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INpencraBneHbl pe3yabTaThl UCCIEAOBAHUN T€OMETPUUECKUX XapaKTEePUCTUK MHOTOCTYIIEHYATHIX Mapo-
CTPYUHBIX 95keKTOPOB. [IpoaHain3npoBaHbl pa3IMuHbIE TTOAXOAbI CIIEIMATMCTOB 3aBOA0OB-U3TOTOBUTENIEH
K ONTUMU3AIUY KOHCTPYKIIMI MHOTOCTYIIEHUYATBIX 2KEKTOPOB C YUYETOM CTEIEHEN MOBBIIIEHUS TaBICHUS
U KPUTUUYECKUX TUAMETPOB COILI 1O CTYTIEHSIM 3XKeKTopa. BhISIBIIEHO, YTO TTOAXOM K pacnpeaesIeHUIO Teo-
METPUYECKUX U TEXHOJOTMUYECKUX MapaMeTPOB, TAKUX KaK TUaMeTphl COILI U KaMep CMEIIeHUsI, a TaKxkKe
KBaZpaThl UX OTHOIIIEHU IO CTYTICHSIM 33KEKTOpa IS TeTIO(MUKAIIMOHHBIX 1 KOHIEHCAIIMOHHBIX TYPOUH
MOXET OBITh Pa3INYHbBIM. [1J151 9)KEKTOPOB TeITO(PUKALIMOHHBIX TYPOUH AMaMeTPbl KPUTUUECKUX CEUeHU I
COTIJT YMEHBINAIOTCSI MTPU BO3PACTAHUM HOMEpA CTYNMEHU, JUIsI KOHAEHCAIIMOHHBIX — yBeanduBatorcs. [1o-
Ka3aHo, YTO B MHOTOCTYIIEHYATBIX 33KEKTOPaX UMEETCS CBSI3b MEXIY pacrnpeie]IeHueM pacXoIoB Tapa Io
CTYNEHSIM U OCHOBHBIM T€OMETPUYECKUM ITapaMeTPOM, XapaKTEPU3YIOIIMM OTHOIIEHUE TUIOIIAIN cevye-
HUS HAJIVMHAPUYECKOI YacTU KaMepbl CMEIIIEHUs U KpUTUYECKOTO ceueHus coruia. [IpeacraBneHsb! pesyiib-
TaThl UCTIBITAHUI pa3paboOTaHHBIX ABTOPAMU TPeX- U ABYXCTYNEHYATOTO 3XKEKTOPOB C BBIHOCHBIMU OXJ1a-
nutenasmu. OCHOBHOM TPeXCTyTNEeHYaThIN 35KEKTOP YCTAHOBJIEH B CXeMe OTCOCa IMapOBO3AYIITHON CMeCcH 13
KOHJIeHcaTopa TYpOUHBI, IBYXCTYINEHYAThIA 3XEKTOP C MPEABKIIOUEHHBIM OXJIaJUTENEeM MpeaHa3HaueH
IJTsI OTCOCa BO3ayxa U3 TerTo(UKALIMOHHO YCTAaHOBKU TYPOUHBI. DXKEKTOp TerIoMUKAIIMOHHOM ycTa-
HOBKM BKJIIOUEH B JIMHUIO OCHOBHOTO KOHJIeHCcaTa Mocje 3XeKTopoB. OTBOI KOHIAEHCATa Mapa U3 3KeKTO-
pa MPOM3BOAUTCI B KOHAEHCATOCOOPHMK IE€PBOro MOAOrpeBaTelisi ceTeBoii BoAbl. MHOrocTyreH4yaThbie
9XKEKTOPbI OCHAIIIEHbI PACIIIMPEHHON CUCTEMOI M3MEPEHMsI JaBJICHUS 10 TPAKTY MapOBO3AYIITHON CMECH:
B IpMEeMHOI Kamepe, nocie nuddy3opa 1 B MpoMexXyToOuHOM oxjiaauTesie. [lokazaHo, UTO B OXJIaauTeIsIX
(Mexy nuddy30poM CTyTIeHU U PUEMHOM KaMepoil ClIeayolIei CTYTIeHN ) 2KeKTOPOB HabJIt01aeTCsl 1o-
BBILIIEHME 1aBJIEHUS TAPOBO3AYIITHON CMECH, KOTOPOE HEJIb351 OOBSICHUTDH 04eBUAHBIM AU GY30pHBIM 30 -
¢deKxTOM — Bo3pacTaHMeM aBJIeHUs IPU TOpMOKeHUU moToka. [1pu aHanu3e pexXuMoB pabOThl MHOTOCTY-
MEeHYAThIX 33KEKTOPOB BbISIBJIEHA OCOOEHHOCTh UX CAMOPETYJIMPOBAHUS C BO3MOXHOCThIO YMEHBILICHUS
CTENEHM CXKATUS MapOBO3AYIIHONW CMECU B OMHOM U3 CTYIICHEM.

Karouegoie cnosa: MHOTOCTYIICHYATBIC 22KEKTOPbI, TCOMETPUUYCCKUE XapaKTCPUCTUKH, TI€pENal AaBJICHUA,
KOHICHCATOp, KaM€pa CMCIICHUA, OXJIaAUTEIIb, IMapoBO3aylIHAadA CMECh

DOI: 10.56304/5004036362304001X



Features of the Development and Operation
of Multistage Steam Jet Ejectors

K. E. Aronson® *, A. Yu. Ryabchikov?, N. V. Zhelonkin®, D. V. Brezgin“,
A. L. Demidov*, and D. Yu. Balakin®
4 Yeltsin Ural Federal University, Ural Energy Institute, Yekaterinburg, 620002 Russia
*e-mail: kearonson@urfu.en

Abstract—The results of studies into geometric characteristics for multistage steam jet ejectors are presented.
Various manufacturers’ approaches during multistage ejector design optimization are analyzed accounting
for the pressure increase levels’ distribution and the nozzles’ critical diameters of the ejector stages. It was
found that, for cogeneration and condensing turbines, an approach to the distribution of geometric and tech-
nological parameters over the ejector stages can vary. For cogeneration turbines, the diameters of the nozzles’
critical sections decrease with an increase of stage number, while they increase for condensing turbines. It is
shown that there is a correlation in multistage ejectors between the distribution of steam flow rates between
stages and the main geometric parameter of the ejector’s first stage. The test results of three- and two-stage
ejectors with outward coolers designed by the authors are presented. The main three-stage ejector is em-
ployed in the scheme of steam-air mixture evacuation from the turbine condenser, and the two-stage ejector
with a precooler is designed to evacuate air from the scheme of the turbine water-heating plant. The ejector
of the water-heating plant is connected to the main condensate line behind the main ejectors. Steam conden-
sate is removed from the ejector to the condensate pot of the first network water heater. Multistage ejectors
are equipped with an extended scheme for pressure measuring along the ejector’ steam-air path: in the intake
chamber, after the diffuser, and in the intercooler. It is shown that an increase in the pressure of the steam-
air mixture, which cannot be explained by the obvious diffuser effect, that is, by the pressure increase as flow
decelerates, is observed in the ejectors’ coolers (between the stage diffuser and the intake chamber of the next
stage). When analyzing the operating modes of multistage ejectors, the possibility of their self-regulation is
revealed when the steam-air mixture is not compressed in one of the stages.

Keywords: multistage ejector, geometric characteristics, pressure difference, condenser, chamber, cooler,
steam-air mixture
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BDddexTuBHasI paboTa KOHAEHCATOPOB TYPOUH SIBIISIETCSI Ba>KHBIM yCJIOBUEM 9KOHOMWYHOM U HaAEKHOM
3KCILIyaTalMy TYpOOYCTAaHOBOK TEIUIOBBIX M aTOMHBIX 3JIECKTPUYECKUX CTaHLMM. [IprcyTCTBE HEKOHOACH-
CUPYIOIIMXCSI Ta30B B MEXTPYOHOM MPOCTPAHCTBE KOHJIEHCATOPOB B 3HAYUTEIbHOIN CTENEHU BIMUSET Ha
WHTEHCUBHOCTh TEIJIOOOMEHA U, ClIeJ0BaTeIbHO, Ha laBJeHUe B KOHIIE Mpoliecca paclIMpeHus rapa B
Typ6uHe. [To3TOMy BaxkHO 0GECIIeYUTh UX MOCTOSTHHOE yAaJleHUe ¢ HAaUMEHbIIIMMU 3aTpaTaMy SHEPIUU.
PaccmoTpeHbl IpUHIIUTIBI PA0OTHI, SKCITyaTallMOHHbBIE U PACYETHBIE XapaKTePUCTUKHU BO3IMYXOYyIaJsIto-
III1X YCTPOMCTB KOHAEHCATOPOB TypOooycTaHOBOK TOC 1 ADC: BODOCTPYMHBIX U ITAPOCTPYMHBIX 33KEKTO-
pPOB, BOIOKOJbILIEBbIX HAaCOCOB. [IpOBeAECHO MX COIMOCTABJIEHUE 10 KPUTEPUSIM dHEepreTuueckoit appek-
TUBHOCTU. [ToKa3zaHbI yCJIOBUS oOecrnieyeHusl SHepreTuYeckoil 3(HEKTUBHOCTH BOJIOCTPYITHBIX 3KEKTO-
poB. Ha ocHOBaHUM pe3yJbTaTOB WCIBITAHUI BOJOCTPYHUHBIX 2XKEKTOPOB U BOJOKOJBIIEBBIX HACOCOB
MOKa3aHO OTCYTCTBHE CYILLIECTBEHHBIX MPEUMYILECTB BOIOKOIbLIEBBIX HACOCOB MPU UX MIPUMEHEHUU B Ka-
YeCcTBE YCTPOMCTB JJIsl yaajeH!s HEKOHIEHCUPYIOIIUXCSI Fra30B U3 KOHIEHCATOPOB NMapoBbIX TYpOuH. [1pu-
BEIEHBI XapaKTEPUCTUKH MAPOCTPYMHBIX 33KeKTOPOB, ucnonab3dyeMblx Ha TOC n ADC Poccuu. BeneHo
noHsitue aHeprerudeckoro KITI mapoctpyiiHoro axkekropa. ITokazaHbl pe3epBbl MOBBILIEHUS] SHEPreTU-
yecKoit 3(ppeKTUBHOCTU MapoCTPYyHBIX 33kKeKTOpOoB. [1o pe3ynbraraM pacyeToB BUIHO, YTO JIJIsI 9HEPTro-
610k0B ADC-2006, BBOP-TOM npumMmeHeHne NapOCTPYMHBIX 33KEKTOPOB dHEpreTuuecku 6osee addek-
TUBHO, YeM BOJOKOJIbLIEBbIX HACOCOB. KpoMe TOro, BOJOKOJIbIIEBbIE HACOCHI CYIIIECTBEHHO TOPOXE 1 3HA-
YUTEJILHO CJIOKHEE B OKCIUTyaTalluu. YUMUThIBass MHOTOJIETHUI TOJIOXKUTEIbHBINA OMNBIT NMPUMEHEHUS
BOHOCTPYMHBIX U IMTapOCTPYHHBIX 22keKTOpoB Ha TOC n ADC u nx 3¢pheKTUBHOCTh, PEKOMEHIYETCSI pac-
CMaTpUBaTh UX B KAYECTBE YCTPOMCTB BO3MYyXOYyAaJICHUSI IS IEPCIIEKTUBHBIX TypOoycTaHOBOK ADC.

Karouesbie crosa: mapoCTpyHHBIN 33KEKTOP, BOAOCTPYHHBII 3:KEKTOP, BOTOKOJBIIEBOM HACOC, HEKOHIIEH-
cupylommecs ras3ol, 3pHeKTUBHOCTH, KO3MOUIMEHT 33KESKIINNI
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A Comparative Analysis of the Energy Performance Characteristics
of Turbine Condenser Evacuation Devices

Yu. G. Sukhorukov?, G. I. Kazarov’, V. D. Gaey",
Yu. V. Smolkin“, and E. N. Kulakov* *

4 OAO Polzunov Research and Production Association for Investigation and Design
of Power-Generating Equipment (OAO NPO TsKTI), St. Petersburg, 191167 Russia

b A0 Concern Rosenergoatom, Moscow, 109507 Russia
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Abstract—Efficient operation of turbine condensers is an important prerequisite for economically efficient
and reliable operation of the turbine units at thermal- and nuclear power plants. Noncondensable gases
entering the condenser shell space significantly affect the heat transfer intensity and, hence, the pressure at
the end of the steam expansion process in the turbine. Therefore, it is important to take measures for con-
stantly removing these gases with the minimal energy expenditures. The article considers the operation prin-
ciples and operational and design characteristics of air evacuation devices used in the condensers of thermal-
and nuclear power plant turbine condensers, such as water jet and steam jet ejectors, and liquid-packed ring
pumps. Comparison of these devices in terms of their energy performance criteria is carried out. Conditions
for ensuring adequate energy performance of water jet ejectors are shown. Based on the results obtained from
the tests of water jet ejectors and liquid-packed ring pumps, it is shown that liquid-packed ring pumps do not
have any essential advantages in using them as devices for evacuating noncondensable gases from steam tur-
bine condensers. The characteristics of steam jet ejectors used at Russian thermal and nuclear power plants
are given. The notion of a steam jet ejector energy efficiency is introduced. The reserves for improving the
energy performance of steam jet ejectors are shown. It can be seen from the numerical analysis results that the
use of steam jet ejectors is more energy efficient for the power units of nuclear power plants constructed on
the basis of the AES-2006 and VVER-TOI conceptual designs than the use of liquid-packed ring pumps. In
addition, liquid-packed ring pumps are essentially more costly and complex in operation. In view of a long-
standing positive experience of using water jet and steam jet ejectors at thermal and nuclear power plants and
their good performance, it is recommended to consider them as air evacuation devices for advanced nuclear
power plant turbine units.

Keywords: steam jet ejector, water jet ejector, liquid-packed ring pump, noncondensable gases, efficiency, air
entrainment ratio
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IMpencraBieHbl faHHBIE peCYPCHOI 6a3bl FeOTepPMaJIbHBIX ITAPOBOISTHBIX MeCTOpOKAeHU Poccuu ¢ nx jio-
Kaym3alueit Ha monyoctpoBe KamuaTtka u Kypuiabckux ocTpoBax yTBepXKIeHHBIMU 3ariacaMu 285.5 Kr/c u
nmoonryeii B 2020 r. 13 mutH T. [lepcriekTuBHBIE 3aI1achl ITApOBOASHOI cMecH olieHeHbI 10 1100 MBT 1o 065-
€MHOMY METOJy U IPU €CTECTBEHHO pa3rpy3ke raporuaporepm. [IpruBeaeHbI pe3yabTaThl UCCIEA0BAHUI
Wucturyra BynkaHojioruu u ceiicmonorun PAH n MHCcTUTYTAa IMpo0GaeM reoTepMur 1 BO30OHOBIISIEMOM
sHepruu OObEAMHEHHOTO MHCTUTYTA BhICOKUX TemriepaTyp PAH. OlieHeHbI 1TepCcrieKTUBBI UCCe0BaHUI
1o OYpEeHWIO CKBAXKUH Y TIOMHOXUS BYJIKAaHOB MoJiyocTpoBa Kamuarka 151 mostydeHust (hirronaoB co CBEpX-
KpuTHYeckKuMu Tapametrpamu (6osiee 450°C, 25 MIla). Onucana aestenbHocTh AO “Teruto 3emnu” 1o
IIOOBIUE TTApOBOISTHOM cMecH Ha mostyocTpoBe KaMuatka. [TpuBeaeHbI XpOHOJIOTHS M OTTMCaHNE TEXHUYEe-
ckux peureHuit mo leo®C B Poccuu. IMpencrapieHbl OCHOBHbBIE TEXHUYECKHUE XapaKTePUCTUKH, TETIOBBIC
CXeMBI M pe3yabTaThl 3KcIuTyaTauuu Ilayxerckoit, Bepxane-MyTtHoBckoi 1 MyTHOBCKOI [€¢0DC ycTaHOB-
JIEHHOM MOIIIHOCThIO 74 M BT 1 BbIpaboTKOIi1 a5ekTpudeckoii aHepruu B 2020 r. 428 I'Bt - 4. AHanu3upy-
I0TCSI PE3YJIbTaThl COBPEMEHHBIX POCCUMCKUX UCCIIEOBAHUI 110 OMHAPHBIM re0TepMaIbHBIM SHEPro010-
KaM ¢ TeruioHocuTesieM Temriepatypoit ot 120 no 180°C, KoMOMHUPOBaHUIO OUHAPHBIX SHEPTrOOJIOKOB C
BOIOPOIHBLIM IIEPErpeBOM TIeOTepPMaIbHOIO I1apa, paciuupeHuo MyTtHoBckoil [eoDC sHeprobiokamMu
MPSIMOTO ¥ KOMOMHUPOBAHHOTO [IUKJIOB C TTOBBIIIIEHWEM MOIIHOCTH Ha 50—63 MBT. [1pennoxeHbl yBeJn-
yeHue 1eJeBoro (MHAHCUPOBAHUSI, COOPYKEHUE OTBITHBIX YCTAHOBOK, NEMOHCTPALIMOHHBIX OOBEKTOB,
coznanue LleHTpa KoMIieTeHIIUiT TeoTepMaibHOM SHEPTeTUKU.

Karouesvie carosa: TeoTepMalibHbIe MECTOPOXKIECHUSI, TTAPOBOISIHASI CMECh, TEOTEPMaIbHBIE PECYPCHI, TEO0-
TepMaJibHasl 3JIEKTPOCTaHLIMSI, TapOBble TYPOMHBI, OMHAPHbIE SHEPTOOJOKH, CKBAXXUHBI, CEMapaTophl, pe-
WHXXEKIINS, BOMOPOTHO-KHCIOPOIHBIE TApOTeHepaTOPhl

DOI: 10.56304/50040363623040021



Russian Geothermal Electric Power Industry:
State and Development Prospects
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Abstract—The article presents data on the resource base of Russia’s geothermal steam—water fields located
in the Kamchatka Peninsula and Kuril Islands with the approved reserves of 285.5 kg/s and production in
2020 amounting to 13 million t. The prospective steam—water mixture reserves are estimated at up to 1100 MW
according to the volume method and with the natural discharge of steam-hydrotherms. The results of studies
accomplished by the Institute of Volcanology and Seismology, Russian Academy of Sciences and the Institute
of Geothermy and Renewable Energy Problems of the Joint Institute for High Temperatures, Russian Acad-
emy of Sciences, are given. The prospects of explorations on drilling wells at the foot of volcanoes in the Ka-
mchatka Peninsula for obtaining fluids with supercritical parameters (above 450°C and 25 MPa) are estimat-
ed. The activity conducted by AO Teplo Zemli (Heat of the Earth) on producing a steam—water mixture in
the Kamchatka Peninsula is described. The chronology and description of technical solutions on geothermal
power plants in Russia are given. The key technical characteristics, thermal process cycle diagrams, and op-
eration results of the Pauzhetka, Verhkne-Mutnovsky, and Mutnovsky geothermal power plants (GeoPPs)
with the total installed capacity equal to 74 MW and amount of electricity production in 2020 equal to
428 GW h are presented. The article analyzes the results of modern studies carried out in Russia on binary
geothermal power units with a geothermal fluid having a temperature from 120 to 180°C, on combining bi-
nary power units with hydrogen-assisted geothermal steam superheating and expanding the Mutnovsky
GeoPP with direct-cycle and combined cycle power units with increasing the plant capacity by 50—63 MW.
Proposals on increasing the target financial support, constructing experimental installations and demonstra-
tion facilities, and establishing a center for geothermal power engineering competences are suggested.

Keywords: geothermal fields, steam—water mixture, geothermal resources, geothermal power plant, steam
turbines, binary power units, wells, separators, reinjection, hydrogen-oxygen steam generators
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OUYMCTKA BOJHBIX CPE] OT IPUMECEN
OKCHUIOB XEJIE3A METOAOM BbICOKOT'PAJIMEHTHO
MATHUTHOM ®UJIBTPALIUU (OB30P)
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M3y4eH onbIT pa3paboTKX METOIOB MAarHUTHOM pusibTpatinu (MP) 11 OUMCTKY pa3InYHbIX BOTHBIX Cpell
OT TIpUMeceil OKCUIOB Xejie3a. [IpoBeneH aHaIu3 MPUYWH YCTIEXOB M Heynad TpeablAyIINX UCcaenoBarTe-
JIeil B CO3MaHUM METOIOB U CPEICTB MAarHUTHOM DuiabTpalmu. PaccMoTpeHBI TeopeTUIeCKIe MPearoChlI-
KM HOBBIX TEXHUYECKUX PELLICHUIA 1711 BBICOKOTPAAUEHTHBIX MAarHUTHBIX PUAbTpoB (BI'M®D). BoinoaHeHbI
JIabopaToOpHbIe SKCIIEPUMEHTHI Ha BHICOKOTPAIUEHTHOM (DUIBTPE CO CBEPXIPOBOSIIEH MarHUTHOM CH-
CTeMOIi C MCIOJIb30BaHMEM MOJIEIbHBIX PACTBOPOB JJISI ONpeAeieHUsl 6a30BbIX XapaKTePUCTUK METo/a.
YcTaHOBJIEHO, UTO VTS pacyeTa HeOOXOIMMOTO rpaieHTa HaMPSIBKEHHOCTH MAarHUTHOTO TTOJIST TOCTaTOYHO
MMPUMEHUTH B Ka4eCTBE MCTOYHWKA MarHUTHOTO TTOJIST TIOCTOSTHHBIE MATHUTHI HA OCHOBE PEIKO3eMETbHBIX
aneMeHTOoB (NdFeB, SmCo). PazpaboTaHbl KOHCTPYKILIMM BBICOKOIPAAUEHTHBIX (PUIBTPOB C CUCTEMaMU
Ha 6a3e MOCTOSIHHBIX MarHUTOB, a TaKXe MporpaMMa YMCJIEHHOTO MOAEJIMPOBaHUs ITpoliecca 06paboTKu
YaCTUIL MPOIYKTOB KOPPO3UHU PA3IMYHOTO (ha30BOTO U TUCIIEPCHOTO COCTaBa B BLICOKOTPATUEHTHOM Mar-
HUTHOM ToJie i 3TUX GuiabTpoB. [IpencraBieHbl pe3ybTraThl ucnbiTaHuiit BITM® pa3Hoit KOHCTPYKIIMT
M0 OYMCTKE BOMIbI 0ACCEMHOB BBIIEPXKKU OTpabOoTaBIIMX TerioBbiaessonux coopok (OTBC) Ha moiaHo-
MacIITaOHOM CTEeHe — MPOTOTUITe TPAHCIIOPTHOM SIIEPHOM dHEpPreTUUecKoit yctaHoBkM (1DY) u peak-
TopHOit yctaHoBKM BBDP-440. [1IpoBeneHo cpaBHeHME 3(PEKTUBHOCTH OYUCTKH TEIIOHOCUTEIIS | KOH-
Typa OT aKTMBUPOBAHHBIX MPOIYKTOB KOPPO3MU MOHOOOMEHHBIM M BBICOKOTPAIMEHTHBIM MarHUTHBIM
¢unbTpaMu Mpu BBITIOJHEHUU O€3peareHTHOM Ae3aKTuBaluu o6opyaoBaHus. OcyliecTBieHa cepTudurka-
LIMSI UTHHOBAlIMOHHOM KOHCTPYKLIMM BITM® ¢ cucTteMoii Ha MOCTOSTHHBIX MarHUTax, KOTOPbIi MOXHO HC-
MTOJIb30BAaTh JIJIsI OYMCTKU BOJIBI CUCTEM TETJIOCHAOXKEHMS TOPOICKOTO KOMMYHAJIBHOTO X031 CTBa OT MPO-
ITYKTOB KOPPO3UH.

Karoueswie cro6a: BOTHBIN TETNIOHOCUTENb, MAaTHUTHAST (WIIBTpaLMs, TPOAYKTHI KOPPO3UHU Xee3a, hazo-
BbIi1 COCTaB, BICOKOTPAJINEHTHBI MATHUTHBIN (DUIIBTP, MOCTOSIHHBIE MAarHUTHI, (DUJIBTPYIOLLIAST MaTpULia
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Cleaning Aqueous Media from Iron Oxides
by High-Gradient Magnetic Filtration (Review)

B. A. Gusev?, A. A. Efimov?, L. N. Moskvin’, and V. V. Panchuk? *
¢ Aleksandrov Research Technological Institute, Sosnovyi Bor, Leningrad oblast, 188540 Russia
b St. Petersburg State University, Institute of Chemistry, Peterhof, St. Petersburg, 198504 Russia
*e-mail: vitpan @mail.ru

Abstract—The experience of developing methods of magnetic filtration (MF) for the purification of various
aqueous media from impurities of iron oxides has been studied. An analysis of the reasons for the successes
and failures of previous researchers in the development of methods and means of magnetic filtration has been
carried out. Theoretical prerequisites for new technical solutions for high-gradient magnetic filters (HGMF)
are considered. Laboratory experiments were performed on a high-gradient filter with a superconducting
magnetic system using model solutions to determine the basic characteristics of the method. It has been es-
tablished that it is sufficient to use permanent magnets based on rare earth elements (NdFeB, SmCo) as a
magnetic field source to calculate the required magnetic field strength gradient. Designs of high-gradient fil-
ters with systems based on permanent magnets, as well as a program for numerical simulation of the process
of processing particles of corrosion products of various phase and dispersed composition in a high-gradient
magnetic field for these filters, have been developed. The tests results of VGMF of various designs for water
treatment of spent fuel assemblies’ (SFA) storage pools on a full-scale test bench—a prototype of a transport
nuclear power plant (NPP) and a VVER-440 reactor plant—are presented. The efficiency of purification of
the coolant of the first circuit from activated corrosion products by ion-exchange and high-gradient magnetic
filters was compared when performing reagent-free decontamination of equipment. Certification of the in-
novative design of the VGMF with a system based on permanent magnets, which can be used to purify the
water of heat supply systems of urban utilities from corrosion products, was carried out.

Keywords: water coolant, magnetic filtration, iron-corrosion products, phase composition, high-gradient
magnetic filter, permanent magnets, filter matrix
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ATOMHBIE BJIEKTPOCTAHIINN

BAJIMJIALIMA TXKEJTOABAPUITHOTO MOAYJIA UHTETPAJIBHOT'O KOJA
EBKJ/IN/1/V2 HA BA3E DKCIIEPUMEHTOB I10 PASPYHIEHUIO
NUMUTATOPOB OJIMHOYHBIX TBDJIOB U TBC!
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ITpu paszpaboTke pacyeTHBIX KOJAOB JIJIsl MOJICJIMPOBAHUS aBAPUITHBIX TTPOIIECCOB B PEaKTOPHOM yCTaHOBKE
HEOOXOAMMO BBITOJIHSTh BAIMAALIMIO 3AJI0)KEHHBIX B HUX Mofeseid. B HacTosieil paboTte a5 Banuaauuu
coznanHoro B UBPAD PAH unterpansHoro kona EBKJIV/V2 B yacTy MoaeiMpoBaHUs TSKEIbIX aBapUid
C paspyllieHrMeM aKTMBHOM 30HBI peaKTOpOB Ha ObICTphIX HeliTpoHax (PY BH) ¢ xkunkoMeTtaminyecKum
OXJIaXXIEHWEM UCTIOJIb30BaHbl SKCIIEPUMEHTHI M0 TUIaBJICHUIO0 000JI0UKM UMUTATOPOB TETLIOBBIIEIISIOIINX
2JIEMEHTOB (TB3JIOB), IpoBeAeHHbIe B MHcTUTyTe Terutoduizuku Cubupckoro otaeneHusi Poccuiickoit
akanemuun HayK (UT CO PAH), u SCARABEE BE + 3, BeimonHeHHbie B KoMuccapuare 1o atomHoi#
sHepruu (CEA) Bo ®panuuu. B npouecce uccnenoanuii B U'T CO PAH 6b11M n3MepeHbI TeMITepaTyphbl
MOBEPXHOCTU 000JIOYKHU MTPU OTCYTCTBUU OXJIAXKIESHNS UMUTATOPA TB3JIA XXUIKOMETA/LIMYECKUM TEeTIJIOHO-
CUTEJIEM, YTO XapaKTEePHO /JIs1 aBapUii C MTHOBEHHOU OGJIOKMPOBKOi MPOXOIHOTO CEYEeHUS TeTJIOBbIAES-
touieii coopku (TBC) u aBapuii c morepeii pacxona mist PY tuna BH-1200M. s co3nanust Takux yCI0BUA
SKCIIEPUMEHTHI C TB3JIAMU MPOBOAWIN B aTMOcdepe aproHa Ipy KOMHaTHOI Temriepatype (25°C) u gaB-
seHn” okoso 10° ITa, a TeMIiepaTypy MOBEpXHOCTH UMHUTATOPA TB3JIA PETHCTPUPOBAIH THPOMETPOM. Bo
®panuuu ceputo s3kcriepuMeHToB SCARABEE BE + 3 BrinosiHsin Ha peaktope SCARABEE B uiesisix usy-
YeHMUS TTOCJIEICTBUIA TUTIOTETUYECKON aBapuU C MOJTHOM MTHOBEHHOU OJIOKMUPOBKON MPOXOAHOTO CEUEHUST
B PY BH ¢ HaTpueBbIM TerioHocuteneM. st onpeneneHus BIMSHUS HEONPeaeJIeHHOCTU UCXOMHBIX JaH-
HBIX TPOBOAUJIMCH MHOTOBaprMaHTHBIE pacyeThl. [1pu Bajmmauny cpaBHUBAINUCh PACYETHBIE U DKCIIEPU-
MeHTaJIbHbIe 3HauYeHus: TemIieparyp B nuamnaszoHe ot 500 mo 1800 K (skcniepumentsr U'T CO PAH). Ilo-
rPEUIHOCTh pacuyeToB Npu 3ToM He TipeBbiinana 200 K. s skcniepumenToB Ha peaktope SCARABEE 510
3HaueHue He npeBbimaio 88 K mis o6onouek TB2s10B 1 100 K mist rertonocurens. [loaydeHHble naHHBIE
OyIyT MCITOJIb30BAHBI U151 OLIEHKY HEOTIPEISJICHHOCTU PAcUeTOB IPU MOJISIMPOBAHUH TSIKEJTbIX aBapUii HA
PY BH ¢ TepMuyeckum paspylieHUeM TBIJIOB.

Karoueswie croea: Banuaaliusi, peakTopbl Ha OBICTPBIX HEHTPOHAX, TEILIOBBIICISIIOIINE 3JIEMEHTHI, TeIIO-
BBLIEJISIIONIAsi cOOpKa, siIepHOe TOTUIMBO, HaTpueBblil TerioHocutenb, EBKIIVA/V2, SAFR, HYDRA-
IBRAE/LM
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Validation of the Severe Accident Module of the EUCLIDE/V2 Integral Code
on the Basis of Experiments on a Failure of Simulators
of Single Fuel Rods and Fuel Assemblies
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% Nuclear Safety Institute, Novosibirsk Branch, Russian Academy of Sciences, (IBRAE RAS),
Novosibirsk, 630090 Russia
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Abstract—The development of computer codes for modeling accidents in a reactor unit requires validation of
the models built into these codes. In this work, the EUCLID/V2 integrated code developed at IBRAE RAS
was validated as applied to the simulation of severe accidents with a failure of the core of liquid-metal cooled
fast breeder reactors (LMFBR), against experiments on melting of the cladding of fuel-rod simulators carried
out at the Institute of Thermophysics, Siberian Branch, Russian Academy of Sciences (IT SB RAS), and
SCARABEE BE + 3 experiments performed at the Commissariat a I’Energie Atomique (CEA) in France.
The investigations performed at IT SB RAS included measurements of the cladding surface temperatures
without liquid-metal cooling of the fuel-rod simulator, which is typical for accidents involving an instanta-
neous blockage of the flow section in the fuel assembly (FA) or with loss-of-coolant for type BN-1200M
reactor units (RUs). To create such conditions, experiments with fuel rods were carried out in an argon atmo-
sphere at room temperature (25°C) and a pressure of approximately 10° Pa, and the surface temperature of
the fuel-rod simulator was recorded with a pyrometer. In France, the SCARABEE BE + 3 series experiments
were carried out in the SCARABEE reactor to study the consequences of a hypothetical accident with a com-
plete instantaneous blockage of the flow cross-section in a sodium-cooled fast reactor. To determine the
effect of uncertainty in the initial data, diversified calculations were made. The validation was done by com-
paring the predictions with the experimental values of temperatures in the range between 500 to 1800 K (ex-
periments of IT SB RAS). The maximum calculation error did not exceed 200 K. For the experiments in the
SCARABEE reactor, it was not greater than 88 K for the fuel-rod claddings and 100 K the coolant. The ob-
tained data will be used to estimate uncertainty in the predictions by the models of severe accidents with ther-
mal destruction of fuel rods in fast reactors.

Keywords: validation, fast reactors, fuel rods, fuel assembly, nuclear fuel, sodium coolant, EUCLID/V2, SAFR,
HYDRA-IBRAE/LM
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OTxombl pacTeHMEBOACTBA (COJIOMA, JIy3Tra MOACOTHEYHMKA, PHCa, IIPOCca U IPYTUX 3¢6PHOBBIX KYJILTYp) 00-
JIaAaloT HU3KOU BJIaXXKHOCThIO, MAJION 30JIbHOCTBIO, & X TEIJIOTAa CrOpaHUs O0JM3Ka K TEIUIOTe CTOpaHUs
MHOTHUX SHEPreTUIECKMX YIJIeH I MPEeBOCXOOUT ee. DHepreTudecKas yTUIn3alys TaKMX OTXOA0B MOIJia
OBl PELIMTH 3KOJOTMYECKUE MPOOJIEeMbI, CBSI3aHHBIE ¢ COKpallleHHEM BbIOPOCOB MAapHMUKOBBIX Ta30oB. B To
Xe BpeMsl XUMWYECKHUI COCTaB 30JIbl 3THUX OTXOI0B OOYCIOBIMBAECT HU3KYIO TEMIIEPATYpPy €€ ITLIaBJICHUS,
4TO MPUBOAUT K IIJJAKOBAHUIO TOIIKU U OBICTPOMY POCTY OTJIOXKEHM I 30JIbl HA KOHBEKTHUBHBIX TOBEPXHO-
CTSIX HarpeBa KoTja. M3BecTHBIE MEeTOMBI IIpeaBapUTEIbHOM 00pabOTKM OTXOMOB Mepel CKUraHueM (BOmI-
Hasi MPOMbIBKA, TUApOTEepMaibHast KapOOHU3ALIMsI) SHEPTro3aTpaTHbI M MaJIONPOU3BOAUTENbHEL. [ToaTOMY
MPEIIOKEHO OILICHUTH BIIMSHIE TAKOTO METOoIa MepepadboTKU, KaK ToppedrKalns, Ha IUIaBKOCTHBIE CBOM -
cTBa 307bl. Ucnob30BaHbI 1Ba METOAA TOppedUKAILIMU OMOMACCHI: B Cpelie ra3000pa3HbIX TPOIYKTOB TOP-
peduKay B TapeIb4aToOM peakKTope ¢ MEXaHMIECKH IIepeMEIIMBACMbIM CJIOEM OMOMACCHI M B KUTISIIIIEM
cJIoe B cpejie MEPEerpeToro BOAsTHOTO napa. McciienoBaH XMMWYECKUIA COCTaB 30J1bl OMOYIIEl, MOTyYeHHBIX
obonmu MeTogamu. Ha ocHOBaHMM N3BECTHHIX TaHHBIX paCCYMTAHBI IPOTHOCTUYECKIE KPUTEPHUHU, TTIO3BO-
JISTIOIME€ OLEHUTh BO3MOXHOCTbh PacIUIaBJIEHUS 30JIbl OMOYTJIeid, 00pa30BaHUs LIJIAKOBBIX arJIoMepaToB,
OTJIOXKEHMSI 30JIbI HA KOHBEKTUBHBIX IIOBEPXHOCTSIX HarpeBa KOTJIOB, a Takke (DOPMUPOBAHUS arjioMepa-
TOB MPU CKUTAHUM JIY3TU MOACOJHEUHUKA B KUTIsIIEM cioe. [ToCKoIbKY MCITOIb30BaHUE MTPOTHOCTUYE-
CKUX KPUTEPHUEB BO MHOTHX CIIyJasX IIPUBOIUT K IIPOTUBOPEUNBBIM Pe3yJIbTaTaM, IS OLIEHKM ITABKOCT-
HBIX CBOMCTB 30J1bl OMOYTJIei U CXOOHOI ¢ HUMM OMOoMacChl IpUMEHEHAa TpexXMEepHasl fuarpaMma, Ha ocu
KOTOPOIf HaHECEeHBI KOHIIEHTPAIIUM Pa3INIHbIX OKCHUIIOB, COAEPKAIIMXC B 30JIe. JlmarpaMmma mo3BosIsieT
COITOCTaBJISITh MJIaBKOCTHBIE CBOMCTBA TMOJYUYEHHBIX OMOYIJIEel ¢ MIaBKOCTHBIMU CBOMCTBAMU JPYTUX BU-
OB 011OMACCHhI. DTO JaeT BO3MOXKHOCTb ClIeJIaTh BBIBOI, YTO OMOYTOJIb, IIPOMU3BEACHHBII B pe3yIbTaTe TOP-
peduKaumuu B cpele MeperpeToro BOASHOro rnapa, 6J1130K 110 CBOUM TOIJIMBHBIM XapaKTepUCTUKaM K Ape-
BECHBIM OTXOZIaM, T.€. MOXET CXXUTAThCSI OTASIbHO 0e3 100aBOK WJIN CMECei ¢ APYTMMU BUIAMHU TOILIMBA,
001aJa0IMMHU TYTOILJIABKOM 30J1014.

Knrouegule crosea: nysra 1nojacoaHeyHUKa, 301a, Toppedukanus, ra3udukanus, KMUISIIIUNA cJI0id, MpOrHo-
CTUYECKHE KPUTEPUM, OMOTOTUTMBO, TEMIIEpaTypa IJIaBJIeH!sI, OKCUIbI METAIJIOB
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Studying the Sunflower Husk Ash Properties after Husk Treatment
Using Various Torrefaction Methods
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Abstract—Plant cultivation waste (straw and husk of sunflower, rice, miller, and other cereal crops) feature
low moisture and ash content, and their heating value is close to or even higher than that of many power plant
coals. The utilization of such waste for energy-generation purposes could help solve environmental problems
connected with decreasing greenhouse gas emissions. At the same time, the chemical composition of the ash
from this waste results in its having a low melting temperature, which causes the furnace slagging to occur and
a rapid growth of ash deposits on the boiler convective heating surfaces. The well-known methods for waste
pretreatment before combustion (water flushing and hydrothermal carbonization) feature excessive energy
consumption and low yield. Therefore, it is proposed to estimate the effect on ash-melting properties of such
a treatment method as torrefaction. Two biomass torrefaction methods were used: in the medium of gaseous
torrefaction products in a plate reactor with a mechanically stirred biomass bed and fluidized bed torrefaction
in a superheated steam medium. The chemical composition of the ash from biochars obtained using both
methods is studied. Based on the known data, prediction criteria were calculated using which it is possible to
estimate the possibility of biochar ash to melt, slag agglomerates to emerge, ash deposits to form on the boiler
convective heating surfaces, and agglomerates to form during sunflower husk fluidized bed combustion. As is
known, the use of prediction criteria often yields contradictory results. In view of this circumstance, for esti-
mating the melting properties of ash from biochars and similar biomass, a 3D diagram was used, with the con-
centrations of various oxides contained in the ash marked on its axis. By using this diagram, the melting prop-
erties of the obtained biochars can be compared with those of other biomass kinds. This allows the following
conclusion to be drawn: biochar produced as a result of torrefaction performed in a superheated steam medi-
um is close in its fuel characteristics to wood waste; i.e., it can be combusted alone without additions or mix-
tures with other kinds of fuel having a refractory ash.

Keywords: sunflower husk, ash, torrefaction, gasification, fluidized bed, prediction criteria, biofuel, melting
temperature, metal oxides
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OO6bemMHast KOHIIEHCAlUsI — OMH U3 HauboJjiee pacpOCTpaHEHHBIX TePMOAMHAMUYECKUX TpouieccoB. On-
HAKO BBUY CJIOKHOCTHU €Tro MOJIEJIMPOBAHMS pacueTHhIE UCCIIEIOBAHMS 3a4acTyl0 OTPaHUYEHbl OTHOMEP-
HOM IMMOCTAaHOBKOM 3a1a4yu U MPOCThIMU (popMaMu KaHaloB. B HacTostIeit paboTe npeacTaBieH pacyeTHbIN
MonyJib “O0beMHast KOHIEeHCcallMsl’, OCHOBAaHHBII Ha pellIeHUM KUHETUYECKOTO YpaBHEHUSI METOIOM MO-
MEHTOB 1151 GYyHKIIMM paclpeiesieHus Kamnesiab 1o pasmepaM. Moyib yCOBEPILIEHCTBOBAH C YYE€TOM IM0JIb-
3oBaTebckux cKansipoB (UDS — user-defined scalar) 1 MICTOUHUKOBBIX YJIEHOB M1 MHTETPUPOBAH B pacyeT-
o1l CFD-mnakeT. biarogapst Mogudukannm Momysast CylieCTBEHHO MOBBIIIEHBI YCTOMYMBOCTh U TOUHOCTh
pelIeHus, a TaKXKe YMEHbIIEHO pacueTHOe BpeMs. PazpaboTaHHast Mojesib KOHAEHCAUU U €€ peain3alus
C MIOMOILIBIO MOAYJISI BepU(PULIUPOBAHBI 111 OOHO-, IBYX- U TPEXMEPHOI MOCTAHOBOK B CTALIMOHAPHOM U
HEeCTallMOHAPHOM TIPUOIMKEHUSIX TTyTeM CpPaBHEHMSI C IByMs HaOOpaMM SKCIIEPUMEHTAJbHBIX TaHHBIX
CTOPOHHUX aBTOPOB Ha MpuMepe 3a1auu 00 00bEeMHOI KOHIEHCAIIUU MPU CBEPX3BYKOBOM PaCIIMPEHUN
napora3oBoil cMecu B coruie. B xoze pellieHus1 moiydeHbl pacpeeseHus AaBjleHus, TeMIeparyp, IioT-
HOCTHU, CTETIEHU MePEeChIIeHMsI, MACCOBOM I0JIM KOHJEHcaTa, YUCIOBOU TNIOTHOCTU M CPEIHETO pa3Mepa
Karmejib Kak 1Mo CEeYeHUsIM, TaK U BAOJIb LIEHTPAJIILHOU JIMHUU paccMaTpuBaeMbIx corl. [ToaTBepxkieH Bax-
HbIii BBIBOJ O HEOOXOIMMOCTHU yyeTa He TOJIbKO 00pa3oBaHUs Kareib, HO U UX POCTa, TaK KAK UMEHHO 3TOT
Mpoliecc OKa3blBaeT OCHOBHOE BIMSIHME Ha TepMOTa30qnHaMUKYy rnpoliecca. [lokazaHo, 4To peajnsaluu B
JIIBYMEPHOM M TPeXMEPHOM BapMaHTaX MOCTAHOBKM 3a/1auM MPaKTUYECKU COBMAAAIOT, YTO MO3BOJISIET Clie-
JIaTh BBIBOJ O BO3MOXHOCTHU NMTPUMEHEHUS ABYMEPHBIX IOCTAHOBOK JJIs1 PELlIeHUs] MOA0OHBIX 3a71a4 C MPOo-
CTBIM MIpouIeM KaHaJIOB.

Knrouesnie croeéa: 00beMHast KOHIEHCALINS, HYKJI€ALsI, Tapora3oBasi CMeCh, TEpMOIa3oIMHAMIKa, KOHEY -
HO-00beMHOE MoaennpoBanne, CFD-MeTombl, YiCIEeHHBIE METOIBI, KWHETUYECKOE YPaBHEHNE
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Simulation of Bulk Condensation in a Flow of a Vapor—Gas Mixture
through a Nozzle by CFD-Methods Using a Special Computational Module

A. A. Sidorov~ * and A. K. Yastrebov*
4 National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: AlexSid-MPEI@yandex.ru

Abstract—Bulk condensation belongs to the most widely used thermodynamic processes. However, the com-
plexity of its simulation often reduces numerical studies to a one-dimensional formulation of the problem and
simple channel shapes. This work presents a bulk condensation computational module based on the solution
to the kinetic equation by the method of moments for the droplet size distribution function. The module has
been upgraded considering the user-defined scalars (UDS) and integrated into the CFD-package. This mod-
ule upgrading has considerably improved the stability and accuracy of the solution and also has cut down the
computational time. The developed condensation model and its implementation using the module have been
verified for one-, two-, and three-dimensional formulations in steady state and unsteady approximations
against two sets of third-party experimental data by an example of a solution to the problem of bulk conden-
sation during supersonic expansion of a vapor—gas mixture in a nozzle. This yielded the distributions of pres-
sure, temperature, density, degree of supersaturation, mass fraction of condensate, number density, and
average droplet size both in cross sections and along the centerline of the examined nozzles. An important
conclusion has been confirmed that we should consider not only the formation of droplets but also their
growth since it is this process that has the main effect on the thermogasdynamics of the process. The solutions
of the 2D and 3D problems are almost identical, which allows us to conclude that 2D formulations may be
employed for solving similar problems with a simple channel geometry.

Keywords: bulk condensation, nucleation, vapor—gas mixture, thermogasdynamics, finite volume simula-
tion, CFD-methods, numerical methods, kinetic equation
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OXPAHA

OKPYXKAIOILIEN CPEJBI

INPOBJIEMbI THAPOANHAMMKHA U TEINIOOBMEHA
B CBA3AHHBIX MEXIY COBOM PEAKTOPAX C KHUIIAIIIUM CJIOEM
JJIA YIIABJIMBAHUA CO, U ITOJYYEHUA BOJOPOJA

© 2023 r. T. A. Paoos* *, O. M. ®oJiomees”

4 Beepoccuiickuti menaomexru1eckuii uncmumym, Aesmoszaeodckas ya., 0. 14, Mockea, 115280 Poccus
*e-mail: Georgy.ryabov@gmail.com
IMocrynuia B pegakimio 13.09.2022 1.

ITocne mopa6otkum 12.10.2022 1.
IMpuHsTa K my6aukauuu 26.10.2022 r.

TexHomorust cxXxuraHust U ra3uuKaluv B XMMUYECKHX LIMKJIaX CO CBSI3aHHBIMU MEXy OO0 peakTopaMu
¢ xkuremmmM (KC) n nmupkymmpyiomum KumssmuM cioeM (IIKC) mHTeHcruBHO pa3BUBaeTCs B CBSI3H C Ac-
KapOoHM3aIell SHEPTeTUKM U BO3MOXHOCTBIO TTOTY4eHUSI MOJIE3HBIX MPOAYKTOB U3 OPraHWYECKUX TOTI-
JINB. DTa TEXHOJIOTUS TTOKa eIlle HaXOAUTCS B CTaIuy (PyHIAMEeHTATbHBIX U MPUKIIAIHBIX UCCIIENOBAHWM Ha
JIaGOpaTOPHBIX U MAJIOTHBIX YCTAHOBKAX MOIITHOCTHIO 10 3 MBT. OnHaKo HEKOTOpbI€ OCAEAHIE UCCIIeNO-
BaHMS YOEIUTEIIBHO JOKA3bIBAIOT, YTO OHA MOXET 00eCTIeYUTh OTHOCUTEILHO HU3KWE 3aTpaThl Ha YJIaBJIHM -
BaHue CO, (Ha ypoBHe 30 eBpo/T). HoBble HampaBieHUsI B UCCIEIOBAHUSIX CBSI3aHbI C UCIIOJb30BaHUEM
TpeX peakKTOPOB C OKCUIAMU METAJIOB (IJIABHBIM 00pa3oM MPUPOMHBIX OKCUAOB U OKCHUIIOB XeJle3a) st
MOJIyYeHUsT BOAOPOIa U MeTaHoIa. PaccMOTpeHbl OCHOBHBIE MTPOOJIEeMbl TUAPOIMHAMUKY U TeMJI000MeHa
B CUCTEMaX C XUMUYECKMU LIMKJIaMU. [IJ1s1 BBIpaBHUBaHMS TEMITEPATyP MEXIY CBI3aHHBIMM MEXITy COOOI
peakTopaMu, B OJHOM U3 KOTOPBIX IPOUCXOMAST peaKIMK C MOMIOIIeHUEM TeIlia, a B APYrOM — C €ro Bblle-
JIeHVeM, TpeOyeTcsT O4eHb OOJIBIIION pacXol HUPKYIUpyolero Mmatepuaia. [lokazaHo, 4To pelreHue 3aaa-
YUY BBIHOCA I0OCTATOYHOTO KOJIMYECTBA YACTHII, BIMSIHUSI HA HETO UX pa3MePOB, CKOPOCTU, MACCHI CJIOS SIB-
JIsieTcsT KpaliHe BaXKHBIM. JIpyrast mpobjieMa — obecriedeHre O9eHb BLICOKOM CTeTIEH! YIaBIMBaHUS B IIUK-
JioHax (Ha ypoBHe 99.9%), KoTopasi ornpeAesieTcsi CKOPOCTHBIM PEXMMOM U pa3MepaMu yactull. Hakonelr,
HEOOXOIMMO HaIeXKHO TPAHCITIOPTUPOBATH YJIOBJICHHBIE YaCTUIIBI MEXX Iy peakTopamu. [TokaszaHo, 4To IIpu
OOJIBIIMX KOHLIEHTPALIMSIX YACTHUI] BO3PACTAET A0JIsI KOHAYKTUBHO-KOHBEKTUBHOU COCTABIISIIONIEH TETI0-
o6MeHa. DTa 3amava, Kak 1 3aava TeTuiooOMeHa B cpelie mapa 1 Kuciopoaa wiu kucinopona u CO,, Takke
SIBJISIETCS] aKTyallbHOI. [TpeacTaBieHbl HEKOTOPbIE PE3YAbTaThl SKCIIEPUMEHTATbLHBIX UCCIETIOBaHU, TTPO-
BeneHHBIX B OAO BTU Ha KpyITHOiT a3poanHaMUYeCKOM YCTaHOBKE.

Karouegole cro6a: TEXHOJIOTUI YJIaBJIMBaHU, 3aXOPOHCHM A N NCITOJIb30BaHUA COz, XUMMNYCCKHNE TUKIIbI, CBA-
3aHHBIC MEXY coboit PCaKTOPbI C KUITALIMM CJIOEM, ITOJIYYCHHUE BOAOpOoaa, rMApOAUHaMUKa, Ter1000MeH

DOI: 10.56304/50040363623040057



Problems of Hydrodynamics and Heat Transfer in Interconnected Bed Reactors
for CO, Capture and Obtaining Hydrogen

G. A. Ryabov* * and O. M. Folomeev*

¢ All-Russia Thermal Engineering Institute, Moscow, 115280 Russia
*e-mail: Georgy.ryabov@gmail.com

Abstract—The technology of combustion and gasification in chemical cycles with interconnected fluidized
bed (CF) and circulating fluidized bed (CFB) reactors is being intensively developed due to the decarboniza-
tion of energy and the possibility of obtaining useful products from organic fuels. This technology is still at
the stage of fundamental and applied research at laboratory and pilot plants with a capacity of up to 3 MW.
However, some recent studies strongly suggest that it can achieve relatively low CO, capture costs (at the level
of 30 euro/t). New directions in research are associated with the use of three reactors with metal oxides
(mainly natural oxides and iron oxides) to produce hydrogen and methanol. The main problems of hydrody-
namics and heat transfer in systems with chemical cycles are considered. To equalize temperatures between
interconnected reactors—wherein reactions occur with the absorption of heat in one, while they occur in the
other with its release—a very large consumption of circulating material is required. It is shown that the solu-
tion to the problem of the removal of a sufficient number of particles and the influence of their size, velocity,
and mass of the layer on it is extremely important. Another problem is to provide a very high degree of capture
in cyclones (at the level of 99.9%), which is determined by the speed regime and particle size. Finally, the
trapped particles must be reliably transported between reactors. It is shown that the proportion of the con-
ductive-convective component of heat transfer increases at high concentrations of particles. This problem, as
well as the problem of heat transfer, in the environment of steam and oxygen or oxygen and CO, is also rele-
vant. Some results of experimental studies carried out at the All-Russia Thermal Engineering Institute on a
large aerodynamic installation are presented.

Keywords: CO, capture, disposal, and use technologies, chemical cycles, interconnected fluidized bed reac-
tors, hydrogen production, hydrodynamics, heat transfer
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