34%.

It was proved in [6] that when using gas meters
without gas temperature correction devices, the
accounting error, which is proportional to losses of
gas supplying organizations, is 3.5—6.5%.

The purpose of the work is to establish
mathematical dependencies for the determination of
the specific differences between the accounted natural
gas volumes.

2. Specific differences in metering of natural gas volumes

The need to reduce the specific differences in
the accounted volumes of natural gas leads to the
development of methods and instruments for identifying
these differences and taking into account their values in
determining the consumed volume of natural gas. An
effective solution to this problem is possible provided
that the values of these physical quantities are precisely
determined.

According to [7], the gas volume by the indications
of certain (i) meter brought to standard conditions
(V. , m%), is determined by the formula:

sti®

1-1,15-10"A,

V.

sti

=V, K 6

cori?
where V . are indications of domestic gas meter
i under working conditions, m*; K is the numerical
value of the correction factor of the gas meter
i indications, which is given in the tables of
Methodology [7].

Specific difference in gas volumes for a certain

accounting period (month) for each meter (V,, m’)
is determined by the formula [7]:
Vi = (Vsti Vi ) &)

The total specific gas volume differences (Vsz’
m?) are determined as the algebraic sum of the specific
differences in the gas volumes of all available meters
in consumers (n), to whom gas supply and gasification
company provides its services [7], i.e.:

I/Zsf = Z(Vsti - Vmi )
i=1

Taking into account formula (2), formula (4) will
have a form:

“

(&)

VZsf = i(Vmi '(Kcori _l))
i=1

In the normative document [7], correction factors
are given only for the regional centers of Ukraine. In
addition, in this document there are no methodology
for determining the factors for the remaining
population centers of Ukraine and the values of
climatic parameters (atmospheric pressure and ambient
air temperature) which may differ significantly from
similar values in the oblast centers. This is due to
the different geographic location of these population
centers above the sea level (mountainous regions of
Ukraine).

3. The results of experimental studies

The results obtained by theoretical development
are confirmed by experimental study on the certified
calibration setup of PJSC “Ivano-Frankivskgas”, which
operates on natural gas.

According to the results of the experimental
study given in [8], the correction factor of gas meter
indications is determined by the formula:

ambi

4| —ambi
(293,15

where 4, is geographical height of the measuring point
(the population center where gas meter i is located) above
the sea level, m; 7 is ambient air temperature in a

given calendar month of the year, K; D, is pipe diameter
of the gas pipeline, m; x, is distance from the point of

- 1] -exp [—2 177D, x,

(6)

1,96D,x, +16,17F, j
y;

introduction of the gas pipeline into the heating room
to the inlet nozzle of gas meter /, m; F, is heat transfer
surface area in gas meter i, m’; g,, — is volume flow rate
of gas passing through gas meter i/, m*/h. Taking into
account formula (6), formula (5) will have the form:
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1-1,15-10",

ambi

293,15

VEsf = Z Vmi ’ (
i=1

In formula (7), parameter A, is constant for the
population center, where meter / is installed; D_ and x,
are determined by one-time measurement and remain
constant; F, can be determined at the manufacturing
plant of gas meter i and entered to gas meter certificate,
as well as its specification; gas consumption g,, depends
on the range of gas-consuming equipment, connected to
gas meter / and is determined by the formula:

- lj -€xXp (—2 1,77D,x,

~11| (7)
196D, x, + 16,17Fij
Qyi

m
qVi = ksoZQz’ (8)
z=1
where m is quantity of gas-consuming equipment; Q, is
nominal gas consumption of equipment z (provided in the
equipment certificate), m*/h; k__ is factor of simultaneity
of operation of all gas-consuming equipment connected
to gas meter i. Values of k_ are given in [8].

Taking into account formula (8), formula (7) will have the form:

N

1-1,15-10"A,

-1} )

ambi

1+
(293,15

Based on the above, it follows that the quantities the
measurements of which have be carried out continuously
are V_and T, . For the convenience of calculations, we

ambi”

will make a series of substitutions in formula (9):

1-1,15-10"h, = P, (10)

1,96D,x, +16,17F,
ksonz
z=1

The values of quantities P and R are determined
once by formulas (10) and (11) and used in subsequent
calculations. Taking into account formulas (10) and (11),
the formula (9) will become the following:

-21,77D,,x, R. (1D

< P
V.

Isf Vi - T -1
! 1+ —2mbi 1 |.exp(R
(293,15 J p(R)

4. Metrological analysis of determination of specific
differences in gas volumes

Let's evaluate the error of the determination
of the specific differences in gas volumes by the
formula (12) when their accounting by gas meter i.
Since the measurements are indirect, according to the
requirements [9], it is necessary to evaluate the limits
of non-excluded systematic error (NSE) 0, and

.(12)

- lj -exp| —21,77D,,x,

1,96D,x,+16,17F,
kso z Qz
z=1

root-mean-square deviation (RMS) SVZS‘. of the indirect
measurement results, which are determined as follows:

ov.. ov.,.
=4|| =LA, A , (13
Vi (ani Vini aT;mbi Tombi J (13)

2 2
ov... ov..
S = _sfz.S2+_sft.SZ,14
Viti (anl] Vini (aT j Tambi ( )

ambi

where A, , A, are the measuring instrument errors
of volume. (gasam?heter), ambient air temperature in
the room around the gas meter, and ambient air
(temperature sensors), respectively; SVW, S, are RMS of

the measurement results of volume V. and temperature

T, .. respectively; a;’ff , :TL are influence factors,
which are derivatives of sﬁ'ngiﬁc differences in gas
volumes with respect to variables V _, T, ., and are
represented as:
ov.,.
S P _1, (1)
mi 1+ ambi —11l-exp(R
(293,15 ] p(K)
P exp(R)
oV, ™ 293,15
=— >+ (16)
aT;lmbi T .
1+| 2= —1 |-exp(R)
293,15
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The relative measurement error of the specific
differences in natural gas volumes during their accounting
by gas meter i is calculated by the formula given in [9]:

-100%.

a7

sfi

Similar to the metrological requirements related
to the accurate characteristics of measuring the natural
gas volumes by domestic gas meters, the accuracy of
measurement of the specific differences of natural gas
volumes will be sufficient if the relative measurement
error of these differences 5% does not exceed £1.5%.

Implementation of the developed methodology
will allow to reduce the specific differences in natural gas
volumes of those accounted in the municipal sector to
5%, as proved in [6].

The current normative document [7] establishes
the methodology for calculating the specific differences
in natural gas volumes in the case of not bringing to
the standard conditions the measurement results of
low-pressure gas volumes, which are measured by gas
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meters without special devices for automatic bringing
their indications to standard conditions when changing
pressure and/or gas temperature. This methodology
proposes to use, when calculating the consumed volumes
of natural gas, correction factors that are developed only
for regional centers of Ukraine and do not take into
account the influence of climatic conditions on the
accuracy of gas accounting in other population centers.
The need to take into account these factors is proved in
[10]. Document [7] establishes mathematical methods for
calculating the specific differences in natural gas volumes,
which is less reliable than measuring these differences.
Therefore, the use of the methodology developed in
this paper, which is based on the measurement of these
quantities, is more objective for their estimation.

5. The software implemented on the basis of a mathematical
model of measuring specific differences of volumes of
natural gas

The practical significance is in the development of
software for calculations on the basis of the mathematical
model for measuring the specific differences in natural
gas volumes proposed by the authors of this paper (Fig.).
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Program for calculating the specific differences in natural gas volumes

The software (Fig.) contains a database of elevations
of settlements above sea level 4. The value 4, is selected
from the database based on data on place of residence
of the consumer of natural gas; these data are entered in
the field “Consumer data” of the program (Fig.). The
program generates a database of ambient air temperatures
T . (field “T”), diameter values D and the length of the
pipeline x, (field “Pipeline parameters”). The software
also contains a database of surface area of heat transfer
gas meters F,. Value F, is selected from the base in the
field “Type of gas meter”. Gas meter readings for a given
calendar month are entered into the field “Reporting
period”. The function “Evaluation” allows to determine
specific gas volumes (losses) V,, consumed volumes V.

and adjusted values for gas volumes taking into account
losses 7 ;. The results of the calculations are displayed
in the field “Adjusted meter readings”.

6. Conclusions

The mathematical model is obtained in the form
of analytical dependence for indirect measurement
of specific differences of natural gas volumes based on
direct measurements of consumed volumes of gas and air
meter of the environment.

The methodology developed in this paper can
serve as the basis for the drawing-up of normative legal
documents for the determination of specific differences
in gas volumes.
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AHoTanis

Haii6inpir TouHnM BUMiproBaHHSI 00’€MiB IMPUPOTHOTO ra3y MOOYTOBUMU JiUMJIBHUKAMU Oyne JIUIIE Y BUIAAKY, KOJIU
napaMeTpu rasy (TUCK, TeMIiepaTypa) OyayTh MaKCUMaJbHO HAOJMXKEHI 10 CTaHAAPTHUX YMOB. [HaKie HeoOXiTHO MPOBOIM-
TH IOJAaTKOBi BUMipIOBaHHS 1IMX TapaMeTpiB, aje OiIbIIiCTh MOOYTOBMX JIUMJIBHUKIB ra3y He MIiCTSITh 3ac00iB BUMipOBaHb
IUX BEJIMYMH; a00 3AilCHIOBATU MPUOJM3HI MaTeMaTU4YHi OOUYMCIIEHHS, 1110 3 TOYKU 30py METPOJIOTii € HEIOCTOBIpHUM.

Meroro poOOTH € MaTeMaTUYyHe MOMACIIOBAHHS MUTOMUX Pi3HUIIL OOJIKOBAaHMX O0’€MiB MPUPOIHOIO Tasy Ta po3po-
OJIEHHSI METO[liB iX BUMipIOBaHHSI.

Po3pob6ieHo MeTOH0JIOTiI0 BUMIpIOBaHHSI HEMPSIMUMU METOAaMU 3MiHU O0’€MiIB NPUPOAHOrO rady B CUCTEMax Ia3o-
MOCTaYaHHS KUTJIOBUX OYIWHKIB, Y SKUX HasIBHI MOOYTOBi JIYMIBHUKK Tady. OTpUMMaHO 3aJIeXKHICTh JJIS OIL[iHKUA TTUTOMUX
pi3HUILIb 00’€MIB MIPUPOAHOIO rasy B MOOYTOBUX CIOXUBAUiB IUISIXOM BUMIpIOBaHHSI 00’€MyY rasy moOyTOBUM JIIUMILHUKOM
raszy, TeMIiepaTypHuX IapaMeTpiB MOBITPsI B MPUMIlLIEeHHI Oifisl ra30MpoBOAY Ta JIUMJIbHMKA ra3y i MOBITPsI HaBKOJUIIHbLO-
ro cepenoBuia. BuokpemiaeHo (i3MuyHi BeJIMYMHU IMapaMeTpiB MOBITPSI HABKOJMIIHLOIO CepedoBUINA, SKi BU3HAYAIOTHCS
METOJIOM TIPSIMUX BUMIipIOBaHb, Ta Ha OCHOBI OTPUMAHMX PE3YJbTaTiB PO3POOJEHO METOAOJOTiI0 OLIIHKM METPOJOTIYHUX
XapaKTepUCTUK OIMOCEPEIKOBAHOIO BHMMipIOBAHHS MUTOMUX Pi3HUIL O0’€MiB MPUPOAHOTO rasy.

Pesynbratu, oTpuMaHi LIJISIXOM TEOPETUYHOI PO3POOKM, MiATBEPIKEH]I €KCIIEPUMEHTAIbHUMU AOCHIIKEHHSIMU Ha €Ta-
JIOHHIl yCTaHOBI, 110 MpaLOE Ha MPUPOJHOMY rasi.

OTpuMaHi pe3yabTaTH MOXYTh OYTU OCHOBOIO IS MEPETIsIAy iCHYIOUMX Ta PO3POOIEHHS HOBUX HOPMATUBHO-TTPABOBUX
JIOKYMEHTIB 3 BU3HAUEHHSI MUTOMUX Pi3HULIb 00’€MiB MPUPOAHOTO raszy, O00JiKOBAaHOTO MOOYTOBUMMU JIIUMJIBHUKAMU rasy.
TlepcnieKTuBM TOAANBIINX JOCTIIKEHDb MOJISITaloTh Y pO3pPOOJEHHI CTPYKTYypH iH(OpMaliiiHO-BUMIpIOBAJIbHOI CUCTEMU Ta
TIPUCTPOIB U BU3HAUYEHHSI MUTOMUX BTPAT MPUPOIHOTO ra3dy B OYAMHKOBMX CUCTEMax Ta30MOCTaYaHHS.

KimouoBi ciioBa: mpupomHUii Ta3; MATOMI pi3HUII 00’€MiB Ta3y; orocepeaKOoBaHi BUMipIOBaHHS; METOMOJIOTIS.

MeTtonoJioruas U MPOrpaMMHoOEe oOecrieyeHHe M3MepeHus
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AHHOTAIMSA

Lenb maHHOM pabOTHl — MaTeMaTMYECKOE MOIEIMPOBAHUE YIACIbHBIX Pa3HUI] YYTEHHBIX 00BEMOB MPUPOTHOIO rasa
U pa3pabOTKU METONIOB UX U3MEPEHMSI.

Pazpaborana MeTom010THsT U3MEPEHUsT KOCBEHHBIMM METOJAaMU M3MEHEHUsI 00BbeMOB MPUPOAHOTO ra3a B CUCTeMax ra-
30CHA0XEHUS XXKWIBIX TOMOB, B KOTOPBIX UMEIOTCSI OBITOBBIE CUETUYMKHU ra3a. [lojgydyeHa 3aBUCUMOCTD ISl OLEHKU YAEIbHbBIX
pa3HuULl 00bEMOB MPUPOTHOTrO ra3a y OBITOBBIX MOTPEOUTENEH MyTeM M3MEpeHUs] o0beMa raza ObITOBBIM CUETUMKOM Trasa,
TeMITepaTypHBIX ITapaMeTPOB BO3AyXa B ITOMEIIECHUHU BO3JIe Ta30MPOBOAA M CUETUMKA Ta3a M BO3IyXa OKPYXKAIOUIEH CpEeIbl.
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BoiaeneHbl (I)I/IBI/I'-IeCKI/Ie BCJIMYMHBI MMTapaME€TPOB BO3ayXa Opr}KaIOHISfI Cp€abl, KOTOPLIE OMPCACIAIOTCA METOAOM IIPAMBIX
MSMCpeHI/Iﬁ, 1 Ha OCHOBEC IIOJIYYCHHBLIX PE3YJIbTAaTOB pa3p360TaHa METOH0JIOIA OLEHKU METPOJJOI'MYCCKUX XapaKTCPUCTUK
KOCBCHHOTO M3MEPEHUs YACIBHBIX PA3HUIL 00BEMOB NPpUPOOHOTO Trasa.

pe3yJTI)TaTI)I, ITOJIYYEHHLIC ITYTEM TCOpCTM‘{eCKOIL/'I pa3pa6OTKI/I, HOATBEPKACHDBI OKCIIEPUMEHTAJIbHBIMU UCCJIEJOBAHUAMU

Ha ATAJIOHHOM yCTaHOBKE, paboTarolleil Ha MPUPOIHOM Trase.

[MomyuyeHHBIE pPE3yJNbTaTBl MOTYT CIYXKUTh OCHOBaHMEM [JIsI TEPEeCMOTpa CYIIECTBYIOIIMX W Pa3pabOTKU HOBBIX
HOPMAaTUMBHO-TIPAaBOBLIX JTOKYMEHTOB IO OINpPENeIeHUIO YAEIbHBIX Pa3HUIl 00bEMOB MTPUPOAHOTO ra3a, YYTEHHOTO ObITOBBIMU

CU€TYMKaMu rasa.

Kiouesbie cioBa: HpI/IpOI[HLIﬁ ras3; yacJbHbIC pPAa3HUILIbI 00BEMOB rasa; KOCBEHHBIC M3MEPEHUs; METOIOJIOI M.
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