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Pedepar:

1. AnanisyioTbcs NpobyeMu MOJEII0BAaHHS Npolecis cTickaHHs CO2 y BifilleHTPOBOMY KOMIIPECOPI, sIKi
3iICHIOIOTBCS B 6e3rnocepeHiil 6J1M3bKOCTI 10 KPUTUYHOI TOYKH. BioMo, o onTuMasnbHe IOegHAHHS YMOB
poboTH Ta 06J1afHAHHS BU3HAYaIOTh MAKCUMaJIbHY e(DEeKTHBHICTh €HeproyCTaHOBOK. EQeKTuBHiCTh KoMIIpecopy
BUpilllaJIbHUM Y/HOM BIIJIMBA€E HA 1€l OKa3HUK. Ajle pobounii IPoLiec KOMIIpecopa NpPOXOIUTh 100Uy

kputr4yHOi Touku CO2, ne Tennodi3nyHi BIaCTUBOCTI Ay>Ke YYTJIMBi O 3MiH TUCKY Ta TeMIepaTypu. Lle 3HauHO



YCKJIA[IHIOE MaTeMaTUYHe MOJEJIIOBAHHSI [IPOLIECY CTUCKAHHS i pOOUTh KDUTUYHO BAKIMBUM JOCTOBIPHUI OIIC
IapaMeTpiB CTaHy po604yoro cepenoBullia. Po3ryisHyTo pi3HOMaHITHI piBHSIHHS CTaHy peajbHOro rasy, ki 31aTHi
iinicHo onucatu ogHoda3Hi Ta napo-piguHHNN cTaHu cepenoBula. OCHOBHUM HEOJiKOM IOCTiIKeHUX PiBHSIHb €
3HAYHA NTOXMOKA BiTHOCHO PE3yJIbTAaTiB €KCIIepUMEHTIB 111 S-CO2 LUKIIB, 5IKi peasizyloTbcs y 6e3rocepeHii
65m3bKOCTi 70 KpUTUYHOI ToukM CO2. TOMy aKTyasIbHOIO € HayKOBO-TIPAKTUYHA 33]1a4a 3a0€3MeYeHHs
MO/JIEJIIOBAHHSI POO0OYMX MTPOLIECIB Y EHEPTreTUYHOMY 00J1alHAHHI, IKe BUKOPUCTOBYE JBOOKHUC BYTIJIELIO, B 06J1ACTi
HAaBKOJIO KPUTUYHOI TOUKU poO0YOro Tisia, Bu6opy Ta Mmoaudikallii piBHSIHHS CTaHy peajbHOro rasy. BupimeHHs
HayKOBO-TIPAKTUYHOI 3a/1a4i BUKOHYBAJACH 3 BiALJEHTPOBUM KOMIIpECOPOM LMKy S-CO2, 11 SKoro €
€KCIIePUMEHTAJIbHI Pe3yJIbTaTH, PAaHUYHI YMOBU Ta FEOMETPUYHI AaHi. [IpoTOoYHa YacTHHA BiflIeHTPOBOTO
KoMIIpecopa OyJia 3MO[ieJIbOBaHa 3a JOIoMorolo nporpaMHux 3aco6is 1D AXSTREAM® Ha ocHOBI cepii 3BiTiB Sandia
National Laboratories. SIk po6oye Tisio 6yB o6panuit CO2, BacTuBoCTi sikoro B34ti 3 mini-NIST RefPROP -
IIpOrpaMu, sika BUKOPUCTOBYE BeJIMKi 6231 JaHMX €KCIIEPUMEHTAJIbHUX BUMipIOBaHb i CK/Ia[Hi PiBHSIHHS CTaHY).
PiBuanH4 Criana-Barnepa, sike BUKOPHUCTOBYETBCS IJIS1 BUBHAYEHHS TEPMOIMHaMiYHuX nnapameTpiB CO2 mae
3HAYHWI HEOJIIK [IpU BUKOpUcTaHHi 1oro y 3D CFD mogentoBaHHi. [I71 MOfanbporo po3paxyHKy y IPOrpaMHOMY
nakerti o6uncioBanbHoi Mmarematuku FEA AxCFDTM cdopmoBaHa Mofiesib po60YOro Tisa, SIKe OIUCYETHCS
piBHsHHAM cTaHy Penixa-KBoHra-Auxr’e. lle piBHSIHHS TOUHO BU3HA4Ya€ BJIACTUBOCTI poO0YOro Tijia B HAAKPUTUYHIN
Ta raszosiil o6aacTsx (Mexue 10% njis TUCKY), aje 111 obsacTeil pinkoro Ta 1Boda3HOro CTaHiB oxubKa AJis
BU3HA4YE€HHS TUCKY 36ibI1yeThes Bif 15% 1o 50%. Y poboTi npeacrasieHe moaudikoBaHe piBHSIHHS cTaHy Pefnjixa-
KBonra-AHr'e, 10 103BOJIsI€ OIIMCATH BCIO pobouy o6sacts CO2. Po3pobieHi MaciTabHi OIPaBKY LO3BOJIUIIN
iCTOTHO 3HUBUTH NOXMOKY IPpY BU3HAUYEHHI TUCKY B IMPOKOMY Jialla3oHi TemnepaTyp i nuTomux o6’eMiB. Pinunna
o671acTh po3risiganacs y TeMneparypHomy gianasoHi Big 220 K go 300 K. 1151 BU3Hau€HHs TUCKY HACMYEHOI Napu
BMKOPHUCTOBYBaBCs MeTog, Jli-Kecnepa. [IopiBHSIHHS €eKCIIEpUMEHTAIbHUX i pO3PaXyHKOBUX 3HAYEHb TUCKY
nokazaso ix nobpuii 36ir. [y nBodasHoi 06J1aCTi po3rsgaBcs TeMmrepaTypHu fianasoH Bif 216,6 K go 304,12 K.
OTtpumanuii 3a Metogom Jli-Kecsiepa TUCK HaCU4Y€HOI [1apy BUKOPHUCTOBYBABCS IIPU PO3B'I3aHHI Ky0iYHOTO
piBHsiHHS Pepjlixa-KBoHra-AHr'e 17151 BUSHaUY€HHS IMTOMOrO 06'eMy ra3oBoi (pazu. [Tutomuit 06’em pigkoi pasu
BU3HAYaBCs 32 eMNipUYHUM MeTooM SIManu-TanHa. [TopiBHsAHHS 06'eMiB ra3oBoi Ta pifikoi a3 nokasasuo
3a[I0BLJIbHU 36ir 3 €eKCIIEPMMEHTAJIbHUMU JaHUMU. be3nocepeHbo 17151 BU3HAYEHHS TUCKY B KDUTUYHIN TOYL|
BHMKOPHCTAaHO CMM06i03 MacIITaboBOro PiBHSHHS Ta PiBHSIHHA cTaHy Penjixa-KBoHra-AHr'e i3 3acTocyBaHHSIM
KJIACUYHOI PYHKIii pO3NOAiNy BUNIAJKOBUX BiAXMJIEHb Bifl CEpeIHIX 3HaUEHb TEMIIEPATypU Ta IyCTUHU. HaykoBa
HOBHU3HA poboTu: 1. Yepiue po3pobseHo MaciuTabHy MONPaBKy AJ1s piBHAHHS Penyixa-KBoHra-AHr'e, mo onucye
CTaH JBOOKHUCY BYTJIELIO SIK PEAJIbHOTO Ta3y, sKa J03BOJISIE€ 3HU3UTH MOXMOKY ITPU PO3PaxXyHKy IIMTOMOTO 06'€My
pinxoi ¢asu B nBoPa3zHiil 0671aCTi BiTHOCHO €KCIIEPUMEHTAJIbHUX AaHUX 3 6-25% 10 0,5-1% 104 gianazony
temnepatyp 220K-300K. 2. Ynepiie po3po6sieHO MacIITabHy MONPaBKy IJ1s1 piBHsIHHS Pensixa-KBoHra-AHr'e, mo
OIKCY€E CTaH JIBOOKUCY BYIJIELIO SIK PEAJIbHOTO ra3y, sIKa J03BOJIsI€ 3HU3UTU TIOXUOKY IPY PO3PAXYHKY
IOKPUTHUYHOTO TUCKY B 06J1aCTi piAMHHOIO CTaHy BiTHOCHO €KCIIepUMEHTANbHUX AaHuX 3 20-40% no 3-15% pis
nianazony temneparyp 220-300 K. 3. Ha ocHOBI 3a3Hau€HUX MacCIITaOHUX NTOMPABOK CYTTEBO BIOCKOHAIEHO
MaTEMaTUYHY MOJEJIb, IKa ONMCye TEPMOIMHAMIYHI mapameTpu cTany CO2 B yCbOMY [lialia3oHi, BKII0YAI04U
nBoQazHy Ta HAIKPUTUYHY 00J1aCTi, BAKOPMCTAHHS SIKOi CYTTEBO Ii/IBUILY€E TOYHICTh YNCEILHOTO MOJIE/IIOBAHHS

T€PMOJVMHAMIYHUX IIPOLIECIB Y BifITIOBiIHOMY €HEPreTUYHOMY OOJIaIHAHHI.

2. The paper analyzes the problems of modeling the processes of compression of CO2 in a centrifugal compressor,
which are carried out in close proximity to the critical point. It is known that the optimal combination of operating
conditions and equipment determine maximum efficiency power plants. The efficiency of the compressor has a
decisive influence on this indicator. But the working process of the compressor takes place near the critical point
of CO2, where the thermophysical properties are very sensitive to changes in pressure and temperature. This
significantly complicates the mathematical modeling of the compression process and makes a reliable description
of the parameters of the state of the working medium critically important. Various equations of state of a real gas
are considered, which are capable of comprehensively describing the single-phase and vapor-liquid states of the
medium. The main drawback of the studied equations is a significant error relative to the results of experiments



for S-CO2 cycles, which are implemented in close proximity to the critical point of CO2. Therefore, the scientific
and practical task of ensuring the modeling of working processes in energy equipment that uses carbon dioxide in
the region around the critical point of the working medium, the selection and modification of the equation of state
of a real gas is relevant. Solution scientific and practical task was performed with a centrifugal compressor of the
S-CO2 cycle, for which contains experimental results, boundary conditions and geometric data. The flow part of
the centrifugal compressor was modeled on using software tools 1D AxSTREAM® based on a series of reports from
Sandia National Laboratories. CO2 was chosen as the working fluid, the properties of which are taken from mini-
NIST RefPROP - a program that uses large databases of experimental measurements and complex equations of
state). Equations the Span-Wagner method, which is used to determine the thermodynamic parameters of COZ2,
has a significant drawback when used in 3D CFD modeling. For further calculation, a model of the working fluid
was created in the computational mathematics software package FEA AxCFDTM, which is described by the
Redlich-Kwong-Aungier equation of state. This equation accurately determines working fluid properties in
supercritical and gas regions(less than 10% for pressure), but for regions of liquid and two-phase states the error
for determining pressure increases from 15% to 50%. The paper presents a modified Redlich-Kwong-Aungier
equation of state, which allows describing the entire working region of CO2. The developed scale corrections
allowed to significantly reduce the error in determining the pressure in a wide range of temperatures and specific
volumes. The liquid region was considered in the temperature range from 220 K to 300 K. The Lee-Kesler method
was used to determine the saturated vapor pressure. Comparison of experimental and calculated pressure values
showed their good agreement. For the two-phase region, the temperature range from 216.6 K to 304.12 K was
considered. The saturated vapor pressure obtained by the Lee-Kesler method was used when solving the cubic
Redlich-Kwong-Aungier equation to determine the specific volume of the gas phase. The specific volume of the
liquid phase was determined by the empirical Yamada-Gann method. Comparison of the volumes of the gas and
liquid phases showed a satisfactory agreement with the experimental data. Directly to determine the pressure at
the critical point, a symbiosis of the scaling equation and the Redlich-Kwong-Aungier equation of state was used
with the application of the classical distribution function of random deviations from the average values of
temperature and density. Scientific novelty of the work: 1. For the first time, a scaling correction has been
developed for the Redlich-Kwong-Angier equation, describing the state of carbon dioxide as a real gas, which
makes it possible to reduce the error in calculating the specific volume of the liquid phase in the two-phase region
relative to the experimental data from 6-25% to 0.5-1% for the temperature range of 220K-330K. 2. For the first
time, a scaling correction has been developed for the Redlich-Kwong-Angier equation, describing the state of
carbon dioxide as a real gas, which makes it possible to reduce the error in calculating the subcritical pressure in
the liquid state relative to the experimental data from 20-40% to 3-15% for the temperature range of 220K-300K.
3. Based on the indicated large-scale corrections, the mathematical model describing the thermodynamic
parameters of the state of CO2 in the entire range, including the two-phase and supercritical regions, has been
significantly improved, the use of which significantly increases the accuracy of numerical modeling of
thermodynamic processes in the corresponding power equipment.
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