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JIJ1s1 YMcIeHHOTO MOJIEJIMPOBAaHUS TIOBEACHUS paclijlaBa B yCTPOUCTBE [U1sl cOopa TOIIMBA peaKTOPHOM
YCTAHOBKM C HATPUEBBIM TEIUIOHOCUTEIEM Ha OCHOBE KOJa JJIsi MOAEIMPOBAHUS TIJIaBJIICHUST U pa3pyllie-
HUSI 3JIEMEHTOB aKTUBHOI 30HbBI PEaKTOPHBIX YCTAHOBOK Ha ObICTphIX HeiiTpoHax (PY BH) ¢ xkmakomeTain-
nuyeckuM TeruioHocuteneM SAFR, pazpaboranHoro B UBPAD PAH, co3naH 1 BHeApeH B UHTETpaIbHbII
xon EBKUIN//V2 monyns HEFEST-FR. lanHbIii MomysIb MpeaHa3HAYSH IS YUCISHHOIO MOIEINPOBa-
HUSI TIPOLIECCOB yEPXKaHUSI U PacXOJIaXXMBaHUS pacilaBa B KOPIyce peakTopa ¢ y4eTOM TeriooOMeHa
MEX]1y BHYTPUKOPITYCHBIMU KOHCTPYKLIMSIMU U TeTJIOHOCUTeieM. [1Jisi 3TOro B UIMJIMHAPUYECKOI cucteme
KOOpAMHAT pellaeTcsl IByMepHasi 3agadya (OTCyTCTBYET 3aBUCMMOCTb TeMIIepaTypbl OT a3UMYTaJILHOTO YT-
Jla) HECTAlMOHAPHOM TEeTIJIONPOBOAHOCTH U151 MATEPUAJIOB, HAXOASIIMXCS B TTOAI0HE YCTPONUCTBA 111 COO-
pa ToruBa (YCT) peakropHoii yctaHOBKM. KoadduiieHTs ypaBHEHUST TETUIONPOBOAHOCTH 3aBUCST OT
BPEMEHM, KOOPAMHAT U TeMIIepaTyphbl, KOTOpasl SIBJISIETCS KOPHEM pellleHUs 3Toro ypaBHeHusi. Mcrnonb-
3YIOTCSI TPAHWYHBIE YCJIOBUS TIEPBOr0, BTOPOTO M TPETHErO pojia, 3adaloTCsl TOTepU Terjia Ha TpaHuIle
BCJIENCTBUE U3TydeHUsI. BHyTpM paciuiaBa ycTaHaBJIMBAETCS JIUOO MOJHAs, TMO0 00beMHasI MOIIHOCTh
OCTaTOYHOTIO TETUIOBbIIEIeHUS. [1JIs YMCIIEHHOTO pellleHUs IBYMEPHOTO YpPaBHEHUS TETIONPOBOIHOCTHU
MPUMEHSIETCSI METO/l HA OCHOBE dHTaIbNUHOTO noaxona. Ero GopMylInpoBKYU Mpy pellieHUU ypaBHEHUSI
TETJIONPOBOTHOCTU C Y4ETOM (ha30BbIX MEPEXOI0B MO3BOJISIIOT €CTECTBEHHBIM 00pa30oM MPeo10JIeTh MPo-
0s1eMy pa3pbIBHOCTHU YIIE€JbHOI SHTAIBIIMU MaTepuasa B TOUKE IUIaBJIeHUs. B pesynbraTe pelieHust Haxo-
JIIUTCS TIOJIe TeMIlepaTyp MpH TJIaBJIeHUN/3aTBepAeBaHMM MaTepuaaoB (pa3IMuyHbIX MapoOK CTayieil 1 ToI-
nuBa) B noanoHe YCT PY BH. IlpoaemoHcTpupoBaHsl pe3yiabraThl Bepudukauu moayiss HEFEST-FR
Ha peleHUU aHaJIMTUYecKoit 3anauyn. C MOMOIIbIO 3TOTO MOAYJISI IPOBENEHbBI METOANUECKUE PAcueThl IO~
BeIeHMs pacrijlaBa TOTJIMBa U 000JI0UeK TB3JIa B YCTPOMCTBE AJisl cOOpa TOIUIMBA PEaKTOPHOM YCTAHOBKHU C
HaTpPHUEBbIM TETIOHOCUTEJIEM.

Karoueswie cnosa: HEFEST-FR, ycrpoiicTtBo st coopa Toruinsa, uHterpayibHblil kon, EBKIIUI/V2, peak-
TOpHasl yCTAHOBKA Ha OBICTPBIX HEMTPOHAX, HATPUEBBIN TETUIOHOCUTENb, TSIKeIask aBapusl, paciijiaB

DOI: 10.56304/S0040363623110036



Simulation of Melt Behavior in the Sodium-Cooled Reactor Core Catcher Using
the EUCLID/V2 Integrated Computer Code HEFEST-FR Module

A. A. Butov®, D. D. Kamenskaya“, I. A. Klimonov®, N. A. Mosunova“,
E. V. Usov?, S. V. Tsaun* *, and V. I. Chukhno’
¢ Nuclear Safety Institute, Russian Academy of Sciences (IBRAE RAS), Moscow, 115191 Russia
b Novosibirsk Branch, Nuclear Safety Institute, Russian Academy of Sciences, Novosibirsk, 630090 Russia
*e-mail: tsaun@ijbrae.ac.ru

Abstract—For numerically simulating the melt behavior in the core catcher of a sodium-cooled reactor, the
HEFEST-FR module—a software tool based on the SAFR computer code elaborated at the Nuclear Safety
Institute, Russian Academy of Sciences, for simulating the meltdown and destruction of liquid metal-cooled
fast reactor core components—has been developed and incorporated into the EUCLID/V2 integrated com-
puter code. This module is intended for numerically simulating the melt retention and cooling-down process-
es in the reactor vessel with taking into account the heat transfer from the vessel’s internal structures to the
coolant. For this purpose, a 2D-problem (implying that there is no dependence of temperature on the azi-
muthal angle) of unsteady heat conduction for materials located in the reactor’s core catcher tray is solved in
a cylindrical coordinate system. The heat-conduction equation coefficients depend on time, coordinates, and
temperature, the latter being the equation solution root. Boundary conditions of the first, second, and third
kind are used, and heat loss by radiation at the boundary is specified. The total or volumetric decay heat pow-
er settles inside of the melt. For numerically solving the 2D heat-conductivity problem, an enthalpy approach
based method is applied. The formulations used in the method make it possible to overcome, in a natural
manner, the problem relating to discontinuity of material specific melting point enthalpy in solving the heat-
conduction problem with taking phase transitions into account. The solution yields the temperature field in
melting/freezing of materials (steels of various grades and fuel) in the fast reactor’s core catcher tray. The re-
sults of verifying the HEFEST-FR module against the solution of an analytical problem have been demon-
strated. Using the module, methodical computations of the fuel and fuel pin cladding melt behavior in the
sodium-cooled reactor’s core catcher have been carried out.

Keywords: HEFEST-FR, core catcher, integrated computer code, EUCLID/V2, fast reactor, sodium cool-
ant, severe accident, melt
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IMpencrasneHbl pe3yabTaThl IKCIIEPUMEHTAIBHBIX UCCAEA0BAHUI Y CPABHUTEIBHOTO aHAJIM3a TUIPOJUHA-
MUKMU TETIJIOHOCUTEJISI B BBIXOJTHOM Y4acTKe TOTJIMBHOM KacCEeThl 32 TOJIOBKAMM, UMEIOIIMMU Pa3HbIe KOH-
crpykuuu. PaccMarpuBaeMbie TOTUTMBHbBIE KACCEThI TIPEIHA3HAYEHBI IJIS1 YCTAHOBKU B aKTUBHOI 30HE pe-
akTopa turnia PUTM aToMHOI1 cTaHIIUM MaJIOii MOIITHOCTH Ha3eMHOTo pa3MelieHus. Lleabio paGoThl ABJIsI-
JIOCh U3yYeHUE pacripeeieHUsl OCEBOI CKOPOCTHU M pacxo/ia MOTOKa TEIUIOHOCUTEJSI Ha BBIXOIE U3 MMyYKa
TBBJIOB, 32 TOJIOBKAMU, UMEIOIIMMU pa3Hble KOHCTPYKIIUU, Miepe TpyOoit oTOOpa TETJIOHOCUTENSI U B OT-
BEPCTUSIX BEPXHEU OMOPHOI IJIMTHI, a TAKXKE OINpeeieHUue 001acTeil TB3JIbHOTO My4YKa, U3 KOTOPbIX HAU-
0oJiee BEpOsITHO MoIalaHKe IMOTOKA TeTIJIOHOCUTEJIS B TpyOy 0OTOOpa M, COOTBETCTBEHHO, HA TEPMOMETP CO-
MPOTUBJIEHUSI, yCTAHOBJIEHHBIN B 3Ty TpyOy. DKCIIEPUMEHTHI TPOBOIMIMCH HA UCCIIEA0BATEILCKOM a3pO-
NMHAMMYECKOM CTeHIEe C BO3AYIIHOH paboueil cpemoili Ha MOAEAM BBIXOOZHOIO y4yacTKa TOIUIMBHOM
KacceTbl, B COCTaB KOTOPOTO BXOAST (hparMeHT BBIXOJAHOM YaCTH My4YKa TBIJIOB C AUCTAHIIMOHUPYIOIIUMU
penieTkaMy, MakeThbl TOJIOBOK JIBYX TUIIOB, BEPXHEW OMOPHON TUIUTHI U TPYObl OTOOPA TETIOHOCUTEJIS.
Ilpu M3yyeHUU CKOPOCTU T€YEHUS TETJIOHOCUTENSI B BBIXOAHOM YacTU TOIJIMBHOM KacCeTbl UCTIOJIb30Ba-
JINCh ITHEBMOMETPUYECKUIT METO U METOJI BIIPhICKA KOHTPACTHOU npumecu. 3MepeHust BBITTOTHSIJIUCH
10 BCeMy TIOTIEpEYHOMY CeUeHUI0 Moaenu. [uaponnHaMudeckasi KapTuHa TeUeHUs] TeTIJIOHOCUTESI TIPe/l-
CcTaBjieHa KapTorpaMMaMM paclipele/ieHUs1 OCEBO CKOPOCTHU, pacXxolia TeIJIOHOCUTENSI U KOHTPACTHOI
MpPUMECH B MOIEPEYHOM CEYEeHUU Mojie/u. Pe3ysibTaThl McCienoBaHU UCITONb30BAIUCH CIELIMATMCTAMU
KOHCTPYKTOPCKUX U pacueTHHIX moapasaeiiennit OKbM um. M. 1. AdppukaHTOBa 1711 000CHOBAaHUS MHKE-
HEPHBIX PELIEHUM MPU MPOEKTUPOBAHUM HOBBIX aKTUBHBIX 30H peakTopoB PUTM. PesynbraTel akcniepu-
MEHTOB cOOpaHbl B 6a3y JaHHBIX U UCITOJb30BaHbI Ipu Banuaau CFD-nporpammbl JIOTOC, co3naHHoO#
corpynHukamu POAL-BHUNDD® u U'TM® MTI'Y um. M.B. JIoMOHOCOBa B KaueCTBE aHAJIOTOB MHOCTPAaH-
HBIX IIPOrpaMM TaKOTO Xe Kjiacca, K KoTopbiM oTHOcsTCsE ANSYS, Star CCM+ u mHorue npyrue. OTbITHbIE
JIaHHBIE TAKKe MPUMEHEHBI ISl BJIMJALIMU OMHOMEPHBIX TEIUIOTMAPABINYECKUX KOJIOB, UCIIOJb3YEMbIX B
OKBM um. .M. AbpukanToBa npyu 000CHOBAHMM TEIUIOTEXHUYECKOM HAACKHOCTU aKTUBHBIX 30H peak-
TOPHBIX YCTAHOBOK, K 3TOMY KJIacCy MPOrpaMM OTHOCUTCS U Tertoruapasinyeckuit kon KAHAJL.

Karouegnle croea: TOIUIMBHAS KacceTa, rojioBka, TBaJ1, HCHTpaJIbHLIﬁ BBITCCHUTECJIb, CJIMBHBIC OKHA, CJINBHBIC
OTBEPCTUSA, OITOPpHAas IJINTA, pr6a 0T6opa, rmapoarHaMuKa TEIIJIOHOCUTEIA, TICPEMCIIMBAHUE ITOTOKA

DOI: 10.56304/S0040363623110048



Hydrodynamics of the Coolant in the Outlet Section of a Fuel Cartridge with Heads
of Different Designs of the Reactor Core RITM of a Low-Power Nuclear Plant

S. M. Dmitriev?, T. D. Demkina¢, A. A. Dobrov?, D. V. Doronkov* *, D. S. Doronkova?,
M. A. Legchanov“, A. N. Pronin?, A. V. Ryazanov, D. N. Solntsev*, and A. E. Khrobostov*
4 Alekseev Nizhny Novgorod State Technical University, Nizhny Novgorod, 603950 Russia
*e-mail: nevid000@mail.ru

Abstract—The results of experimental studies and a comparative analysis of the coolant hydrodynamics in the
outlet section of the fuel cartridge behind heads of different designs are presented. The considered fuel assem-
blies are designed for installation in the core of a RITM-type reactor of a small ground-based nuclear power
plant. The aim of the work was to study the distribution of the axial velocity and flow rate of the coolant at
the outlet of the fuel bundle, behind the heads of different designs, and in front of the coolant extraction pipe
and in the holes of the upper base plate as well as to determine the areas of the fuel bundle from which the
coolant flow is most likely to enter the sampling pipe and, accordingly, to the resistance thermometer
installed in this pipe. The experiments were carried out on a research aerodynamic stand with an air working
medium on a model of the outlet section of the fuel cartridge, which includes a fragment of the outlet part of
the fuel bundle with spacer grids, dummies of two types of heads, an upper support plate, and a coolant
extraction pipe. When studying the coolant flow rate in the outlet part of the fuel cartridge, the pneumometric
method and the method of contrast impurity injection were used. The measurements were carried out over
the entire cross section of the model. The hydrodynamic picture of the coolant flow is represented by carto-
grams of the distribution of axial velocity, coolant flow rate, and contrast impurities in the cross section of the
model. The results of the research were used by specialists from the design and calculation departments of
Afrikantov OKBM to justify engineering solutions in the design of new cores of RITM reactors. The results
of the experiments were compiled into a database and used in the validation of the LOGOS CFD program
developed by the employees of RFNC-VNIIEF and ITMP Moscow State University as analogues to foreign
programs of the same class, which include ANSYS, Star CCM+, etc. Experimental data are also used to val-
idate one-dimensional thermal-hydraulic codes used in Afrikantov OKBM when substantiating the thermal
reliability of the cores of reactor installations; the thermal-hydraulic code KANAL also belongs to this class
of programs.

Keywords: fuel cartridge, head, fuel element, central displacer, drain windows, drain holes, base plate, ex-
traction pipe, coolant hydrodynamics, flow mixing
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[IpencraBieHbl pe3ysibTaTbl YMCIEHHOTO aHaM3a KOHIIeHcalMu napoB xjianoHa R113 B ropuzoHTaIbHOM
KPYIJIOi TpyGe TUIopa3sMepoM 38 X 3 MM B AMana3oHe MacCoOBBIX ckopocTeil ot 50 no 150 kr/(m? - ¢).
WccnenoBaHust 0COOEHHOCTEM T'MAPOIMHAMUKY U TEMI000MeEHa MPU PacCIOEHHOM U pacCJIOEHHOM BOJI-
HOBOM PeXHMax TeUeHUs KOHIEeHCaTa OCTAlOTCS MO-TIPEXHEMY aKTyaJlbHBIMU BBUIY HEIOCTATOUHOM UX
U3y4eHHOCTH. Tak, comtacHO HedaBHO MOSIBUBIIMMCSI TaHHBIM, MHTEHCUBHOCTHU TEIJIOOTAAYM B 30HE,
3aHSTOU pyuyei KoM, 1 Ha y4acTKaX BHYTPEHHE ! MOBEPXHOCTU TOPU3OHTAILHON TPYObl, CMOYEHHOI TOH-
KO MJIEHKOM KOHIeHcaTa, COIocTaBUMBbI. [103TOMYy 1IsT aneKBaTHOM OLIEHKH peajlbHOTO BKJIaia pydeii-
KOBOi1 30HBI B CpPEIHUIA 1O TepuMeTpy TPyObl KO3(GUIMEHT TETUIOOTIAYM CYIIECTBYIOIME METOIUKU
IIOJIKHBI OBITh YTOUHEHHI. J1J1s MoenupoBaHus IByX(a3Horo notoka ucnoib3oBaiicst Mmeton VOF (Volume
of Fluid). UHTEeHCUBHOCTh MacCcOOOMeHa pacCCUYUTHIBANIACH C ITOMOIIbI0 MOOAU(PUIIMPOBAHHON MOIEIN
Lee, B KoTOpoit KO3 MUIIMEHT pelaKcalliy OTIPEAeIsICs aBTOMAaTUYEeCKU Ha OCHOBE aJITOpUTMa, TIpe/-
JIOXKEHHOTO aBTOpaMU HacTOs e pabOThI B MPEABIAYIINX TyOonuKauusx. st onucaHus TypOyJIeHTHOTO
nepeHoca ucrnoiab3oBajiack Bepcusi SST-mMomenu TypOyiaeHTHOCTM MeHTepa. Monean MaccooOMeHa,
TYpOYJIEHTHBIX TEUEHM A XUIKOU MIEHKU U TTapoBoil ¢assl, anroputMmbl VOF u peanusyroniue ux npo-
rpaMMHBIE CpENCTBA ObLIM BepUDUIIMPOBAHBI HA 3KCTIEPUMEHTAJIBHBIX JaHHBIX IO KOHAEHCAILIMU XJIa10-
Ha R113 mpu onmycKHOM TeUeHUH B BepTUKAIbHOI TpyOe. BrImoiHeHO YncIeHHOe MOIeIMpOBaHE TIPO-
1IECCOB KOH/ICHCAIIMU U TIPOBEACHO CpaBHEHME TTOJIYYEHHBIX JaHHBIX C pe3yJibTaTaMU pPacyeToB I10 pa3-
JIMYHBIM METOIMKAaM, pEKOMEHIYyeMbIM B Jiutepatype. [IpencraBieHa nHdopMalus o pacrnpenejeHuun
JIOKAJIbHBIX XapaKTEePUCTUK MO JJIMHE U IEpUMETpPY TPYObl. OTMEUeHO, UTO TPU HU3KUX 3HAUCHUSIX MacC-
coBoit ckopocT [50 Kr/(M? - ¢)] Ha HEKOTOPOM PACCTOSIHUM OT BXOZa B TPYOY BO3HUKAET TMAPaBIMYeC-
ckuii ckayok (hydraulic jump), IPUBOASIINIA K CYIIIECTBEHHOMY U3MEHEHUIO pacIipeaesieHusI 00beMHOM
JIOJIU TIapa Mo IJIMHE KaHaa.

Karouessbie cnosa: KonneHcanus, xaagoH R113, ropusoHTaabHas TpyOa, YMCIEHHOE MOAESIMPOBAHUE, METO,
VOF, monuduimpoBaHHast Mmonenb Lee, ruapaBinuecKuii CKayok
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Simulation of the Condensation Processes of HFC R113 in a Horizontal Pipe
by the VOF Method

G. G. Yankov~ %, O. O. Milman“ ¢, K. B. Minko” *, and V. 1. Artemov®
¢ Tsiolkovsky Kaluga State University, Kaluga, 248023 Russia
b National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
¢ NPVP Turbokon, Kaluga, 248010 Russia
*e-mail: minkokb@gmail.com

Abstract—The results of a numerical analysis of the condensation of R113 freon vapor in a horizontal round
pipe with a standard size of 38 X 3 mm in the range of mass velocities from 50 to 150 kg/(m?s). Studies of the
features of hydrodynamics and heat transfer in the stratified and stratified wave regimes of condensate flow
are still relevant due to their insufficient knowledge. Thus, according to recent data, the heat-transfer inten-
sities in the zone occupied by a brook and in the sections of the inner surface of a horizontal pipe wetted with
a thin condensate film are comparable (have the same order of magnitude). Therefore, for an adequate as-
sessment of the real contribution of the rill zone to the average heat transfer coefficient along the pipe perim-
eter, the existing methods should be refined. The VOF (Volume of Fluid) method was used to simulate a two-
phase flow. The intensity of mass transfer was calculated using a modified Lee model in which the relaxation
coefficient was determined automatically based on the algorithm proposed by the authors of this work in pre-
vious publications. To describe the turbulent transport, a version of Menter’s SST turbulence model was used.
Models of mass transfer, turbulent flows of a liquid film and vapor phase, VOF algorithms, and software tools
that implement them were verified on experimental data on R113 freon condensation in a downward flow in
a vertical pipe. Numerical modeling of condensation processes has been performed and the obtained data
have been compared with the results of calculations using various methods recommended in the literature.
Information is presented on the distribution of local characteristics along the length and perimeter of the
pipe. It is noted that at low values of mass velocity [50 kg/(m? s)] at some distance from the pipe inlet, a hy-
draulic jump occurs, leading to a significant change in the distribution of the volume fraction of steam along
the length of the channel.

Keywords: condensation, freon R113, horizontal pipe, numerical simulation, VOF method, modified Lee
model, hydraulic jump



TEIVIODHEPITETHKA, 2023, Ne 11, c. 42—-53

TEILJIO- 1 MACCOOBMEH,

CBOICTBA PAGOYUX TEJ 1 MATEPUAJIOB

JAUATHOCTUKA IIEPEXOJHbIX PE2ZKUMOB TEIINTIOOBMEHA
TP KNUITEHUUA B BOJIBIIIOM OBBEME HA OCHOBE
BEVIBJIET-TIPEOBPA3OBAHISA TEMITIEPATYPHBIX ®JTYKTYALIUI

© 2023 r. 1O. E. JIurBuanosa® % *, JI. M. Ky3bMeHKOB?,
K. 10. Mypaaan“, M. U. denos?, K. B. Kynenko*

¢ Hauuonanbublil uccredosamenvckuil s0epubtii yHusepcumem “Mockoeckuil UHMCeHEpHO-u3uueckui uHcmumym”,
Kawupckoe wocce, 0. 31, Mockea, 115409 Poccus
b Hayuonanwsnwiii uccaredosamensckuii yenmp “Kypuamoeckuii uncmumym”,
na. Akademura Kypuamoesa, 0. 1, Mockea, 123182 Poccus
*e-mail: ylitvintsova@mail.ru

Tlocryrmuna B penakuuio 16.02.2023 r.
ITocne nopa6otku 24.04.2023 .
IMpunsara x nmy6nmukamuu 01.06.2023 1.

Ienbio maHHO# pabOTHI SIBIAETCS pa3paboTKa METOa AMArHOCTUKU TTEPEXOMHBIX PEXKMMOB TEIJIOOTIAYN
OT KOHBEKTUBHOTO peXrMa KHUIIEHUs K ITy3bIPbKOBOMY 1 OT IMY3bIPHKOBOTO K TICHOUHOMY KHMITEHUIO Ha
OCHOBe aHaiu3a GIyKTyallMii TeMIiepaTypbl TETUIOOTIAIOIIE TTOBEPXHOCTU C MOMOIIBIO TUCKPETHOTO
BeWBJIET-TIpe0Opa3oBaHusl, KOTOPOE 00IanaeT PsIIOM TIPEMMYIIECTB MO CPaBHEHUIO ¢ MpeoOpa3oBaHUEM
Dypbe, TPaAULIMOHHO MCTOJIb3YyEMbIM IS TOJIYUYESHUS aMIJIUTYIHO-4aCTOTHBIX XapaKTePUCTUK (PIYKTY-
alyi TeMmneparypbl U IMarHOCTUPOBAHUS CMEHBI pexknma Teruiootnadyu. PaspaboTaHHBIM MeTod ObLI
MMPOTECTUPOBAH HA IKCIIEPUMEHTAIBHBIX JaHHBIX 10 TEIUIOOTHAYe NJIs KOHBEKTMBHOIO peXuma, ITy-
3bIPLKOBOTO 1 TUIECHOYHOTO KUITEHUS BOABI Y XKMIKOTO a30Ta B 60JIBIIIOM 00beMe ITPU aTMOCHEPHOM daB-
neHuu. [lokazaHO, YTO NTPU KOHBEKTUBHOM pEXMUMe TETJIOOTIAUYM 3HEprusi KoadpduineHToB BeiBIeT-
pas3oxeHusl KosebaHuil TeMIepaTypbl TEIUIOOTAAIOLIEH MOBEPXHOCTU MPEUMYIIECTBEHHO JIOKaI30BaHa
B 00JIaCTU OTHOCUTEJIbHO HU3KUX YaCTOT. [1pu JOCTMKEHUN peKUMa My3bIPbKOBOTO KUMEHUS pacipese-
JIeHVe 9HepTrur Ko3hGUIIMEHTOB IO YPOBHSIM Pa3I0XKeHUs CTAHOBUTCS 00Jiee paBHOMEPHBIM, OTMEUaeTCst
MOSIBJIEHNE BHICOKMX YacTOT. POpMBI pactipefesieHuit 9Heprur KoaMOUIIMEHTOB pas3iokeHUsT KoJieOaHu i
TeMIIEPaTypPhl IJISI KOHBEKTUBHOTO PEeXXMMAa TEIJIOOTIAYM U TUIEHOYHOTO KUTIEHUST CXOXKH, OTHAKO TTOJTHAS
9Heprust KoahGULIMEHTOB Pa3IoXKeHUS IPU TIJIEHOYHOM KUIIEHUY OoJiblile Ha nmopsinok. Mcxons us mory-
YEHHBIX Pe3YJIbTaTOB C(DOPMYJIMPOBAHBI HOBbIE KPUTEPUU CMEHBI peXXHMa TeIIOOTAaYl, OCHOBaHHbIE Ha
OIpeNeIeHUU TIOJTHOM 3Hepruu KodGhGUIIMEHTOB pasyiokXeHUs KoJebaHUi TeMmIlepaTypbl U SHTPOIUU
IlleHHoHa pacripeneaeHUsT SHEPTruu Ko3(PGUIIMEHTOB 110 YPOBHSIM pa3JioKeHus. Pe3yabTaTsl padoThl MO-
T'YT OBITb MOJIE3HBI TTPU CO3MAHUY HAaJEXKHOI aBTOMAaTU3UPOBAHHOM CUCTEMBI TUaTHOCTUKY TeTUIOOTAAYM,
B TOM UYHCJIe B peXXVMe peaTbHOTO BpeMEHM.

Karouesovie croga: pinyKryalimu TeMrepaTyphbl, My3bIpbKOBOE KUTIEHWE, TIJIEHOYHOE KUTIeHWEe, KPU3UC KUTIe-
HUs, TMaTHOCTUKA, BeBIeT-IIpeoObpa3oBaHne, KOHBEKTUBHBIN peXXUM, KOG OUITMEHTHI Pa3IOXeHUS
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Diagnostics of Transient Heat-Transfer Regimes during Boiling in a Large Volume
on the Basis of the Wavelet Transformation of Temperature Fluctuations

Yu. E. Litvintsova® % *, D. M. Kuzmenkov’, K. Yu. Muradyan‘, M. 1. Delov%, and K. V. Kutsenko*

% National Research Nuclear University Moscow Engineering Physics Institute, Moscow, 115409 Russia
b National Research Center Kurchatov Institute, Moscow, 115409 Russia
*e-mail: ylitvintsova@mail.ru

Abstract—The aim of this work was to develop a method for diagnosing heat-transfer transition modes from
convective to bubble boiling and from bubble to film boiling based on the analysis of heat-releasing surface
temperature fluctuations using a discrete wavelet transform that has a number of advantages compared to the
Fourier transform, which is traditionally used to obtain amplitude-frequency characteristics of temperature
fluctuations and diagnosing a change in the heat-transfer mode. The developed method was tested on exper-
imental data on heat transfer for the convective regime and bubble and film boiling of water and liquid nitro-
gen in a large volume at atmospheric pressure. It is shown that, in the convective heat-transfer mode, the en-
ergy of the coefficients of the wavelet expansion of the temperature fluctuations of the heat-releasing surface
is mainly localized in the region of relatively low frequencies. When the nucleate boiling mode is reached, the
energy distribution of the coefficients over the decomposition levels becomes more uniform and the appear-
ance of high frequencies is noted. The forms of energy distributions of the expansion coefficients of tempera-
ture fluctuations for the convective heat-transfer regime and film boiling are similar, but the total energy of
expansion coefficients for film boiling is an order of magnitude larger. According to the obtained results, new
criteria for changing the heat-transfer regime are formulated that are based on determining the total energy
of the coefficients of expansion of temperature fluctuations and the Shannon entropy of the distribution of
the energy of the coefficients over expansion levels. The results of the work can be useful in creating a reliable
automated system for diagnosing heat transfer, including in real time.

Keywords: temperature fluctuations, nucleate boiling, film boiling, boiling crisis, diagnostics, wavelet trans-
form, convective regime, expansion coefficients
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CaMblii pacrpoCcTpaHeHHBIN cIOCO6 Mepeaadr MPUPOIHOTO ra3a — TPaHCIIOPTUPOBKA ITO TPYOOIIPOBOAAM.
OnHako coXHasl MPOCTpaHCTBEHHast KOH(MUTYpalus TpyOOIIPOBOIHBIX CUCTEM U HaJUUME PETYJIUPYIO-
IIMX YCTPOMCTB U 3aJABMXEK HAPYIIAIOT OTHOPOTHOCTh U CUMMETPUIO MPOMUIIST CKOPOCTU, BHI3BIBAIOT
3aKpYyTKY MOTOKA, TEHEPUPYIOT aKyCTUYECKHE BO3MYIIIEHUS U CO3AAIOT YCIOBUS ST YCUJICHUST aKyCTU-
yeckoro myma. OUeHUTb U YYeCTh BCe 9TH BO3IECTBYS MMPU M3MEPEHUM pacxoa ra3a MouYTH HEBO3MOX -
HO, TIO3TOMY HEOIpeneIeHHOCTh U3MEPEHUI B CIIOKHBIX YCIIOBMSIX TeUeHUsT MOXeT nocturath 20%. s
MOBBIIIEHHST TOYHOCTU U3MEPEHUI pallMOHAILHO UCIOJIb30BaTh yCTPOMCTBA MOATOTOBKY noTtoka (YIIIT).
Wx dpyHK1us 3akiiouaeTcss B GOpMUPOBAHUU TE€UEHUS C U3BECTHLIMU XapakTeprucTukamu. OqHako cyliie-
ctBytomre monenu YIIIT B ocHOBHOM pa3paGoTaHbl 1St 60pbObI C OrpaHUYeHHBIM HAG0POM THIPOIUHA-
MUWYECKUX MPEAbICTOPUI TeUeHUs 1, KaK MPaBUJIO, TPEOYIOT COBMECTHOM rpalyupOBKU C PACXOJOMEPOM.
IIpoektuposanue YIIII, paboratolimnx B IIMPOKOM CIIEKTPE IPEIBICTOPUI TEUEHUS 1 CLIOCOOHBIX CHIKATh
BJIMSIHME aKYCTUKU Ha TOYHOCTb U3MEPEHUI, TPAaKTUUECKH He TPOBOAUIIOCH. B cTaThe MpeaioxeH Mmoaxos
K (hopMupoBaHuio nporoyHoii yactu YIII1, HampaBIieHHBIN Ha pellleHrue ONMMCcaHHbBIX TTpobieM. Ero oco-
OEHHOCTh — UCITOJIb30BaHUE KapTPUIKa C HAOOPOM COOCHBIX ITPOIOIBbHBIX Mep(hOPUPOBAHHBIX IMJIMHIPOB,
PACTOJIOXKEHHBIX OMUH B IPYTOM € TIepeMEHHBIM IIaroM o auameTpy. Ha mpuMepe akcrnepuMeHTaIbHOTO
oOpasiia ycTpoiicTBa IpoaAeMOHCTpHpoBaHa 3¢ EeKTUBHOCTb BEIpaBHUBaHUSI MMPOdIIeii CKOPOCTU U UX BOC-
MPOU3BOAMMOCTD Ha TPYOOIIPOBOIAX Pa3INIHON MPOCTPAaHCTBEHHO KOHMUTYpALIMY MPU CTAIIMOHAPHOM 1
HEeCTallMOHAPHOM peXXuMax TedeHMs1. PaccmaTpuBaeTcst nuarna3oH uucen PeiiHosbaca oT HUKHETO Mopo-
ra, Ip¥ KOTOPOM paboTaeT 6OIBITMHCTBO PACX0IOMEPOB, 10 3HAUYECHUI, TPU KOTOPBIX TEYEHUE CTAHOBUTCS
aBTOMOIEIbHBIM. AKycT4ecKasi 3¢p(eKTUBHOCTh OlieHeHa I guara3oHa yactoT oT 5 I'm mo 120 xIir.
B 1iesioM, aKCIiepuMeHTaTBHBIN 00pa3el] XOpOIIIo CIIPaBUJICS C MOCTaBJICHHBIMU 3amadyaMu. B To e BpeMst
OTMeYeHO, 4To hopma nmpoduieit CKOPOCTH 3a MPEMTOKEHHBIM YCTPOUCTBOM HECKOJIBKO OTIMYAETCS OT
Pa3BUTOTO TTPOMUIISI CKOPOCTH B TIpsIMOiA TpyOe. PerieHue aToii mpobieMbl TpeOyeT ONTUMU3AIIMY TeOMET-
pUYeCKUX pa3MepOB YCTPOMCTBA, UTO OYAET cAesIaHO B Mocieaylolieit padbore.

Karoueguie cno6a: ycTpoOCTBO MOATOTOBKM MOTOKA, PacXoaoMep, Mpoduib CKOPOCTH, TpPyOONpOBOI, MoTe-
pM IaBJIeHUS, aKyCTUIECKUI 1ITyM, TTephOpUpOBaHHBIE TUIACTUHBI, KOMOUIIMEHT T'MAPaBINYeCKOTO CO-
NpOTUBJIeHMsI, yuciao PeitHonbaca
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Flow Conditioners for Pipelines with Sources of Acoustic Noise
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Abstract—The most popular way to transport natural gas is to use pipelines. However, complex spatial con-
figuration of pipeline systems, as well as regulating devices and gate valves, break the uniformity and symme-
try of the velocity profile, induce swirling flows, generate acoustic disturbance, and promote amplification of
acoustic noise. It is almost impossible to estimate and take into account all these effects in gas metering.
Therefore, the measurement uncertainty in complex conditions can be as high as 20%. It is reasonable to em-
ploy flow conditioners (FC) in order to increase the measurement accuracy. Their function is to form the flow
with known characteristics. The existing FC models, however, were designed to deal with a limited set of flow
histories and typically require calibration in combination with a flow meter. There are almost no FCs able to
deal with a wide spectrum of flow histories and mitigate the effect of acoustics on the measurement accuracy.
The study submits an approach to the design of the flow passage inside FC that addresses the described prob-
lems. The proposed FC has a cartridge containing a set of coaxial perforated streamwise cylinders nested
within one another with a varied pitch along the diameter. An experimental model of the device demonstrated
its effectiveness in velocity profile conditioning and reproducibility of profiles in steady and unsteady flows
in pipelines of different spatial configurations. The Reynolds number range considered in the study spans
from the lower threshold, at which the majority of flow meters operate, to the values at which the flow be-
comes self-similar. The acoustic efficiency was estimated for the frequency range of 5 Hz to 120 kHz. In gen-
eral, the experimental model met all challenges successfully. At the same time, the shape of velocity profiles
downstream of the device is somewhat different from the developed velocity profile in straight pipes. This
problem will require optimization of the device geometry, which will be addressed in the future research.

Keywords: flow conditioner, flow meter, velocity profile, pipeline, pressure loss, acoustic noise, perforated
plates, drag coefficient, Reynolds number
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PaccMmoTpeHbI TerioMmaccooOMeH 1 ra3opacnpezesicH1ue B HepaBHOBECHOM ITapOBOJSTHOM 0O0beMe C YPOB-
HeM paszena ¢da3s, comepKalleM HEKOHISHCUPYIOUIUICS ra3. DTU MPOLIECCHl OTHOCSTCS B MIEPBYIO OUepeib
K napora3zoBomy KoMrieHcatopy AaieHus1 (ITI'KJ) nHTerpaibHOro peakropa u OInpeaessioT NoBeAeHe
[ITK/I B HOpManbHBIX M aBapUNHBIX pexxumMax. [lomoOGHbIe TTpoliecChl IPOUCXOASIT B BOAO-BOASTHOM peak-
TOpE U JIOKAJIM3YIOIIEM 00beMe Ha 3aKITIOUMTETbHON CTaI1 aBapUIHBIX PEXMMOB C MOTEePeit TETUIOHOCH -
teJist. st peakTopoB Masioii MoriHocTy Tuna PUTM-200 ¢ ra3oBbIM KOMIIEHCATOPOM JaBJI€HUS HEOOXOI U -
MO YYUTBHIBATh SIBJIEHUsI, CBSI3aHHBIE C MOBEIEHMEM HEKOHIEHCUPYIOIIMXCS Ta30B. JIlaHO KpaTKoe onucaHue
nporpaMmbl 111 DBM GARRIC 2.2 mist pacyera pacrpeneneHrs HCKOHASHCUPYIOIINXCs ra30B B I KoHType
u xapaktepuctuk I1T'K/l Bomo-BoassHOro peakropa MHTErpaaibHOM KOMIIOHOBKM. OmucaHue MPOLeCcCOB
TerioMaccooOMeHa U ra3opacrpeneeH1sl OCHOBBIBAETCSI Ha pe3y/ibTaTaX 9KCIIePUMEHTOB, TIPOBEAESHHbBIX
Ha mozensix [1TK/I, B mmmpokoM auamna3zoHe napamMeTpoB U razocoaepxanuii. Pacuetr maccoobmeHa, B ToM
Yyuclie UCIIapeHus U KOHIEHcalluu napa, ra3orepeHoca Ha 3epKajie IpOBOAUTCS C UCITOJIb30BAHUEM MOJIE-
JIV aHAJIOTUM TETUIO- U MacCOOOMeHa B YCIIOBUSIX €CTECTBEHHOI KOHBeKUMU cpenbl. [IpencraBieHsl pe-
3ynbTaThl Bepudukannu mporpaMMbl GARRIC 2.2 Ha skcnnepMMeHTAIBHBIX JAaHHBIX, TTOJIYYeHHBIX P
UCCIeA0BaHUY KOHIEHCALIMY Mapa Ha CTeHKax, UCIapeHus Ha CBOOOAHOU MOBEPXHOCTU BOABI U pacIipe-
IleJIEHUSI ra3a B Iapora3zoBoM oObeme Ipu HaTypHbIX nmapameTrpax. [Iporpamma GARRIC 2.2 aTtTrecroBaHa
Pocrexnan3opom B 2014 1.

Karouegvie croea: Bono-BoasIHOM peakTop, KOMIIEHCATOP JABJIEHUsI, HEKOHAEHCUPYIOLIUIICS Ta3, mapora-
30Basi CMECh, Ta30pacIpeIeeHIe, TEMIOMacCOOOMEH, MCITapeHNe, KOHIEHC AL, pACTBOPEHME ra3a, ypo-
BeHb pa3nena a3
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Heat and Mass Transfer and Gas Distribution in a Steam-Water Volume
with Noncondensable Gas

A. A. Falkov» *, I. N. Kulakov*, and E. A. Slepneva“
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Abstract—Heat and mass transfer and gas distribution in a nonequilibrium steam-water volume with a phase
separation level containing a noncondensable gas are considered. These processes relate primarily to the
steam—gas pressure compensator (SGPC) of the integrated reactor and determine the behavior of the SGPC in
normal and emergency modes. Similar processes occur in a pressurized water reactor and in a containment vol-
ume at the final stage of emergency regimes with loss of coolant. For low-power reactors of the RITM-200 type
with a gas pressure compensator, it is necessary to take into account the phenomena associated with the be-
havior of noncondensable gases. A brief description is given of the GARRIC 2.2 computer program for cal-
culating the distribution of noncondensable gases in the primary circuit and the characteristics of the SGPC
of a pressurized water reactor of an integrated layout. The description of the processes of heat and mass trans-
fer and gas distribution is based on the results of experiments carried out on SGPC models in a wide range of
parameters and gas contents. Calculation of mass transfer, including vapor evaporation and condensation,
and gas transfer on the mirror is carried out using the analogy model of heat and mass transfer under condi-
tions of natural convection of the medium. The results of the verification of the GARRIC 2.2 program on the
basis of experimental data obtained in the study of vapor condensation on the walls, evaporation on the free
surface of water, and gas distribution in the vapor—gas volume at full-scale parameters are presented. The
GARRIC 2.2 program was certified by Rostekhnadzor in 2014.

Keywords: pressurized water power reactor, pressure compensator, noncondensable gas, gas—vapor mixture,
gas distribution, heat and mass transfer, evaporation, condensation, gas dissolution, phase separation level
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Ha ocHoBe onpenesneHust ONOJHUTENbHONW (PYHKIIMU U TOMOJIHUTEIbHBIX TPAHUYHBIX YCJIOBUN B UHTE-
rpaJlbHOM METOJIe TEIUIOBOTO OalaHca MOJy4eHO MPUOIMKEHHOE aHAIMTUYECKOEe pellleHre HeCTauo-
HapHOU ABYMEPHOM 3a1a4yy TeTJIONPOBOAHOCTH JIJIsI GECKOHEYHOTO TOJIOT0 HUJIMHAPA TPU TPAHUYHBIX
YCIIOBUSIX TPEThETO POja C TIepEeMEHHBIMU B OKPY>KHOM HampaBjJeHUH KO3 DUIIMEHTaMU TETUIOOTIAYH.
HononHuTtenbHast yHKIMS ONMUCHhIBAET U3MEHEHUE TeMIEPaTypbl BO BpeMEHU B OMHOM KOHKPETHOM
TOYKE TPOCTPAHCTBEHHOM MepeMeHHOoM. [Ipu ee MCIOMb30BaHUM MOXKHO CBECTH pPEIlIeHHE UCXOTHOTO
nuddepeHInaaIbHOTO YPaBHEHMS B YACTHBIX IPOM3BOIHBIX K MHTEIPUPOBAHMIO OOBIKHOBEHHOTO U de-
PEHIIMATBLHOTO YPaBHEHUsI, U3 KOTOPOTO HaXOIATCSI COOCTBEHHbIE YMciia KpaeBoit 3agaun. To ecTh n3na-
raercsl Apyrasi KOHLUEINUUs olpeneeHrs COOCTBEHHBIX YUCE UCXOMs1 U3 BDEMEHHOTO YPAaBHEHUSI OTHO-
CUTEJIbHO NTOTIOJTHUTEIbHOM (DYHKIIMU, B OTJIUYME OT KJIIACCUYECKUX METOMOB, Tlie COOCTBEHHbBIC YMCIia
HaXOMASITCS MPU pellieHnu KpaeBoii 3anauu [Itypma — JIMyBuiIs njist 06;1acTi IpOCTPaHCTBEHHOI nepe-
MeHHOM. Ha3HauyeHMe MOMONHUTENBHBIX TPAHUYHBIX YCIIOBUM — BBITTOJIHEHUE UCKOMBIM DPEIIeHUEM
ypaBHEHMs B IpaHUYHBIX TOUKax. [TokazaHo, YTO BHITIOJIHEHME YPaBHEHWS B TPAHUYHBIX TOYKAX TPUBOIUT
K €T0 BBITIOJTHEHUIO M BHYTPU paccMaTpuBaeMoit o6y1acTh. J1omoTHUTeIbHbIE TPAHUYHBIE YCIOBUS BHIBO-
TISITCS TIPU UCTTOJIb30BAHUU UCXOMHOTO NUMdepeHIIManbHOro ypaBHEHHSI U OCHOBHBIX TPAHUYHBIX YCII0-
BUii. MHOrokpaTHO nuddepeHIpys ypaBHEHNE MO MPOCTPAHCTBEHHON MEepEeMEHHOM, a TpaHUIHBIe
YCIIOBUS — TIO BPEMEHMU, ITyTEM COTMOCTaBJIEHUSI IMOJIydaeMbIX COOTHOIIIEHU I MOXHO HaiTH JII000€ KOJIM-
YeCTBO TOMOJTHUTEIbHBIX TPAHUYHBIX YCTIOBUIA. TOYHOCTH pellieHUs] YpaBHEHMST BHYTPU paccMaTpuBac-
MOi1 061aCTU 3aBUCHUT OT YKCJIa TPUOIMXKEHU, a CIeI0BaTeIbHO, U OT KOJMYECTBA UCTIONb3YEMBIX 10-
MMOJTHUTEJbHBIX TPAHUYHBIX yciioBuii. [ToydeHHOE TakKuM 06pa3oM MPUOIKEHHOE aHATUTHYECKOe pe-
LLIEHUE OTJIMYAETCI MPOCTOTON KOHCTPYKIIMU, YIOOHOI 11sI MPUMEHEHHS B MHKEHEPHBIX MPUJIOKEHUSIX.

Karouesble croea: rpaHUUHBIE YCJIOBUSI TPETHETO poja, MepeMeHHbIe KO3(MOUIIMEHTHI TeIUIOOTIAYU, UHTE-
TpaJIbHBIIA METOI TEIUIOBOIO OajaHca, HOIOJIHUTEIbHbIC (DYHKIINM, TOIIOJHUTEIbHBIE TPAaHUYHBIC YCI0-
BUSI, TIPUOJIMKEHHOE aHAJIUTUYECKOE pelleHUe
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Approximate Analytical Solution of the Problem of Thermal Conductivity
in a Pipe Wall with Variable Heat-Transfer Coefficients along the Perimeter

V. A. Kudinov?, E. V. Kotova® *, R. M. Klebleev?, T. E. Gavrilova®, and E. V. Stefanyuk“

¢ Samara State Technical University, Samara, 443100 Russia
*e-mail: larginaevgenya@mail.ru

Abstract—Based on the definition of an additional function and additional boundary conditions in the inte-
gral heat balance method, an approximate analytical solution is obtained for a nonstationary two-dimension-
al heat conduction problem for an infinite hollow cylinder under boundary conditions of the third kind with
variable heat-transfer coefficients in the circumferential direction. An additional function describes the
change in temperature over time at one particular point in the spatial variable. Using it, one can reduce the
solution of the original partial differential equation to the integration of an ordinary differential equation,
from which the eigenvalues of the boundary value problem are found. That is, a different concept of deter-
mining eigenvalues based on the time equation with respect to an additional function is presented, in contrast
to classical methods, where eigenvalues are found when solving the Sturm—Liouville boundary value problem
for a region of a spatial variable. The assignment of additional boundary conditions is the solution of the orig-
inal equation at the boundary points. It is shown that solving the equation at the boundary points leads to its
solution inside the considered region as well. Additional boundary conditions are derived using the original
differential equation and basic boundary conditions. Repeatedly differentiating the equation with respect to
the spatial variable, and the boundary conditions with respect to time, by comparing the obtained relations,
one can find any number of additional boundary conditions. The accuracy of solving the equation inside the
considered region depends on the number of approximations, and, consequently, on the number of additional
boundary conditions used. The approximate analytical solution obtained in this way is characterized by a sim-
ple design that is convenient for use in engineering applications.

Keywords: boundary conditions of the third kind, variable heat-transfer coefficients, integral heat-balance
method, additional functions, additional boundary conditions, approximate analytical solution
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PaccmoTpens! o61me BOIpockl BO3BHMKHOBEHUST HU3Ko4YacToTHOM Bubpaumun (HYB) Ha Typ6oarperarax.
OTrMmedeHo, YTO, HECMOTPS Ha JOCTUTHYTHII ypoBeHb 3HaHU B o6jactu HUB, oHa nepuoanyecku mosiB-
JisieTcsl Ha TypOoarperaTtax anekrtpoctanuuii. Hapsny ¢ HUB, BbI3BaHHOI a3po- ¥ TUAPOAMHAMUYECKUM
Bo30yxneHuem, HUB MoxeT umers cyorapmMoHudeckuii xapakrep. [lomuepkuBaeTcs, 4YTO MEpPOIPUSITUS
no ycrpaneHuto HUB 3aBucsar ot npuposl ee BOSHUKHOBeHUs. [IpuBeneHbl MpuMepbl BOSHUKHOBEHUS U
ycrpaHeHus1 HUB, B ToM yuciie Ipu yCTaHOBKE COTOBBIX YIJIOTHEHUI B LIMJIMHAPAX BHICOKOTO TaBJICHUS.
JIJ1st COTOBBIX YIUIOTHEHUM XapaKTEepHO YyMEHbIIIEHUE pa3MepOB KaHAJIOB M yBEJIWYEeHUE KaHAJIbHOMN CO-
cTaBJisonIeii Hand0aHIaXKHbBIX CUJI TPU a3pOJMHAMUYECKOM BO30ykaeHUU. OTMeUaeTcsl, YTO B HEKOTOPBIX
clly4yasix TIpy 3afieBaHUsIX pOTopa O cTaTop Habmonaercss MHorokomnoHeHTHas HYB ¢ cybrapmonuyeckm-
MU M aBTOKOJIEOATEIbHBIMU COCTaBIsAIOIIMMU. [Tloka3aHO, YTO B HOPMAaTUBHOM JIUTEpaType OTCYTCTBYIOT
KPUTEPUU OLIEHKM MHOTOKOMIIOHEHTHOM BUOpaIlMM B HU3KOYACTOTHOI ob6yacTu. OTMedaeTcss YTO MHOTO-
koMnioHeHTHast HUB MoXeT ObITh IMarHOCTUYECKUM MPU3HAKOM 3a/IeBaHUil poTopa 0 6a00UT MJIU YIUIOT-
HeHusd. Jlanbel pekomeHaauuu no ycrpanenuto HUB pasnuyHoit npupoasl. [IpuBenena nuarHoctuyeckas
TabyMlIa, MO3BOJISIONIAs ONpeneuThb MpudrHbl HYB 1 BBIOpaTh MEpONPUSITUSI 11O MOBBILLIEHUIO HAIEKHO -
CTH 9KCILTyaTalluu TypooarperatoB. BriepBbie ykazaHO, YTO ICTOYHUKOM MaCJISTHOTO BO30YKIEHUS MOXET
CJTY>KUTb YIIOPHBIN MOAIIUIMHUK TypOrHbI. OTMEUEHO TakKe, YTO ycJIoBUsI Bo3HUKHOBeHUs HUB aBTOKO-
J1e0aTeIbHOTO TUTIA U METOIBI OOPBOBI C HEM JOJIKHBI OTJIMYATHCS OT METOIOB OOPHOBI C CAMOBO30YXIat0-
meiicas HYB cybrapmoHunyeckoro xapakrepa.

Karouesvie cnosa: TOOIIMITHUK CKOJIBXEHUsI, TypboarperaT, HU3KO4acTOTHasI BUOpalus, cyorapMoHU4e-
cKast BUOpalusi, COTOBbIC YIUIOTHEHUSI, PEKOMEHIALIMU 110 CHUKEHUIO BUOPALIMM, IPOTUBOPEUUSI B HOP-
MaTUBHOI 6a3e
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Some Features Relating to the Occurrence of Low-Frequency Vibration
in Large Steam Turbines and Methods for Removing It

A. 1. Kumenko® *, A. M. Mironov®, M. 1. Shklyarov’, and S. Yu. Evdokimov®
¢ National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
5 AO Power Machines, St. Petersburg, 195009 Russia
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Abstract—The article addresses general matters concerned with the occurrence of low-frequency vibration
(LFV) in turbine units. It is pointed out that, despite the level of knowledge that has been achieved in regard
to LFV, it still arises from time to time in power plant turbine units. Along with LFV caused by aero- and hy-
drodynamic excitation, LFV can also bear a subharmonic pattern. It is emphasized that the measures taken
to remove LFV depend on the LFV occurrence origin. The article presents LFV occurrence and removal
examples, including those relating to the use of honeycomb seals in high-pressure cylinders. With honeycomb
seals, decreased sizes of channels and an increased channel component of overshroud forces caused by aero-
dynamic excitation are typically observed. It is pointed out that, in some cases that involve rotor rubbing
against the stator, a multicomponent LFV with subharmonic and self-oscillation components is observed. It
is shown that the regulatory documents do not contain criteria for estimating a multicomponent vibration in
the low-frequency band. It is pointed out that multicomponent LFV can be a diagnostic indicator pointing to
rubbing of the rotor against the babbit or seals. Recommendations on removing LFV of various origins are
suggested. A diagnostic table that helps determine factors causing the LFV and that produces recommenda-
tions on increasing the turbine units operational reliability is given. It is stated for the first time that the tur-
bine thrust bearing can behave as a source of oil excitation. It is also noted that the conditions under which a
self-oscillation type LFV occur and its suppression methods should differ from the methods for suppressing
self-excited LFV of a subharmonic nature.

Keywords: plain bearing, turbine unit, low-frequency vibration, subharmonic vibration, honeycomb seals,
recommendations on reducing vibration, contradictions in the regulatory framework
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OrHecToiKue XUIKOCTH U CMa3KU — 3TO MPOAYKThI, KOTOPbIE UCTIONB3YIOTCS B Pa3JIMYHbBIX OTPACIISIX TTPO-
MBIIUIEHHOCTH 151 0OecIeYeHUsI HaIeXKHOCTHU U 0€30MaCHOCTH 000pyI0BaHUsI, pabOTAIOIIETO B YCIOBUSIX
BBICOKHMX TeMIIEpaTyp, AaBJIeHUSI U Bo3aeicTBus orus. 3a nocienHue 30—50 jJeT Ha MUPOBOM PBIHKE T10-
SIBUJIMCDH MPOMBIIIUIEHHBIE OTHECTOMKHUE XXUAKOCTH, KOTOPbIE 00/1a1al0T BBICOKOI TEPMUYECKON CTaOUIIb-
HOCTBIO 1 MIPY 3TOM HE BOCILIAMEHSIIOTCS IIPU KOHTaKTe ¢ orHeM. [IpencraBieHsl pe3yJibTaTbl MHOTOJIET-
HUX MCCJIEOBAHUN TaKMX XUIKOCTEH MPU IKCIUTyaTallud B CUCTEMAaX aBTOMAaTUYECKOTO PEeryJIMpOBaHUS
napoBbIX TypOuH (I1T) KoHIeHCalIMOHHBIX U TEIUIODUKAIIMOHHBIX 3HEPro6;10koB TOC, pacroyioXKeHHbIX
B pa3JIMuHbIX pernoHax Poccun u 3a py6exkoM (ObUIO TTpoaHAIM3UPOBaHO 6ojiee 50 KM3HEHHBIX LIUKJIOB
YKa3aHHbIX XuaKocTei). OnrcaHbl IPUYUHBI UCTIOJIb30BAHUSI CHHTETUYECKUX COEAMHEHWI B SHEPTETUKE,
UX OTJINYUS OT HEDTSAHBIX Macesl, chOpMyIMPOBaHbI TEHACHIUUS U MIEPCIIEKTUBBI MPUMEHEHU S HETOPIOUMX
xunkocteil B EBponie u Poccuu. LlensiMmu ucciaenoBaHusi ObUIM oIpeleeHrue HauboJiee CyLeCTBEHHbBIX
MPUYUH COKPAIIEHNSI HOPMATUBHBIX CPOKOB AKCIITyaTallM OTHECTOMKUX KUAKOCTe 1 pa3paboTKa Me-
TOJIMKU OINpeaeseHUs KaueCcTBa MPOAYyKTa U MIPOTHO3MPOBAHUS XXU3HEHHOTO LIMKJIAa TAKUX XKUAKOCTEH (0
METOIMKeE OyIeT COOOIIEeHO B ceayIonleil myoanKaluy aBTopoB). [IpoMeXKyTOUYHBIMY 3a1adyaMy UCCIIe-
IOBaHUs ObIJIM 00OCHOBaHME allIIPOKCUMUPOBAHUS MOJTYUYEHHBIX B pe3yJIbTaTe cO0Opa MCXOIHBIX TaHHBIX
U KaTeropupoBaHue 0OBEKTOB, HA KOTOPBIX UCHOJB3YIOTCS 3TU KUAKOCTU. [IpoBeaeH aHalIu3 u3MeHe-
HUS 3KCILTyaTallMOHHBIX XapaKTEPUCTUK OTHECTOMKUMX XUJIKOCTEM MpU UX paboTe B cUCTeMaX peryJsiu-
pOBaHUs ITAPOBBIX TYPOMH pa3IMYHOro Tuiia Ha pasHeix TOC. BuimmonHeH 0630p Hanboee 3HAYMMBIX
¢akTOpOB, BIUSIOLIMX HA MPOJJIEHUE SKCIUIyaTallMOHHOTO pecypca OrHECTOMKUX XKUIKOCTEH, MpoaHa-
JIM3UPOBAHBI MEPHI TIPENOTBPpAILICHUS YXYAIIEHUST UX KayecTBa (pereHepanus, IpuMeHEeHUe MacJI00umn-
CTUTEJIbHBIX YCTAHOBOK, JOJIMBKHU U T.1.).

Katoueeswvie crosa: orHeCTOMKIE KNIAKOCTHU, CUCTEMA aBTOMATUYCCKOIo peryjmpoBaHusd, I1apOBLIC Typ6I/I—
HbI, KUCJIOTHO€ YMUCJIO, ITIOTCHI XA ﬂaKOO6pa30BaHI/I}1, MacCJIOOYUCTUTECIbHBIC YCTAHOBKH, WOHHBII 0OMEH
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Analyzing the Change in the Acid Number of Fire-Resistant Fluids
during Their Operation in Automatic Closed Loop Control Systems
of Steam Turbines at Thermal Power Plants
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Abstract—Fire-resistant fluids and lubricants are products that are used in various industry branches for
ensuring reliability and safety of equipment operating under conditions of high temperatures and pressures
and flame impact. For the last 30—50 years, industry-grade fire-resistant fluids, which feature high thermal
stability and do not ignite when coming in contact with flame, have become commercially available in the
world market. The article presents the results obtained from long-term studies of such fluids during their op-
eration in the automatic closed loop control systems of steam turbines (STs) of condensing and cogeneration
units of thermal power plants (TPPs) located in different regions of Russia and abroad (more than 50 life cy-
cles of these fluids have been analyzed). The reasons for using synthetic compounds in the power industry are
described along with the properties in which they differ from petroleum oils, and trends and prospects of ap-
plying noncombustible liquids in Europe and Russia are formulated. The aims of the study were to determine
the most essential reasons why the standard operation times of fire-resistant fluids were shortened and to de-
velop a procedure for determining the product quality and predicting the life cycle of such fluids (the proce-
dure itself will be addressed in our next publication). Intermediate study objectives were to substantiate the
approximation of the input data obtained as a result of their collection and to divide the facilities at which
these fluids are used into certain categories. The change in the performance characteristics of fire-resistant
fluids during their operation in the control systems of steam turbines of various types at different thermal
power plants is analyzed. The most significant factors influencing the extension of fire-resistant fluids’ ser-
vice life are reviewed, and measures aimed at preventing degradation of their quality have been analyzed
(regeneration, use of oil purification plants, replenishing, etc.).

Keywords: fire-resistant fluids, automatic closed loop control system, steam turbines, acid number, varnish
formation potential, oil purification installations, ion exchange
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B cepenuHe mponuioro Beka Ha OT€UECTBEHHBIX, a TaKXKe Ha HEKOTOPBIX 3apYOeKHBIX 3JEKTPUYECKUX
CTaHIIMSIX IIIMPOKOE pacpoCTpaHEeHUeE MOJIyYnsio orHecToiikoe Maciio OMTMU (orHecroiikoe Maciio Ter-
JIOTEXHUUYECKOTO MHCTUTYTA), TEXHOJIOTUS U3TOTOBJIEHUSI KOTOPOTo Obljla pa3paboTaHa COTPyIHUKAMU
Bcepoccuiickoro teriorexHudeckoro uHcTuTyta (BTH). Macio OMTMH oTinyaioT BICOKHUE OTHECTOM -
KMe KauyecTBa, XOpOoIllMe CMa304yHbIE CBOMCTBA, BRICOKAsi TEPMOOKHUCIUTEIbHAS U TUAPOJIUTAYECKAS CTa-
OWJILHOCTD, IJIUTEIBHBINA CPOK CITy>KObI. Ero HemocTaTkoM, Kak 1 JTt00bIX (hochOpHBIX 3(DUPOB, SIBIISIETCS
YyBCTBUTEIBLHOCTD K TPUCYTCTBUIO BOJIBI 1 TTIOBBILLIEHHBIM TEMIIEpaTypam, BO3AEMCTBME KOTOPBIX TIPUBO-
JIUT K pa3pylIeHUIO XXKUJIKOCTU ¢ 00pa3oBaHUEM MPOAYKTOB KUCJIOTO XapakTepa. DTOT MPOILIECC SIBISIETCS
“aBTOKATATUTUUECKUM” C ITOBOJBHO OBICTPBIM MNOCTMXKEHUEM HEMPUEMJIEMOTO YPOBHS KUCJIOTHOCTH,
MpY KOTOPOM MOXET MOTPeOOBaThCs 3aMeHa MacJja. B HacTosiiee BpeMsi C y4eTOM TOTO, YTO OTHECTOMKHME
MacJia IMPOKO MPUMEHSIIOTCSI, HO TIPU 3TOM MMEIOT BBICOKYIO CTOMMOCTh, BEChbMa aKTyaJIbHbIMU CTaHO-
BSITCSI BOIIPOCHI COMPOBOXAEHUS dKCIUTyaTallMM OTHECTOMKMX Macell, a TakxKe MPOIJIEHUS] UX pecypca.
Kpowme Toro, HeManoBaXXHbBIM SIBJIsIeTCsI TTOUCK 3D MEKTUBHBIX CITOCOOOB BOCCTAHOBJIEHUS KAUECTBEHHBIX
XapaKTepUCTUK OTPAOOTaHHBIX MaceJl, HAKOIUIEHHBIX Ha MPEANPUSATUSX SHEPTETUKU, B LIEJISIX UX TOBTOP-
HOTO MCMOJIb30BAaHMS B KAYECTBE TMAPABINYECKOMN KUAKOCTU WU ChIPhS IJIsI MOJIYyYeHUsI HOBOTO Macia.
JU1st mpoajieHus pecypca 9KCILUIyaTUPYEMBIX, @ TAKXKE BOCCTAHOBJIEHUSI 10 TPEOYEeMBbIX XapaKTEPUCTUK OT-
paboTaHHBIX Macesl HY>KHbl MacJOOYMUCTUTENIbHbIE YCTAHOBKU, HA KOTOPBIX MTPOUCXOIUT COPOLIMOHHAS
OYHMCTKA XUAKOCTEN U yIAISIOTCS KUCIble MPOAYKThI 1€CTPYKLIMU, IPU 3TOM ISt obecrneyeHus apdex-
TUBHOCTH Peajin3yeMbIX MTPOLIECCOB COPOEHT IOJIKEH COOTBETCTBOBATH OIPeAeIeHHbIM KputepusiMm. Cie-
IYET OTMETUTD, YTO OT YCTOMUYMBOM PabOThI PHEPTETUYECKOM OTPAC/IM 3aBUCUT SHEpreTuyeckas oesonac-
HOCTb rOCYIapCTBa, IO3TOMY HEOOXOIUMO MPUCTYITUTh K CO3AHUIO PELIETITYP OrHECTOMKUX Macel HOBO-
ro TUIIa HA OCHOBE mpem-0yTUI(EHUIIOB, a TAKXKe K pa3pab0oTKe TEXHOJIOTUY UX MPOU3BOACTBA U OLIEHKE
BO3MOXHOCTHU peaiM3aiiiy Mpoliecca Ha CyIEeCTBYIOLIMX TPOMBILJIEHHBIX XUMUYECKUX TTomankax. M3-
TOTOBJIEHWE Macesl HOBOTO THUIa JOJDKHO COMPOBOXIAThCS pa3pabOTKON COOTBETCTBYIOILIEH HOPMATUB-
HOW TOKyMEHTaIUK.

Karoueswvie cnrosa: orHecroiikme xxuakoctu, macaio OMTU, tpuapundocdatsl, TpUKCIeHIPOCHAaTHI,
Jerpaaanysi, TMIPOJIn3, KUCJIOTHOE YMCII0, OKCUXJIOPUT, PEreHepaliusi, OTHECTOMKOe Macjio HOBOTO TUTIa
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Problems Connected with Operation of Fire-Resistant OQils and Ways for Solving Them

R. V. Akulich* * and N. V. Arzhinovskaya“
¢ All- Russia Thermal Engineering Institute, Moscow, 115280 Russia
*e-mail: RVAkulich@vti.ru

Abstract—In the mid 20th century, type OMTI fire-resistant oil (fire-resistant oil of the thermal engineering
institute), whose production technology was developed by specialists of the All-Russian Thermal Engineer-
ing Institute (VTI), received wide use at Russian and also at some foreign power plants. Type OMTI oil is dis-
tinguished by its high fire-resistant qualities, good lubrication properties, high thermal oxidation and hydro-
lytic stability, and long service life. Its drawback, as of any phosphorus esters, is sensitivity to the presence of
water and increased temperatures, the action of which destructs the fluid with generation of acidic products.
This process is “autocatalytic” in nature with a rather quickly reached unacceptable acidic level, at which the
replacement of oil may be required. Nowadays, in view of the fact that fire-resistant oils are widely used but
have a high cost, matters concerned with supporting the operation of fire-resistant oils and also extending
their service life are becoming of much relevance. Another important issue is searching for efficient methods
to restore the qualitative characteristics of spent oils that have been accumulated at power industry enterprises
with the aim of repeatedly using them as hydraulic fluid or raw material for obtaining new oil. For extending
the service life of operating oils and restoring spent oils to the required characteristics, oil purification plants,
in which the fluids are subjected to sorption purification and acid destruction products are removed, are re-
quired. To ensure the effectiveness of the implemented processes, the sorbent must comply with certain cri-
teria. It should be noted that stable operation of the power industry is essential for the energy security of the
state; therefore, it is necessary to commence work on developing the compositions of a new type of fire-re-
sistant oils on the basis of fert-butylphenyls and also elaborating the technology for manufacturing them and
estimating the possibility to implement the process at existing industrial chemical sites. The manufacture of
the new type of oils must be accompanied by the development of corresponding regulatory documents.

Keywords: fire-resistant fluids, OMTTI oil, triaryl phosphates, trixylenil phosphates, degradation, hydrolysis,
acid number, oxychloride, regeneration, fire-resistant oil of a new type
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TunposHepreTvka siBJasieTCsI OTHUM M3 BO30OHOBJISIEMBIX UCTOUHUKOB SHEPTUM M 0OeCcTieunBaeT Mpou3-
BOJICTBO CYIIECTBEHHO TOJIM 3JIEKTPOIHEPTUM BO BceM mMupe. [IpenMyliecTBa THIPOIHEPTETUKN — 3TO
OTCYTCTBME BHIOPOCOB TMOKCHIA YTIIEPOa, BLICOKAsi MAHEBPEHHOCTD M dHepreTuueckasi 3(pHeKTuBHOCTb,
OITHAKO CYIIECTBYIOT M HETOCTATKU, KOTOPBIE CBSI3aHbI C BIMSTHUEM TMAPOIHEPTETUIECKUX OOBEKTOB Ha
ouocpeny. B naHHoI1 cTaThe NpencTaBieH 00630p Hanboiee XapaKTepHbIX BO3IEHCTBUI 2JIEMEHTOB IPOTOY-
HOI1 YacTU ruApOTYpOMH Ha 61odayHy (pbIO, INTAHKTOH) B ITpoOlIiecce MX dKCIUTyaTaluu. PaccMaTpuBaioTest
Haubosiee M3BECTHbIE KOHCTPYKTUBHBIE PEIIEHUS, TTO3BOJSIONINE CHU3UTh BEPOSTHOCTh HETaTUBHOTO
BO3ICHCTBUS 3JIEMEHTOB ITPOTOYHOI YacTH TMAPOTYPOUH Ha 6uocpeny. O4eBUIHO, YTO MPHU peaau3aiuu
TaKUX pelIeHU I yXyaIIaTcs MoKa3aTeau padoThl THAPOTYPOUH. OMHAKO CIeAyeT YUUThIBATh, YTO OCHOBHASI
LIeJIb TIPUHSATHUS 3TUX PEIIeHUI 3aKTIoYaeTcsl B 00ecriedeHMU GUOJIOTUYECKO 6e30MacHOCTH OOBEKTOB,
MPU 3TOM X IHEPTETUUECKUM XapaKTepUCTUKAaM BHUMAaHUSI yaeJsieTCsl HeocTaTouHO. B paboTe 1oBOJIbHO
MOAPOGHO TIPEACTaBIeH OIMH M3 BApMAHTOB 00ecIieYeHUsT 6€30TaCHOCTU OKPYXKaloIIei Ccpebl — MOJeP-
HU3aLMs BTYJIKU paboyero Koseca myTeM yCTpaHEHUS 3a30pOB MEXI1y JIONACTSIMU U BTYJIKO#. C moMoIIbio
YUCJIIEHHOTO MOJICIMPOBAHUS YCTAaHOBJIEHO, YTO MPUMEHEHHE Kojieca ¢ MOAUMUIIMPOBAHHON BTYJIKOM
MPUBOAUT K YBEJWUYEHUIO TUAPABINYECKOTO COMTPOTUBIEHUSI, YMEHBIIEHUIO pacxoja 1, KaK CIeNCTBUE,
CHIIXEHUIO BBIpAbaThIBAeMOI MOIITHOCTH. AHAJIU3 PE3yIbTaTOB MOACIUPOBAHUSI MOKA3aJl, YTO, HECMOTPSI
Ha HEKOTOPOE€ CHUKEHME YHEPreTUUECKUX XapaKTEePUCTUK, MPENCTaBIsIeTCs MePCIeKTUBHBIM Oosiee ae-
TaJIbHOE VICCIIeIOBaHUE U COBEPIIICHCTBOBAHME GMOJIOTMYeCKU 6€30ITaCHBIX BADMAHTOB IMTPOTOYHBIX YacTei
ruapotypouH. Kpome Toro, ciejiaH BBIBOJ O BO3MOXHOCTH BHECTU JTOMOJHUTENbHbIE U3MEHEHUSI B IIPO-
TOYHYIO YaCTh, KOTOPHIE ITO3BOJISIT KOMIIEHCUPOBATh MOTEPU MOIITHOCTU.

Karouegvie croea: TumpaBImdecKre TYpOMHEI, 0M006e30nacHbIe TUAPOTYPOUHEI, Cheprudeckas ¢popma BTYJI-
Ku pabouero kojieca, CFD-monenupoBaHue, 6uopecypchl, epernanbl 1aBleHUs, KaBUTaLUs
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Methods for Rendering Biosafety of Elements in Flow Paths of Hydraulic Turbines
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Abstract—Hydroelectric power belongs to renewable energy sources and contributes a considerable percent-
age of the electrical energy generated in the world. Its advantages include no carbon dioxide emission, excel-
lent maneuverability, and high energy effectiveness. However, disadvantages do also exist caused by the in-
fluence of hydropower facilities on the bioenvironment. This paper presents a review of the most character-
istic effects of elements of the flow path of hydroturbines during their operation on biofauna (fish and
plankton). The most popular design solutions are examined, which are aimed at reducing the risk of negative
impact of the elements of the flow path of hydraulic turbines on the bioenvironment. Obviously, the imple-
mentation of these solutions will deteriorate the performance of hydraulic turbines. However, we should bear
in mind that the main purpose of these solutions is to ensure the biological safety of facilities, while their en-
ergy characteristics do not receive proper attention. The paper presents in some detail an option for ren-
dering environmental safety, which is the modernization of the runner hub by eliminating the gaps between
the blades and the hub. Numerical simulation has revealed that the application of a runner with the mod-
ified hub increases the hydraulic resistance, decreases the flowrate, and, as a result, reduces the generated
power. An analysis of the simulation results has suggested that, despite some decrease in the energy char-
acteristics, we should investigate in more detail and improve the biologically safe version of the hydraulic
turbine flow path. In addition, a conclusion has been made that the flow path can be further modified to
compensate for power losses.

Keywords: hydroturbines, biosafe hydroturbines, runner spherical hub, CFD-simulation, biological resources,
pressure difference, cavitation
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[IpencraBineH KpaTkuii 0630p reonHGOPMAIlMOHHBIX CUCTEM, MpeaHa3HAYeHHBIX IJIsi cOopa, XpaHe-
HUSI, UHTErpallMy, aHaJIM3a U rpapuyecKoil MHTepIpeTaluy IPOCTPAHCTBEHHO-BPEMEHHbBIX JaHHbBIX
10 Pa3INYHBIM TEXHOJIOTUSIM MCIOJb30BaHUS BO30OHOBIISIEMBIX UICTOYHUKOB dHepTruu (BUD) B 11essax
NPUHSITHUSI 000CHOBAHHBIX pEIIEHUI 10 pa3BUTUIO dHepreTuku Ha BUD (Bo300HOBISIEMOI SHEpreTU-
k). Pazpaborka reonHdpopMalinoHHON cucTeMbl “B0300HOBIIsSIEMBbIE NCTOYHUKHU 3Heprun Poccum”
('C “BUD Poccuun”) 6b11a Havyata B 2010 1. cnenmaiuctamu reorpadudeckoro dakyiabrera Moc-
KOBCKOTO rocymapcTBeHHOTO YHuBepcuTeTra uM. M.B. JlomoHocoBa 1 O0beIMHEHHOTO NHCTUTYTA BhI-
cokux temiiepatyp PAH. OcHoOBHOII aKIIeHT B Heli cAejlaH Ha IPOCTPpaHCTBEHHOE OTOOpaXkeHUEe pecyp-
COB COJIHEYHOI1 M BETPOBOI 3Hepruu Ha Tepputopun Poccuu. McxonHble JaHHBIE 1JISI OLIEHKHU 3TUX pe-
CypcoB (OpMHUPYIOTCS MPEUMYIIECTBEHHO Ha 0a3e CHYTHUKOBBIX W3MEPEHUI, MaTeMaTUYECKOTO
MOJeIMpPOBaHMUs U BepupUKALIMU Pe3yJbTaTOB Ha3eMHBIMU MeTeoHabaoaeHusIMu. ['eonHpopmalu-
OHHAasI CUCTEMAa COAEPKUT TAKKe JaHHbIE O CYILIECTBYIOLIUX U IPOECKTUPYEMBIX 00BEKTAaX BO30OHOBIISI-
eMOi1 SHEepTeTUKHU, HayUHbIX, 00pa30BaTEIbHBIX U KOMMEPUYECKUX OpraHu3alusx, padoTaroiux B 3Toi
obnactu. ITo Mepe pa3BuTUg reonH@OpMalLIMOHHASI CUCTEMA IOIOJHSUIACh CBEACHUSIMU O pacIipee-
JICHUM 110 TeppuUTOpuM Poccum pecypcoB reoTrepMajibHOM 3HEPTUH, SHEPTUU MaJIBIX PEeK, a TAKXKE OIIeH-
KaMM yIeJIbHOM MPOU3BOAUTEIbHOCTY YCTAHOBOK COJTHEUHOI 1 BETPOBOI 9HEPTeTUKHU, BaJIOBOIO U TEX-
HUYECKOro IMOTEHIIMAJIOB OTXOJOB PAaCTEeHMEBOACTBA, XXMBOTHOBOJACTBA, CaAOBOICTBAa U BUHOIrpamap-
crBa. B cTaTbe KpaTKo OnMcaHbl METOIbI Y TTOAXObI, UCIIOJIb30BaHHbIe 1151 pa3dputusi [MUC, B ToM uncie
JIJISI TIOBBIILIEHUS TIPOCTPAHCTBEHHOTO pa3pelleHUsI PeCYyPCHBIX JaHHBIX M pacyeTa TEXHUYECKOTO MOTeH-
111Majla BO30OHOBJISIEMbBIX UCTOUHUKOB SHEPTUU C YYETOM JOCTUXEHUIA B 00J1aCTH BBICOKUX TEXHOJIOTHIA;
chopMyIUpPOBaHbI HAIIPABJICHUS JaJbHEMUIIIEro pa3BUTUS U COBEPILICHCTBOBAHUS OTEYECTBEHHOM T€OMH-
¢GopMaLIMOHHOI CUCTEMBI.

Karoueesnie croea: reonHdOpMalIMOHHAasI CUCTEMa, BO30OHOBIsIeMasl SHEPreTUKa, peCcypchl, BaJOBBINM U T€X-
HUYECKHUI MOTEHLIMAJIbI, IPOU3BOIUTEILHOCTb YCTAHOBOK, SHEPTOTeHEPUPYIOIINE OOBEKTHI
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Geoinformation Systems for Renewable Energy (Review)
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Abstract—A brief review is presented of geoinformation systems (GIS) intended for collection, storage, inte-
gration, analysis, and graphical interpretation of spatial and temporal data on various technologies for the
application of renewable energy sources (RESs) to make substantiated decisions on the development of
RES-based energy (hereinafter referred to as renewable energy). The development of the geoinformation sys-
tem “Renewable Energy Sources of Russia” (GIS “RES of Russia”) commenced in 2010 and was performed
by specialists from the Faculty of Geography of Moscow State University and JIHT RAS. It is focused on the
spatial mapping of solar and wind energy resources in the territory of Russia. The initial data for the assess-
ment of these resources are formed mainly on the basis of satellite measurements, mathematical modeling,
and verification of the results against ground-based meteorological observations. The geographic information
system also contains data on existing and designed renewable energy facilities and scientific, educational, and
commercial organizations engaged in this area. As the geoinformation system has been developing, it has been
supplemented with information on the distribution of geothermal energy resources and the energy of small
rivers over the territory of Russia as well as with estimates of the specific capacity of solar and wind energy
installations, the gross and technical potential of crop, livestock, horticulture, and viticulture waste. The pa-
per briefly describes the methods and approaches employed for the development of GIS, including those for
improvement of the spatial resolution of resource data and calculation of the technical potential of renewable
energy sources considering hi-tech advancements; lines for further development and improvement of the do-
mestic geoinformation system are formulated.

Keywords: geoinformation system, renewable energy, resources, gross and technical potential, capacity of
installation, energy-generating facilities
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JaHHast paboTa oTpakaeT MHOTOJIETHUI OIBIT pa3pabOTKU U BHEAPEHUSI aBTOMAaTU3UPOBAHHON CUCTEMBbI
yIIpaBieHUs TexHojgorndeckumu rpoueccamu (ACY TII) Ha TpagWIIMOHHBIX SHEPTOOJIOKaX MOIITHOCTHIO
ot 300 mo 800 MBT. OHa s1BJIsIeTCSI YaCThIO LIMKJIA CTaTel, ITOCBIIIEHHBIX MHOTOCBSI3HBIM CHUCTEMaM aBTO-
MaTHUYECKOro PEeTyJIMPOBaHUs, UX Pa3BUTHIO B COOTBETCTBUU C COBPEMEHHBIMU TPEOOBaHUSIMU K MOIIEP-
JKaHMIO YaCTOThl MU MOITHOCTU 3HeprocucteMbl. [1oapoOGHO onurcaHbl B3aUMOCBSI3M OCHOBHBIX KOHTYPOB
aBTOMAaTUYECKOTO PEryJIUPOBAHUS SHEPTroOJIOKOB U CIIOCOOBI HEMTpaTM3alii HEeraTUBHBIX B3aUMOCBS3Ei
MEXIy HUMU. PaccMOTpeHBbl 3amauu peryJrupoBaHUs YacTOTHI U MOIIHOCTM 2HEProOJIOKOB, pellieHue
SHEProcUCTEMHBIX 3anay. [lpencraBieHa ynpolleHHas MaTrpulia OObeKTa yNpaBieHUs] dHEProOJIOKOM.
[TpuBeneHb! Tpu BUuaa aBTOHOMHOCTHU (aBTOHOMHOCTH I, IT 11 I11) 1 B3auMoCBsSI31 OCHOBHBIX BEAYIIIMX U BE-
JIOMBIX PEXXKMMHBIX TapaMeTPOB paboThI 3Heprodiioka. [TokazaHbl TpeuMyllecTBa KOMOMHUPOBAHHOTO Ba-
puaHTa peaJn3anny CUCTEMbl aBTOMATUYECKOro yIIpaBiaeHUsI MoImHOCTEI0 (CAYM), mo3Bosstionieit nc-
M0JIb30BaTh KAX/10€ TEXHOJOIMYECKOE PEllIeHME BHE 3aBUCUMOCTH OT TEKYLLEro pexruma paboThl SHEPro-
oJioka. [Tonpo6HO onucaH crocod HelTpaau3aluKu B3aMMOCBsI3eit MeXIy TJOKaJIbHBIMU aBTOMAaTUUECKUMU
cucteMamu peryaupoBanus (JIACP) kak B ctpykrype CAYM-1, Tak u B KomouHupoBaHHOII CAYM mytem
BKJIIOUEHU S yCTPOMCTB KOMITEHCAIIUY C peain3alneii ”THBApUaHTHOCTU OCHOBHBIX PETyJIMPYyEMbIX BEJIU-
YUH MpU BO3MYILLUEHUsIX paboThl KoTia. Pa3zpaboTaHbl U yCOBEPILIEHCTBOBAHBI METO/bI, MO3BOJISIOLINE
VJIYYIIUTh TMHAMUKY PETrYJIUPOBaHUSI BaXXHBIX TEXHOJIOTMUYECKUX MapaMeTpoB. Pa3paboTaHHbIE CTPYK-
TYpPHBIE pellIeHHUsI 0 aBTOMATU3allu 000pyI0BaHMS TTOJYYMUJIM IIUPOKOE pacpoCTpaHEHUE TIPU BHE/I -
PEHUM pacrpeesieHHbIX aBTOMAaTU3MPOBAHHBIX CUCTEM yTipaBiieHUs . [IpuBeneHbl CXeMbl OCHOBHBIX Ka-
HaJIOB aBTOMAaTUYECKOTO PETyJIMPOBaHUS pacCMaTPUBAaEMbIX B CTaThe 9HEProOI0KOB, B IIpollecce Halal-
ku ACY TII koTOpbIX OBLIM MOJYYEHBI TOJIOXKUTEIbHBIE pe3yJbTaThl. Peanu3anus onNTUMabHBIX
rnapaMeTpoB HACTPOWKU OCHOBHBIX KOHTYPOB PeTyJMpPOBaHUS OOECcIieuMBaeT TMOBBIIIEHUE KauyecTBa
MPOLIECCOB PETYIMPOBAHNS 9HEPTroboKa B LIEJIOM.

Karoueswie cro6a: maTaTENIN CHIPOTO YIJIS, MBUICYTOJbHBIE SHEPTOOJIOKHN, Ta30Ma3yTHbIE 9HEPTOOJIIOKH, TEX-
HOJIOTMYECKUE TPYIIIbI PETYISITOPOB 9HEProdjoKa, CUCTEMa aTOMAaTUYECKOTO PETYJIUPOBaHUS, CTPYKTYP-
Has cxema
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Experience in the Development and Implementation of Modern Systems of Automatic
Frequency and Power Control of Large Power Units with Direct-Flow Boilers

V. A. Bilenko* *, 1. V. Tuzov“, and D. Yu. Nikolsky*
4 AO Intermatic, Moscow, 115280 Russia
*e-mail: bilenko@intermatic.energy

Abstract—This work reflects many years of experience in the development and implementation of an auto-
mated process control system at traditional power units with a capacity of 300 to 800 MW. It is part of a series
of articles devoted to multiply connected automatic control systems, their development in accordance with
modern requirements for maintaining the frequency and power of the power system. The interrelations of the
main circuits of automatic control of power units and ways to neutralize the negative interrelations between
them are described in detail. The problems of regulating the frequency and power of power units and solving
power system problems are considered. A simplified matrix of the power unit control object is presented.
Three types of autonomy (autonomy I, 11, and III) and the relationship between the main leading and driven
operating parameters of the power unit are considered. The advantages of the combined variant of the imple-
mentation of the automatic power control system (APCS) are shown, which makes it possible to use each
technological solution regardless of the current mode of operation of the power unit. A method for neutral-
izing the interconnections between local automatic control systems (LACS) both in the APCS-1 structure
and in the combined APCS is described in detail by switching on compensation devices with the implemen-
tation of the invariance of the main controlled variables during disturbances in the boiler’s operation. Meth-
ods have been developed and improved to improve the dynamics of regulation of important technological pa-
rameters. The developed structural solutions for equipment automation are widely used in the implementa-
tion of distributed automated control systems. The schemes of the main channels of automatic control of the
power units considered in the article are given, in the process of adjusting the process control systems of which
positive results were obtained. The implementation of the optimal settings for the main control loops ensures
an increase in the quality of the control processes of the power unit as a whole.

Keywords: raw coal feeders, pulverized coal power units, oil-gas power units, technological groups of power
unit regulators, automatic control system, block diagram



TEIIVIOPHEPIETHKA, 2023, Ne 11, c. 136—143

BOJOIIOATOTOBKA

1 BOJJHO-XMMHWYECKUIN PEXUM

MOIEJINPOBAHMUE KAIIEJIBHOI'O YHOCA B MHOI'OCTYIIEHYATBIX
NCIIAPUTEJBHBIX YCTAHOBKAX MTHOBEHHOTI'O BCKUITAHUA

© 2023 r. B. II. XKykos* *, U. A. Kokymn“, B. H. Bunorpanos’, A. E. bapoukun*

“ Hsarnoesckuii 2cocydapcmeenHblil SHepeemuueckuil ynueepcumem, Pabgarxosckas ya., 0. 34, e. Heanoeo, 153003 Poccus
*e-mail: zhukov-home@yandex.ru

[Mocrynuna B pegakuuio 07.05.2023 r.
IMocne nopa6otku 29.05.2023 r.
IMpunsara x nyonukamuu 01.06.2023 1.

HcnaputenbHble YCTAHOBKY IIMPOKO UCTIONB3YIOTCS B TPOMBIIIIJIEHHBIX TEXHOJOTUSIX 151 TIOJTyYeHUs Tep-
MUYECKHM OYMILEHHOIO AUCTUJUISITA B Mpoliecce MapooOpa3oBaHUsl ¢ KOHIEHTPUPOBAHUEM MpUMeECEil B
oObeMe Boabl. MHOTOCTYIIEHUAThIe UCTTapUTEIbHbIE YCTAHOBKM MIHOBEHHOTO Bekumanus (MUY MB) o
TETUIOBO# 3(h(HEKTUBHOCTH OTHOCITCS K OMHOMY M3 HauboJiee MepCreKTUBHBIX BUIOB MCITAPUTETBHOTO
000pynoBaHMsI, B KOTOPOM 3aTpaThl TEIJIOBOM SHEPIrMU Ha UCTIapeHUe BOIbI B KaXKIOM CTYNEHU KOMITEH-
CUPYIOTCSI UCTIOJIb30BAaHUEM 3TOM SHEPTUHM ISl HArpeBa OYMIaeMOil BOABI IPU KOHIEHCALIMY MTOTYyYEeHHO-
ro napa. CoBepIlleHCTBOBaHHE METOIOB ITPOEKTUPOBAHMSI M 9KCIUTyaTallMM 3TUX YCTAHOBOK Ha 6a3e MaTe-
MaTUYeCKUX MOJeNeil TeIIoMacCOOOMEHHBIX MPOIIECCOB SIBIISAETCS aKTyalbHOM 3amaueii, CTosIIe mepen
pa3paboTYMKaMM M MPOESKTUPOBIIMKAMU UCTIAPUTEILHOTO 000pynoBaHUsI. B paMKax mpoBeIeHHBIX UC-
cjenoBaHUil penyoxeHa KOMOMHATOPHAsI MOJe/Ib paclpene/eHusl Karesb MeperpeToil Boabl Mo pa3me-
paM IIpY UCIapeHUM B 30HE TMOHIKEHHOT0 AaBjIeHUs rpsi3Horo orceka MY MB. Pa3pabGorana maTema-
THYeCKast MOJIeNIb CeTlapaTopa Karelb, TpeIHa3HaueHHOTO VIS MPEeIOoTBPaIlleHUsI KalleJIbHOTO YHOCA BIaru
U MoTIafiaHUsI MpUMeceil B AIMCTUILIAT. PaccunTaHbl MOTOKU JUCTWILIATA M OUMIIIAEMOM BOMBI U COAepXKa-
HUE MpUMecei B 3TUX ITOTOKAX I KaXIOM CTYNEHU MCITApUTEIBbHON YCTAHOBKU C YYETOM KarleJIbHOTO
yHOCa BJlary U3 rpsiI3HOTO oTceKa. BbImosiHeHa olieHKa BJIUSIHUS KaneJIbHOTO YHOCA B MHOTOCTYIIEHUAThIX
HMCTIapUTETbHBIX YCTAHOBKAX Ha KauyeCTBO AUCTWILIATA. [IpenioxkeH moaxon K MPOeKTUPOBAaHUIO MHOTO-
CTYMNEHYAThIX UCTIAPUTETBLHBIX YCTAHOBOK, ITO3BOJISIONINI 06ECIIeYUTh 3aJaHHbIE TEXHOJIOTMYeCKUe MoKa-
3aTeJIM MPU Pa3IMYHBIX peXXUMaxX paboThl MHOTOCTYITEHYATOIO McTiapuTesisi. JIaHHbBII MOAX01 MOXKET ObITh
WCIIOJIb30BaH TaKKe IMPU MOCTPOEHUU PEKMMHBIX KapT 000pyIOBaHUS, TPOBEASHUYN MEPOTIPUSITUIA 11O TT0-
BBIIICHUTO 3(h(HEKTUBHOCTH eT0 pabOTHI U pa3pabOTKe CUCTEM AUArHOCTUKU COCTOSTHUS TTIOBEPXHOCTE ! Ha-
rpeBa UCIapUTEIbHBIX YCTAHOBOK.

Karouesnie crosa: HUCIIapUTEIbHBIC YCTAHOBKHU, KaneJbHbII YHOC, TeHHOMaCCOO6M€H, KOMGI/IHaTOpHaH MO-
OC€JIb, MAaTpUYHadad MOICIIb, CCIlapallysd BjIaru, KOHLUCHTpal s anMeceﬁ, MUHECpaAJIM30BaHHas BOJa
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Simulation of Droplet Entrainment in Multistage Flash Evaporating Units
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Abstract—Evaporators are widely used in industrial processes to produce thermally treated distillate by evap-
oration with concentration of impurities in the bulk of water. As to their thermal efficiency, multistage flash
evaporators (MFEs) belong to one of the most promising types of evaporating equipment, in which the con-
sumption of thermal energy for evaporating water in each stage is compensated for by the recovery of this en-
ergy in heating the treated water during the condensation of the produced steam. Improvement of the meth-
ods for design and operation of these units on the basis of mathematical models of heat- and mass-transfer
processes is an urgent problem facing developers and designers of evaporative equipment. Within the scope
of the performed study, a combinatorial model is proposed for calculation of the size distribution of super-
heated water droplets during evaporation in the low-pressure zone of the dirty compartment of an MFE.
A mathematical model was developed of a droplet separator designed to prevent water droplet entrainment
and ingress of impurities into the distillate. The flowrates of distillate and treated water and the content of im-
purities in these flows were calculated for each stage of the evaporation unit, taking into consideration the wa-
ter droplet entrainment from the dirty compartment. The effect of droplet entrainment in multistage evapo-
rators on the quality of distillate was assessed. An approach has been proposed to the design of multistage
evaporators providing the specified process indicator under different operating conditions. This approach can
also be used in the construction of regime maps of equipment, implementation of measures to improve the
efficiency of equipment, and development of systems for diagnostics of heating surface in the evaporators for
proper condition.

Keywords: evaporators, droplet entrainment, heat and mass transfer, combinatorial model, matrix model,
water separation, impurity concentration, mineralized water
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Puc. 7. Cxema ycTaHOBKM KOJIbLIEBOI paboueii perieTku Ha cteHae JAIMY.
1 — cMeHHBII HaMpaBJISIOLINiA anapat; 2 — paboydas jionaTtka pemerku P-26-17A; 3 — rpeGeHb HanOaHAAXKHOTO YIUIOTHEHMST
4 — 6aHgax; 5 — paboyee KoJieco
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