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JucepraniiiHa poO0OTa MPUCBSYEHA BUPIMICHHIO aKTyaJbHOI'O 3aBJaHHS B
rajgysl aBToMaTu3ailii Ta mpuiaago0yAyBaHHS — PO3POOJICHHIO TEOPETUYHOI Oa3u
Ui TPOEKTYBaHHS CHCTEM BHUMIPIOBAHHS KIJIbKOCTI TEIJIOBOi €Heprii Ta
pO3po0JIeHHIO cHCTeMU aBTomaTu3zoBaHoro mnpoektyBaHHs (CAIIP) 3aco0iB
BUMIPIOBaHHA KIJbKOCTI TEIUJIOBOI €Heprii, y CKJIaAl SKHX 3aCTOCOBYIOTH
BUTPATOMIPHU 31 CTAHAAPTHUMU 3BY>KYBaTbHUMU MPUCTPOSIMHU ITOTOKY.

Po3poOnena cucrema aBTOMaTU30BAHOTO MPOEKTYBAaHHS J1a€ MOXJIHMBICTh
CIIPOCTUTH TIPOIIEC TPOEKTYBAHHS 3ac00iB BUMIPIOBAHHS KIJIBKOCTI TEIMJIOBOI
€Heprii, 3MEHIIMTH WOro TPYJAOMICTKICTb, KOHTPOJIIOBATH  BIJIMOBITHICTD
MPOEKTHUX pIIIEHb BUMOTaM HOPMATHBHHUX JOKYMEHTIB II0JI0 BHMipIOBaHHS
KUTBKOCTI TETIJIOBOI €HEprii.

Y nucepranli NOpenCcTaBICHO aHall3 HOPMATHBHUX JOKYMEHTIB, SIKI
BU3HAYaIOTh BHUMOTH JO0 KOMEPIIIHHOIO OOJIKY TEII0oBOi eHeprii. Po3risHyTo
OCHOBHI TOJIO)KEHHS IOJAO 3MIACHEHHS KOHTPOIO 3a CTaHOM 3aco0iB
BHUMIPIOBAJIbHOI TEXHIKH, BUMOTH 10 METPOJIOTTYHUX Ta TEXHIYHUX XapaAKTEPUCTHK
JTIYWIBHKUKIB TETUIOBO1 eHeprii. BcraHoBiIeHO, 1m0 3a3HA4eHl JOKYMEHTH HE
MICTSTh BUMOT JI0 CUCTEM BHUMIPIOBAHHS BUTPATH Ta KUJILKOCTI TETUIOBOI €HEPTii,
M0  CKJIAJalThcd 3  OOYHMCIIOBAaYa,  BUTPATOMIPIB,  BUMIPIOBAIBHUX

MEePETBOPIOBAYIB THUCKY Ta TEMIEpaTypH, IO BUKOHAHI SK OKpPEMI MPHUIIaJIH.



PosrnsgHyTo mepeBarn Ta HEAONIKM BUTPATOMIpPIB 3MIHHOTO Mepenaay THCKY 1
BIJI3HAUEHO, IO 3aBASKH YHIBEPCAJbHOCTI 3aCTOCYBaHHs, MPOCTOTI peaizallii
MEPBUHHOTO TMEpPETBOpPIOBaYa BUTPATH, CTAaHAApTU3allli BU3HAYEHb, TEXHIYHUX
BUMOT Ta METOJiB BUKOHAHHS BUMIPIOBaHb TaKi BUTPATOMipH HaOYJIH HIUPOKOTO
3aCTOCYBaHHS B MPOMMCIOBUX BUMIPIOBaHHSAX. 30KpeMa, BUTPATOMIPU 3MIHHOTO
nepenaay THCKY IIMPOKO 3aCTOCOBYIOTH B CHCTEMax OOJIIKY TEIJIOBOi €Heprii Ha
IPOMHUCIIOBUX MIANPUEMCTBAX Ta TEIUIONOCTAYaIbHUX —oprauizamisx. Jlus
POEKTYBaHHS BUTPATOMIPIB 3MIHHOTO Mepenaay TUCKY 3acTocoByioTb CAIIP
«Pacxon-PY», Arian 1ISO-5167 Flow CAD software. IIporte mi nmporpamHi nakeTu
HE TpPHU3HAYECHI JUIS MPOEKTYBAaHHS CHUCTEM BHUMIPIOBAaHHS KUIBKOCTI TEIJIOBOI
eHeprii, Tomy po3pobieHHs CAIIP 3aco0iB BUMIpIOBaHHSI KIJIBKOCTI TEMJIOBOI
€HEPrii € aKTyaJIbHUM 3aBJIAHHSM, SIKE BUPIIIEHO Y AUCEPTaLIiHII poOOTI.
CtpykTypa CHUCTEMH BUMIPIOBAHHS KUIBKOCTI TEIJIOBOI €Heprii, a
BIJIMOBIIHO M PIBHSHHSA BH3HAYEHHS KUIBKOCTI TEIUIOBOI €HEpPrii 3alekaThb Bij
CXEMH PO3TallyBaHHS BUMIPIOBAIILHUX MepeTBOpIoBayiB. B nucepTariiiniit po6oTi
BUKOHAHO Kjacu((iKallil0 CUCTEM TEIJIONOCTAa4YaHHs Ta MPOaHaTI30BaHO MOXKJIUBI
CTPYKTYpPHU CHCTEM BHMIPIOBaHHS KUIBKOCTI TEIJIOBOi eHeprii. Po3rasiHyTo
PIBHSIHHS J1J1s BUSHAYEHHS KIJTBKOCTI TETUIOBOI €HEPTii JJIsl TUIMIOBUX CXEM CHCTEM
00JIiKy Ha JKepesax TEIUIOBO1 €Heprii Ta B CXeMax TeIUIONMOCTauYaHHs CIIOKUBAYiB.
BcTaHoBiieHO, 110 OCHOBOIO alNTOPUTMY PO3pPaxyHKY KUIBKOCTI TETUIOBOI €Heprii
st OyAb-sIKOT CTPYKTYpPH CHCTEMH BHUMIPIOBaHHS i1 BUTpaTH Ta KUIBKOCTI €
QITOPUTM OOYMCIIEHHS 1HTErPabHOI KIIBKOCTI €HEeprii MDK JABOMa TOYKaMU
CUCTEMU TEIUIOTIOCTAYaHHs, TaK SIK PIBHSIHHS JIJIT OOYMUCIIEHHS KIJTBKOCTI TETUIOBOT
€Heprii MICTATh CKIAJOBI, SIKI € pe3yJbTaTOM IHTErpyBaHHS 1O0OYTKY BHUTpAaTh
TEIJIOHOCIS Ha PI3HMIIO €HTANbMIN MOTOKY TEIUIOHOCIS y PI3HUX TOYKAX CXEMHU

TCIIIOIMIOCTa4YaHHA.



Busnaueno ocHoBHI (yHKINi, sKi € moctaTHIMH aisg  (GOPMYBaHHS Ta
3pY4YHOTO TPEACTABICHHS BHUMIPIOBAHOTO 3HAYECHHS KIJBKOCTI TEIUIOBOI €HEeprii i
AK1 HE3aJEeKHO B CTPYKTYPH Ma€ pealli3yBaTh CHUCTeMa BHUMIPIOBAaHHS KIJIBKOCTI
TEIUIOBOT €Heprii.

Ha ocHOBI MOBHOiI MaTeMaTUYHOI MOJIeJIl BUTPATOMipa 3MIHHOTO Mepernay
TUCKY, PIBHSHb BHU3HAYEHHS KUIBKOCTI TEIUIOBOi €HEprii Ta piBHSIHb BHU3HAUCHHS
BJIACTUBOCTEH  TEIUIOHOCIS  PO3pOOJEHO MAaTeMaTHM4Hy MOJEeNlb  CHUCTEMHU
BUMIPIOBaHHS KIJBKOCT1 TEIJIOBOI €HEPTii, IO JIa€ MOXKJIUBICTh JOCIIIUTH BILJIUB
KOHCTPYKTUBHUX XapaKTEPUCTUK BUTPATOMIpa, IapaMeTpiB TEIUIOHOCIS Ha
pe3yibTaT BUMIPIOBAHHS KIJIBKOCTI TEIJIOBOI €HEPTi.

Po3po061eHo aropuT™ po3paxyHKy KIJTbKOCTI TEIJIOBOT €HEPrii JJIsl CUCTEM
13 3aCTOCYBaHHSM BUTPATOMIPIB 3MIHHOTO TMEpENaxy TUCKY, SIKHI peani3ye MOBHY
MaTEeMaTUYHy MOJIe]Ib BUTpATOMipa, 30KpeMa, 1TepalliifHuil aJrOpUTM PO3pPaxyHKyY
BUTPATHU TEIUIOHOCIS.

Po3po61eHo piBHSIHHS HEBU3HAYECHOCTI BUMIPIOBAHOT'O 3HAYCHHS KIJIBKOCTI
TEIJIOBOi  eHeprii. Po3poOiieHe pIBHSHHS Ja€  MOXJIMBICTH  OOYMCIIUTH
HEBM3HAYEHICTh Uil  KOH(Irypaimii CUCTEMH BHUMIPIOBAaHHS 3  JIBOMA
BUTPATOMIpaMH, a TaKOXK OI[IHUTH HEBHU3HAYEHICTh KUIBKOCTI TETUIOBOI €Heprii 3
BpaxyBaHHSIM HEBHU3HAUEHOCTEH BHMIPIOBAaHUX 3HAU€Hb IMapaMeTpiB TOTOKY
(Temmeparypu, THCKY, BHUTpaTH) Ta 3aCTOCOBAHMX METOJUK PO3pPaxXyHKY
napameTpiB TETIOHOCIS.

[IpoBeneHo aHami3 ICHYHOUMX METOJUK PO3PAXYHKY TEPMOJIUHAMIYHUX
BJIACTUBOCTEH TEIJIOHOCIS (BOJAM, BOJSHOI mapu). 30KpeMa, METOJUK PO3PaXyHKY
EHTaJIbIli, TYCTUHM, JIWHAMIYHOI B’SI3KOCTI BOAWM Ta BOJASHOI mapu. 3a
pe3ylnbTaTaMu TMPOBEISHOTO aHalli3y BCTAHOBJICHO, IO ISl aBTOMAaTH30BaHOTO
MIPOCKTYBaHHS CHUCTEM BHUMIPIOBAHHS KUIBKOCTI TEIJIOBOI €HEprii MOIIIBHO

3actocoByBaTu Metoauku |APWS IF-97.



Ha ocHOBI TepmoauHamiyHHX 3anexHoctei Ta piBHAHB [APWS IF-97
pO3pO0JICHO HOBE PIBHSAHHA Il OOYMCIEHHS IMOKa3HWKa anaiabaTu ImeperpiToi
BOASIHOI MapH, IO B CYKYNHOCTI 3 BIJOMUMHU pIBHSHHSMU TYCTHHHU Ja€
MO>KJTUBICTh OOUHMCIUTH MapaMeTpy CTaHy BOJSHOI MapH MiJ 4ac BUMIPIOBAHHSA ii
BUTpPATH METOJIOM 3MIHHOTO Tepenaay THUCKY. 3a pe3yibTaTaMu OINpallOBaHHS
[[BOTO PIBHSHHS PO3POOJICHO CIIPOIIEHE PIBHSAHHS Ta aITOPUTM JJISl PO3PAXYHKY
MOKa3HWKa ajiadaTh meperpitoi mapu IJjIs THCKY IMapu BiJ JIiHIT HACUYCHHS 10
100MIla Ta Temneparypu Big 97°C go 800°C. BukoHaHo nepeBipKy po3po0IeHOoro
CIPOLIEHOT0 PIBHSAHHS LUIIXOM MOPIBHSHHS PE3YJbTATIB OOUMCIEHHS MOKa3HUKA
aniabatu 3a COPOIICHUM PIBHSHHSM 13 3pa3KOBUMU 3HAYEHHSIMU, OTPUMAHUMU 32
piBHsiHHAMU [APWS-IF97 Ta BCcTaHOBIEHO, IO BIJHOCHE BIJXWJICHHS 3HAYCHb
MOKa3HUKa aaiadaTv, OTPUMAHMUX 32 CIPOUIEHUM pIBHSHHSAM, BIJ 3pa3KOBUX
3HAUYCHb MOKA3HHMKA aJ11adaTy He IMEPEeBHUIIYE I Jlana3oHy 3MIHU TeMIlepaTypu
Bim 97 no 350 °C - 0,72% ; nns miama3ony 3miHu Temmepatypu Bix 350 mo 590 °C
- 2,62% ; nys nianazony 3miHM Temneparypu Big 590 qo 800 °C - 1,19%.

Ha ocHOBi Teopii OLIHIOBaHHS HEBU3HAYEHOCTI Ta PIBHSAHb PO3PAXYHKY
eHTalbMli BoAM (BOASHOI Tapv) pO3pPOOJEHO PIBHAHHA JUIsl PO3PaxyHKY
HEBU3HAYECHOCTI E€HTaJbIIl BOAM (BOASHOI mMapu). 3aCTOCYBaHHS I[LOTO PIBHSHHS
Ja€ MOXKJIMBICTh BpaXyBaTH METOJIWYHY HEBH3HAUYCHICTh PO3PAXyHKY CHTAJBIII Ta
HEBU3HAYCHOCTI MapaMeTpiB CTaHy BOJU (BOJSHOI MapH) Jyisl 001acTi mapaMeTpiB
CTaHy TEIUIOHOCIS, IO OXOIUTIOE TEXHOJIOT1YHI yYMOBHU 3aCTOCYBaHHSI CHUCTEM
BHUMIPIOBAHHS KUIBKOCTI TEIJIOBOT €HEPrii.

Po3po61eHo cpoleHi aHaTITHYHI 3aJISKHOCTI 1711 OOYHMCIICHHS BITHOCHUX
KOe(III€HTIB YYTJIMBOCTI HEBU3HAYEHOCTI EHTAJbII JI0 HEBU3HAYEHOCTI
pe3yJbTaTiB BUMIPIOBAHHS THUCKY Ta TeMIepaTypd BOAM, IO JA€E MOXKJIHUBICTh

PO3pPOOUTH CIPOIIEHY METOUKY OIIHIOBAaHHS HEBU3HAUCHOCTI CHTAIBIIII.



Y I0CKOHANEHO METOJ| MPOEKTYBaHHS CHCTEMH BUMIPIOBAHHS KiJIbKOCTI
TEIUIOBOI €HEprii, SKWW MOoJsArae y MOLIYKy [apaMeTpiB BHUTPAaTOMIpa, IO
3a0e3nevyyoTh MiHIMaJdbHy HEBHU3HAYEHICTh BUMIPIOBAHOTO 3HAYECHHS BUTPATH 13
OJTHOYACHUM BpaxyBaHHSM TPAHUYHOTO 3HAYEHHS BTpaT THCKY, IO Ja€
MO’KJIMBICTh 3MEHIIUTH BTPaTU TUCKY Y CUCTEMaxX NOCTayaHHsI TEIJIOBOI EHEPrii.

3anpomnoHOBaHO HOBI MIAXOAM MIOAO aBTOMATH30BAHOTO MPOEKTYBAaHHS
CHUCTEM BHUMIPIOBAHHS KUIBKOCTI TEIJIOBOI €HEprii, Mo JaloTh MOXJIUBICTh
peayli3yBaTh pO3paxyHOK KOHCTPYKTMBHHUX Ta METPOJIOTIYHUX XapaKTEPHUCTUK
CUCTEMH BHUMIPIOBaHHS  KUJIBKOCTI  TEIUIOBOiI  €Heprii 13  BpaxyBaHHSIM
TEXHOJIOTTYHUX Ta HOPMAaTUBHUX OOMEKEHb.

[nsxoM nporpaMHOi peanizaulii aJiropuTMiB, PO3POOJIEHHX HA OCHOBI
PIBHSIHb OOYMCIIEHHS KIJIBKOCTI TEIJIOBOI €Heprii, MaTeEMaTUYHOI MOJENI CUCTEMHU
BHUMIPIOBaHHSI KUIBKOCT1 TEIJIOBOI €HEprii 3 BUTpATOMIpaMH 3MIHHOTO Tepenaay
TUCKY, METOJIIB BU3HAUCHHS BJIACTMBOCTEH BOAM Ta BOJSHOI MapH, pO3pOOICHUX
METOJUKN OOUYHUCIICHHS TOKa3HUKa aaiadaTy BOASHOI apyu, METOIMKU OI[IHIOBAHHS
CyMapHO1 BITHOCHOI PO3IIMPEHOI HEBU3HAYEHOCTI €HTAJbIII BOJIU, BOJSHOI Mapu
Ta METOJIMKHM OIIHIOBAaHHA CyMapHOi BIJIHOCHOI PO3LIMPEHOI HEBU3HAYEHOCTI
pe3yNbTaTy BUMIPIOBAHHS KUIBKOCTI TETIOBO1 eHeprii, po3podieno CAIIP 3aco0is
BHUMIPIOBAaHHS KUIBKOCTI TEIJIOBOT €HEPrTii.

[IpencraBieHo 0coOIMBOCTI peasizailii MiJACUCTEM BBEJCHHS Ta MEPEBIPKU
KOPEKTHOCT1 BXigHUX JgaHuX, BikoH CAIIP nns BBeJeHHS XapaKTEPUCTHK
BHUMIPIOBAJIBHOTO TPYOONpPOBOAY, 3aC00IB BUMIPIOBaHb TUCKY, MEpENaay THUCKY,
TEeMIIepaTypH, 110 BXOJATH O CKJIAy CHCTEMH BHUMIPIOBaHHS KIJTBKOCTI TEIMJIOBOI
€Heprii.

[IpakTryHe 3HAYEHHS PE3YJIbTATIB JUCEPTALIHHOT POOOTH MOJISATA€E B TOMY,
0 Ha OCHOBI 3pa3KOBMX 3HAa4YeHb IMOKa3HHWKa ajiabdaTd, OTPUMAHHUX 3a HOBUM

PIBHSIHHSIM, PO3POOJIEHO CHPONIEHI 3aJIeKHOCTI Ta aJITOPUTM  PO3PAXYHKY



MOKa3HMKa ajiabaTu Uil 1X 3aCTOCYBaHHS y OOYHMCIIOBaYaxX KUTBKOCTI TETJIOBOI
eHeprii; po3poOJeHO AJIrOPUTMHU PO3PaXyHKY KIJIBKOCTI TEIUIOBOi €Heprii, IIo
peani3yloTh MaTeMaTUYHy MOJEIbh CHCTEMH BHUMIPIOBAHHS KUIBKOCTI TEIJIOBOL
€Heprii Ta Jal0Th MOXJIMBICTh OOUYUCIUTH KUIBKICTh TEIJIOBOI €HEpril AJs pi3HUX
KOH(DIrypaiiii CUCTEM BHUMIPIOBAHHS; YIOCKOHAJIEHO aJTOPUTM MPOEKTYyBaHHS
CHUCTEMH BHUMIPIOBAHHS KUIBKOCTI TEIJIOBOI €HEprii, aKuil 3abe3mneuye MiHIMaJIbHY
HEBU3HAYCHICTh BUMIPIOBAHOTO 3HAYEHHS BUTPATH 13 OJJHOYACHUM BpaxyBaHHSM
IPaHUYHOTO 3HAYEHHS BTPAT TUCKY Ta JA€ MOKJIUBICTh 3MEHIITUTH BTPATH TUCKY, a
OTXK€ ¥ MABUIIUTH €(DEKTUBHICTh CUCTEM MOCTAYAHHS TEIJIOBOI €HEPTil; MUISIXOM
peamizaiii CyKymHOCTI alTOpPUTMIB, IO peali3yloTh MaTeMaTU4YHY MOJIEIb
CUCTEMH BHUMIPIOBAHHS KIUIBKOCTI TEIUIOBOI €HEprii, pIBHSAHHSA OOYMCIEHHS
(13MYHUX BJIACTHUBOCTEM TEIJIOHOCIS, PIBHSAHHA PO3PAXYHKY HEBU3HAYEHOCTI
KUTBKOCTI TEIJIOBOI eHeprii po3poodsieno nporpamuuii komiuiekc CAIIP "Temiosa
eHepriga" uisi aBTOMAaTHU30BAaHOTO MPOEKTYBAHHS CHUCTEM BUMIPIOBAHHS KUIBKOCTI
TEIJIOBOI EHEeprii.

Pe3ynpTaTn nucepramniiiHoi poOOTH BIPOBAKEHO B MIAIPHUEMCTBAX, IO
3aiMarOThCs MPOEKTYBAHHAM Ta THCTAJSIIEIO 00'€KTIB TEIIOMOCTAYaHHs, 30KpeMa
po3pobiiennii iporpamuauii maker CAIIP "TemmoBa enepris" 3acTocoBaHUN IS
MPOEKTYBaHHS CHUCTEM BHMIPIOBAHHS KUIbKOCTI TemioBoi eHeprii 'y TOB
"CepBICKOTJIIOMOHTaX-JIBbBIB" a TakoX BIPOBAHKEHUIN Y HABUAJIBLHUUN TIPOLIEC IS
CTyJIeHTIB crenianbHocTi 151 "ABTOMaTu3zaiisi Ta KOMIT'IOTEPHO-THTErpPOBaH1
TEXHOJIOT1i".

Kiio4oBi cji0Ba: KUTBKICTh TEIUIOBOI €HEPrii, EHTaJbIIA TETUIOHOCIS,
BUTPATOMIp 3MIHHOTO TIepemaay THCKy, MaTeMaTHyHa MOJENb, aJITrOPUTM
pO3paxyHKy, CHCT€Ma  aBTOMAaTHU30BAaHOTO  MPOEKTYBAaHHSA,  OLIIHIOBAHHS

HEBU3HAUYEHOCTI.



ABSTRACT

Byts O.M. Computer-Aided Designing of Thermal Energy Metering

Systems based on Differential Pressure Flowmeters.

The thesis for the Degree of Doctor of Philosophy in the specialty 151 —
Automation and Computer Integrated Technologies. — Lviv Polytechnic National
University. — Lviv, 2020.

The thesis is devoted to solving an important problem in the field of
automation and instrumentation, i.e. development of theoretical base for designing
the thermal energy metering systems and development of computer-aided design
(CAD) system for designing the thermal energy metering devices, which include
flowmeters with standard primary devices.

The developed CAD system simplifies the process of designing the thermal
energy metering devices, reduces the labor intensity and controls the compliance of
design solutions with the requirements of regulations on thermal energy metering.

The analysis of normative documents with the requirements to the custody
transfer systems for metering the thermal energy is presented in the thesis. The
main provisions for controlling the condition of metering devices, requirements to
the metrological and technical characteristics of heat meters were considered. It
was found that these documents do not contain the requirements to the systems of
thermal energy flow rate and volume measurement, consisting of a computer,
flowmeters, measuring transducers of pressure and temperature, which are made as
separate devices.

The advantages and disadvantages of the differential pressure flowmeters
were considered. It is noted that due to the universality of application, the

simplicity of implementation of the primary transducers, standardization of



definitions, technical requirements and metering methods, such flowmeters are
widely used in the industrial measurements. In particular, the differential pressure
flowmeters are applied for thermal energy metering at industrial enterprises and at
heat supplying organizations. The following software is used for designing the
differential pressure flowmeters: «Raskhod-RU» CAD, Arian ISO-5167 Flow
CAD. However, these software packages are not intended for computer-aided
design of thermal energy metering systems. Therefore, development of computer-
aided design software for designing the thermal energy metering systems is an
important task, which was solved in the thesis.

The structure of the thermal energy metering system and consequently the
equation for determining the thermal energy volume depend on the location
scheme of the measuring transducers. Classification of heat supplying systems was
carried out in the thesis. The possible structures of thermal energy metering
systems were analyzed. The equations for determining the thermal energy volume
for typical schemes of metering systems at heat energy sources and in heat
supplying networks were considered. It was found that the algorithm for
determining the thermal energy volume for any kind of structure of the metering
system is based on the algorithm for calculating the integral energy volume
between two points of a heat supplying system, since the equations for calculating
the thermal energy volume contain the components resulting from integration of
the product of the heat carrier flow rate and the difference of enthalpies of the heat
carrier in different points of the heat supplying scheme.

The main functions that have to be implemented in a thermal energy
metering system independently of its structure are defined. These functions are
sufficient for formation and convenient presentation of the measured value of the

thermal energy volume.



The mathematical model of the thermal energy metering system was
developed on the basis of a complete mathematical model of differential pressure
flowmeters, equations for determining the thermal energy volume and equations
for determining the properties of a heat carrier. This model provides the possibility
to study the influence of the design characteristics of the flowmeter and the
parameters of the heat carrier on the result of thermal energy volume measurement.

The algorithm for calculating the thermal energy volume for systems based
on differential pressure flowmeters was developed. The complete mathematical
model of the flowmeter including the iterative calculation of the heat carrier flow
rate was implemented in the developed algorithm.

The equation of uncertainty of the measured value of thermal energy
volume was developed. This equation makes it possible to determine the
uncertainty for the configuration of the metering system with two flowmeters, as
well as to estimate the uncertainty of thermal energy volume taking into account
the uncertainties of the measured values of the flow parameters (temperature,
pressure, flow rate) and the uncertainties of the techniques applied for calculation
of the heat carrier parameters.

The analysis of the existing methods for calculating of thermodynamic
properties of the heat carrier (water, steam) was carried out. In particular, methods
for calculating the enthalpy, density, dynamic viscosity of water and water steam
were analyzed. Based on the results of the analysis, it was found that for the
computer-aided design of a thermal energy metering system it is advisable to use
the IAPWS IF-97 techniques.

New equations for calculating the isentropic exponent of superheated steam
based on dependences and equations from IAPWS-1F97 (International Association
for the Properties of Water and Steam) were developed. These equations in

combination with known equations for calculating the density makes it possible to



calculate the state parameters of the water steam during measurement of its flow
rate by means of the differential pressure method. Based on processing of this
equation, a simplified equation and algorithm for calculating the isentropic
exponent of superheated steam for pressure from the saturation line to 100 MPa
and temperature from 97 °C to 800 °C was developed. The developed simplified
equation was verified by comparing the results of calculating the isentropic
exponent using this equation with the reference values obtained using the IAPWS-
IF97 equations. It was found that the relative deviation of the isentropic exponent
values obtained using the simplified equation from the reference isentropic
exponent values does not exceed 0.72% for the temperature range from 97 to 350
°C, 2.62% for the temperature range from 350 to 590 °C and 1.19% for the
temperature range from 590 to 800 °C.

The equation for calculating the uncertainty of the enthalpy of water (water
steam) was developed on the basis of the uncertainty evaluation theory and
equations for calculating the enthalpy of water (water steam). Application of this
equation makes it possible to take into account the methodological uncertainty of
enthalpy calculation and the uncertainty of water (steam) parameters for the range
of heat carrier parameters covering the technical conditions for application of
thermal energy metering systems.

Simplified analytical dependencies for determining the relative sensitivity
coefficients of the enthalpy uncertainty to the uncertainty of the results of water
pressure and temperature measurement were developed. It provides the possibility
to develop a simplified method for evaluation of the enthalpy uncertainty.

The method of designing a thermal energy metering system was improved.
The improvement consists in finding the parameters of the flowmeter that provide

the minimum uncertainty in the measured value of the flow rate taking into account



the pressure losses limit, which makes it possible to reduce pressure losses in
thermal energy supply systems.

New approaches to computer-aided designing of a thermal energy metering
system were proposed. These approaches make it possible to calculate the
constructional and metrological characteristics of a thermal energy metering
system taking into account the technological and normative constraints.

CAD software for designing the thermal energy metering systems was
developed by implementing the algorithms developed on the basis of the equations
for calculating the thermal energy volume, the mathematical model of the thermal
energy metering system based on the differential pressure flowmeters, the methods
for determining the properties of water and steam, the methods for calculating the
isentropic exponent of steam, the methods for evaluation of total relative expanded
uncertainty of enthalpy of water and steam, as well as the methods for evaluating
the total relative expanded uncertainty of thermal energy volume measurement
result.

The peculiarities of implementation of CAD subsystems and windows for
entering and verifying the input data are presented. The windows for entering the
characteristics of the measuring pipeline, the instruments for measurement of
pressure, differential pressure and temperature, which are part of the thermal
energy metering system, are presented.

The practical significance of the thesis is that on the basis of reference
isentropic exponent values, obtained by new equation, a simplified relation and
algorithm for calculating the isentropic exponent was developed for its application
in the calculators of thermal energy volume. The algorithms for calculation of
thermal energy volume were developed with implementation of the mathematical
model of the thermal energy metering system. These algorithms make it possible to

calculate the thermal energy volume for different configurations of metering



systems. The algorithm for designing the thermal energy metering system was
improved, which provides minimal uncertainty of the measured value of the flow
rate taking into account the pressure losses limit. Thanks to this algorithm the
pressure losses can be reduced and, consequently, the efficiency of a thermal
energy supplying system can be increased. "Thermal Energy" CAD software was
developed for computer-aided design of thermal energy metering systems. The
algorithms that implement a mathematical model of the thermal energy metering
system, an equation for calculating the physical properties of the heat carrier, an
equation for calculating the uncertainty of the thermal energy volume were applied
in this software.

The results of the thesis are implemented in enterprises engaged in the
design and installation of heat supply facilities. In particular the developed
"Thermal Energy" CAD software is used for designing the thermal energy
metering systems in "Serviskotlomontazh-Lviv" LLC. This software was also
included into the educational process for students of specialty 151 “Automation

and Computer-Integrated Technologies”.

Keywords: thermal energy volume, enthalpy of heat carrier, differential pressure
flowmeters, mathematical model, calculation algorithm, computer-aided design

system, uncertainty evaluation.
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