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NCITOJIB3OBAHUE TEIIVIOTUAPABJINYECKOI'O MO YJIA
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IIpuMeHeHMEe pacYeTHBIX CPENCTB, OMMPAIOIINXCS Ha COBpeMeHHBIe (hU3NYeCKre U MaTeMaTUIeCKe MO-
Nenuv, 111 000OCHOBaHUsI KOHCTPYKTOPCKUX PEIIeHU pa3IUUHBIX 2JIEMEHTOB TEIIOOOMEHHOTO 000pyI0-
BaHMSI TTO3BOJISIET 9KOHOMUTH BpeMsl, YeJIoBeuecKre U (PUHAHCOBBIE PECYPCHI MPOSKTHBIX OPTaHU3aIIMIA.
Pa3zHoo06pa3zue MpoeKTUPYEeMbIX U CYIIECTBYIOIIMX PEAKTOPOB, pa3InyaloIMXcs KaK Mo KOHCTPYKIIMM, TaK
U TIO TUITY TeTIJIOHOCUTENIE, TpeOyeT HaTMIMsl YHUBEPCAITBHOTO paCYeTHOTO TeTUIOTUAPABINYECKOTO KOIa
LLIXUPOKOIO CIEKTpa MCIToab30BaHUs. Pa3zpaboraHHbIil B paMKax nmpoekTa “ITpopbIB” TerjioruapaBinye-
ckuii moaynb HoBoro nokojieHusi HYDRA-IBRAE/LM unterpansHoro kona EBKJIW]L ynosneTBopsier
9TUM TpeboBaHUsIM. PaboTa TenaoruapaBindyeckoro MOayJisi B COCTaBe MHTETPaJbHOTO KO/a MO3BOJISIET
CYILIECTBEHHO PACIIUPUTh CIIEKTP MOAEIUPYEMBbIX PEXXKMMOB PaObOTHI PeaKTOPHBIX YCTAHOBOK M, KaK CJIe-
CTBME, OTIEIbHBIX 3JIEMEHTOB TEILIOOOMEHHOT0 00opynoBaHus. C IIOMOIIbIO pa3paboOTaHHOIO U aTTeCTO-
BanHoro B HT1I SIPb temmornnpaBimaeckoro MOmyJsisi MOKHO PacCUYUTATh TeIIOTUIPABINKY HATPHUEBOTO,
CBUHIIOBOTO, CBUHIIOBO-BMCMYTOBOIO, TA30BOTO M BOIHOTO TEMJIOHOCUTEJIEH B pa3IMuYHOM 000PYIOBaHUU
ADC. K HanboJtee CIIOKHBIM U1 MOJIEIMPOBaHUS OTHOCATCs naporeHeparopsl (I1IN) peakTopHBIX ycTaHO-
BOK BCJIEICTBME BO3MOXHOIO MPUCYTCTBUSI B HUX TEIJIOHOCUTENel ABYX TUIIOB. B Hacrtosieii padote
MIpeACTaBIeHbl PE3YJbTAaThl MCCIETOBAaHMUMI, TeMOHCTPUPYIOIIE BO3MOXKXHOCTY KOAa KOPPEKTHO PacCUM-
TBIBaTh MTPOLIECCHI B MTApOTeHepaTopax YCTAHOBOK TOJIbKO C HATPUEBBIM OXJIaXkKIeHUEM, MOCKOJIbKY JaHHbIE
YCTaHOBKM CYIIIECTBYIOT U aKTUBHO 3KCILTyaTupyloTcs B Poccun u mupe. [IpuBeneHHBIE B cCTaThe JaHHBIE
MO3BOJISIIOT CAeaTh BbIBOMA, 4YTO co3naHHbIli B UBPAD PAH TermnoruapaBandyecKuii MOIyJIb SIBASETCS 3@ -
(hbeKTUBHBIM CPENCTBOM ISl BHITIOJIHEHMST YMUCIICHHOTO aHaJIN3a CJIIOXKHBIX TeIUIOOOMEHHBIX ITPOLIECCOB B
peakTopHbIX ycTaHOBKaX. C MOMOIIbIO PA3BUTOM CUCTEMBbI 3aMbIKAIOIIMX COOTHOIIEHW MOIYJISI MOXXHO
MIPOBOINTH 0OGOCHOBAaHWE TTPOEKTHBIX TEINIOTEXHUYECKUX PEIIeHUI TPUMEHUTEIBHO K OTACIBHBIM 3Je-
MEHTaM TeII000MEHHOro 000PYIOBaAHMSI.

Kniouegule crosa: TeriornnpaBindecKuii MOAY/Ib, OBICTPBIN peakTop, TaporeHepaTop, siAepHast SHepreTh-
YecKasl yCTaHOBKA, XuaKoMmetaummdeckuii teruioHocurens, EBKJIN/I, HYDRA-IBRAE/LM

DOI: 10.56304/S0040363623120056



Application of the EUCLID Integrated Code’s HYDRA-IBRAE/LM Thermal
Hydraulic Module for Analyzing the Steam Generators
of Sodium Cooled Reactor Plants

I. A. Klimonov*, N. A. Mosunova‘, V. F. Strizhov?, E. V. Usov* *, and V. 1. Chukhno*
% Nuclear Safety Institute, Russian Academy of Sciences (IBRAE RAS), Novosibirsk, 630090 Russia
*e-mail: usovev@gmail.com

Abstract—Application of computation tools resting on contemporary physical and mathematical models for
substantiating the design solutions adopted for various heat-transfer equipment components helps save
time, manpower, and financial resources of design institutions. The variety of both existing reactors and
those being designed, which differ from one another both in design and type of coolants calls for the avail-
ability of a versatile thermal hydraulic computer code suited for a wide range of applications. The new-gen-
eration HYDRA-IBRAE/LM thermal hydraulic module of the EUCLID integrated code, which has been
developed as part of the Proryv (Breakthrough) Project, meets these requirements. The operation of this ther-
mal hydraulic module as part of the integrated code opens the possibility to simulate an essentially wider
range of reactor plant operation modes and, as a consequence, those of individual heat-transfer equipment
components. The developed thermal hydraulic module, which has been certified at the Scientific and Engi-
neering Center for Nuclear and Radiation Safety (SEC NRS), offers the possibility to analyze the thermal
hydraulics of sodium, lead, lead—bismuth, gas, and water coolants in various NPP equipment items. Reactor
plant steam generators (SGs) belong to the category of equipment components most complex for modeling
since they may contain two types of coolants. The article presents study results demonstrating the code’s abil-
ities to analyze in a correct way the processes in the steam generators of only sodium cooled reactor plants,
because these plants exist and are actively operated in Russia and around the world. The data presented in the
article allow a conclusion to be drawn that the thermal hydraulic module developed at IBRAE RAS is an ef-
ficient tool for numerically analyzing complex heat-transfer processes in reactor plants. By using an extended
system of closing correlations implemented in the module, it is possible to perform substantiation of design
thermal engineering solutions as applied to individual heat-transfer equipment components.

Keywords: thermal hydraulic module, fast reactor, steam generator, nuclear power facility, liquid metal
coolant, EUCLID, HYDRA-IBRAE/LM



TEIVIODHEPTETHKA, 2023, Ne 12, c. 12—20

ATOMHBIE BJIEKTPOCTAHIINN
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IMpencrapieHbl pe3ysibTaThl SKCIIEPUMEHTABHBIX UCCIIETIOBAaHWI MPUMEHUMOCTH TTOTLIaBKOBO-IUCKPET-
HOIo MeToAa U3MEPEHMsI YPOBHS TSLKEIO0ro XunkKomMetauindeckoro teroHocutesist (T2KMT) ¢ ucrnonbzo-
BaHVEM IrepMeTU3MPOBAHHBIX MAarHUTOYIIPABJISIEMbIX KOHTAKTOB B KAY€CTBE UYBCTBUTEJbHOIO 3JIEMEHTA.
JlaHHbIe KOHTAKThl pETUCTPUPYIOT YPOBEHD TEINIOHOCUTEIS B TTOJI€ TIOCTOSTHHOTO MarHUTa, HaXOSIIIErocst
Ha TTOBEPXHOCTH TSXKEJIOTO XKUAKOMETATNYECKOTO TersIoHocuTeisl. PaGoToCnocoGHOCTh TAKOTO YPOBHE-
Mepa Obl1a u3ydyeHa ¢ MpUMEHEeHUEeM KOHTPOJIbHOM EMKOCTH CO CBUHIIOBO-BUCMYTOBBIM TETLJIOHOCUTEIEM
B YCJIOBUSIX, TPUOJIMXKEHHBIX K HATYPHBIM. DTOT METO/I, IIPOCT, HO €ro OCHOBHAs MpobJjieMa — COXpaHEeHUe
1IEJIOCTHOCTH TepMETU3UPOBAHHBIX MArHUTOYNPABJISIEMbIX KOHTAKTOB IMPU BO3AEHCTBUU BHICOKUX TEMIIE-
paTtyp. DKCIEePUMEHTHI BBITIOJHSUIMCHh C TMOMOIIBIO MPOTOTUIIA TMOIUIAaBKOBO-IUCKPETHOTO YpOBHEMEpa
(ITOY) Ha BBICOKOTEMIIEPATYPHOM CTE€HIE CO CBHMHIIOBO-BUCMYTOBBIM TeIJIOHOcuUTesieM. laHHBIE, CO-
OpaHHBIE B X0/ie 00pabOTKM pe3yIbTaTOB, C JOCTOBEPHOM TOYHOCTHIO MOATBEPKIAIOT MTPUMEHUMOCTD 10~
IJIABKOBO-AMCKPETHOTO MeTOAa KOHTPOJS YPOBHS TSIKEJIOTO XKUAKOMETALINYECKOTO TETIOHOCUTENS.
VYerpoiictBo nzmepenust yposHsi T2KMT, paGoTatoliiee 1o TaKoMy METOY, MO3BOJISIET CAEANUTh 32 YPOBHEM
B EMKOCTSIX C COXpaHEeHHEM TepMETUYHOCTH KOHTYpa. biiarogapsi aToMy MOXXHO OTKa3aThCsl OT Pacmipo-
CTpaHEHHBIX B HACToOsIIIee BpeMsi CIocoboB orpeneneHust ypoBHss T2KMT ¢ momMolbio 3J1eKTPOKOHTAKT -
HBIX YPOBHEMEPOB, MPU KOTOPBIX TepMeTU3alINsl KOHTYpa HEBO3MOXHA. JITaHHOEe yCTPOMCTBO MOXKHO MC-
M0JIb30BaTh Ha PA3JIMYHBIX SKCITIEPUMEHTAJIBHBIX CTEHAAX C KUIKOMETAUTMYECKMMU TEIJIOHOCUTEISIMU, &
TaKKe B peaKTOPHBIX YCTAHOBKAX U YCKOPUTEIBHO-YITPABIISIEMBIX CUCTEMaX B TEMIIEpATYpHOM JAUaIa3oHe
210—230°C, nannpumep MYRRHA. 11151 obecrieueHust paboTocrnocoOHOCTH YpOBHEeMepa Ipu 6oJiee BhICO-
KHX TeMIepaTypax HeoO0XoaMMa MOJAEPHU3ALINS CUCTEMbI OXJIaXIEHUs TEPKOHOB.

Karouesoie croga: ssnepHble IHEPreTUUECKUE YCTAHOBKU, PEAKTOP Ha OBICTPBIX HEUTPOHAX, XKMIKOMETAJIH -
YeCKMit TETUIOHOCUTENh, YpoBeHb T2 KMT, MeTonsl M3MepeHusl, TTOTLUIAaBKOBO-IUCKPETHBIN YPOBHEMED

DOI: 10.56304/S0040363623120032



Experimental Studies of the Float-Discrete Method for Measuring the Level
of a Heavy Liquid-Metallic Coolant

T. A. Bokova® *, A. G. Meluzov’, N. S. Volkov?, A. R. Marov*, T. K. Zyryanova“,
R. V. Sumin?, and M. D. Pogorelov*
¢ Alekseev Nizhny Novgorod State Technical University (NSTU), Nizhny Novgorod, 603155 Russia
*e-mail: tatabo @bk.ru

Abstract—The results of experimental studies of the applicability of the float-discrete method for measuring
the level of a heavy liquid-metal coolant (HLMC) using sealed magnetically controlled contacts as a sensitive
element are presented. These contacts register the coolant level in the field of a permanent magnet located on
the surface of a heavy liquid-metal coolant. The performance of such a level sensor was studied using a control
tank with a lead-bismuth coolant under conditions close to natural ones. This method is simple, but its main
problem is maintaining the integrity of sealed magnetically controlled contacts when exposed to high tem-
peratures. The experiments were carried out using a float-discrete level sensor prototype on a high-tempera-
ture stand with a lead-bismuth coolant. The data collected during the processing of the results confirm with
reliable accuracy the applicability of the float-discrete method for monitoring the level of a heavy liquid-met-
al coolant. An HLMC level measuring device operating according to this method makes it possible to monitor
the level in tanks while maintaining the tightness of the circuit. Due to this, it is possible to abandon the cur-
rently common methods for determining the level of HLMC using electric contact level sensors in which the
sealing of the circuit is impossible. This device can be used on various experimental stands with liquid-metal
coolants as well as in reactor plants and accelerator-controlled systems in the temperature range of 210—
230°C, for example MYRRHA. To ensure the operability of the level transmitter at higher temperatures, it is
necessary to upgrade the reed switch cooling system.

Keywords: nuclear power plants, fast neutron reactor, liquid-metal coolant, HLMC level, measurement
methods, float-discrete level sensor
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B Hacrosimee BpeMsi OOJIBITMHCTBO KPYITHBIX 2JIEKTPOTEXHUYECKMX (DPM MUpPa 3aHUMAIOTCS pa3padoTKOM
1 BBIITYCKOM BBICOKOBOJIETHOTO 000pPYIOBaHMs ¢ Mcnoiab3oBaHueM SF (31eKTpOTeXHUYeCKOoro raza uiu,
KakK ero 4aille Ha3bIBaloT, 3jIeTa3a). Dyiera3 — HeTOKCUIHOE, CTOMKOe, XUMUISCKI MHEPTHOE, Heropiouee
coeIMHEHNe, He UMelollee 1IBeTa, 3araxa u BKyca, koropoe rnpu 20°C u 0.1 MIla HaxoauTtcst B ra3oo6pas-
HOM cocTosiHUH. I10 COBOKYIMHOCTH CBOMX CBOMCTB 3JI€ra3 SIBJISIETCS HanboJjee MPeaIIOITUTEIbHBIM ISt
KCIIOJIb30BAaHUS B KAU€CTBE M30JMPYIOIIEi 1 Tyroracsiieil cpenbl B JIeKTpuYecKux anmnaparax. OmHako
MIpU HU3KUX TEMIIepaTypax 3Jiera3 IepexXoquT 13 Ta3000pa3HOTO B CKIDKEHHOE COCTOSIHUE, UTO IPUBOIUT
K CHIDKEHMIO eT0 OTKovalonieil critocooHoctu. C 3Toii Ipo6eMoii IIPUXOIUTCS CTAIKMBATHLCS MIPU pas3-
paboTKe ammapaToB, NpeOIHA3HAYCHHBIX I YCTAHOBKM Ha OTKPHITOM BO3AyXe B paifloHaX C XOJOTHBIM
KJIMMATOM. DTOT HEIOCTATOK MOXKET ObITh CKOMIIEHCHPOBAH C MTOMOILIbIO 000rpeBa anmnaparoB IIpU TEMIIC-
paType OKpyxXKalolllel cpeabl HIDKe TeMIIepaTyphl HaCKHIIeHs 2/1era3a. PaccmarpuBaeTcs peliieHre JaHHOK
3a7a4u MMPUMEHUTEILHO K IMHEMHOM s1ueiike KOMILJIEKTHOIO pacIpeaeInuTeIbHOTO YCTPOMCTBA C 3J1era30BOM
n3ossiueit (KPYD) ZF7-126 npoussoacTsa China XD Group u EK BBA. OnpeneneHa Heo6xoauMasi MOIII-
HOCTb yCTpOMCTBa Iji1 oborpeBa Kamep KPYD, 3anonHeHHBIX 3J1era3oM, Py YCJIOBUM BbIBOJA 00OpyIOBa-
HUS U3 XOJIOMHOIO COCTOSIHMSI TIPU TeMIlepaTrype oKpyxkamleit cpeasl —45°C B TedeHue 2 4. MOIIHOCTh
JOJKHA OBITh TOCTAaTOYHOM TSI 00ecIiedeHus mepexoaa djiera3a u3 CXKM>XKeHHOTO COCTOSTHUS B Ta3000pa3-
Hoe (IIpu TeMIlepaType Ha BHYTpeHHe cteHKe Kamepbl —20°C), a Takke 060orpeBa 3J1IeMEHTOB KOpITyca Ka-
Mep KPYD 1 komneHcauum TemaoBbIX MTOTEPh C MOBEpXHOCTU Kamep. [IpencraBieHbl pe3ybTaThl CpaBHE-
HUSI TETUIOBBIX IIOTEPh C IIOBEPXHOCTHU KaMep Ipu pazMelneHnr KPYD Ha oTKpbITOM BO3MyXe 1 B 3aKPEITOM
(HeoTtaruiuBaeMoMm) TromelieHun. ChopMyarupoBaHbl peKOMEHIAIUHY 10 BRIOOPY YAEIbHON MOIIHOCTU U
IUIMHEBI TPeIolero Kabdest mpu 000rpeBe y4acTKOB MIWTMHApUYeCcKoi moBepxHocTr Kamep KPYD. I1puse-
JIEHBI pe3yJIbTaThl pacueTa U3MEHEHUsI TeMIIepaTyphbl Ha BHYTPEHHEH CTEHKEe KaMephbl [0 Mepe yaaJeHUs OT
Y4aCTKOB 000TpeBaeMO TEIUION30JIMPOBAHHOM ITOBEPXHOCTH.

Karouesble crosa: siiera3, KOMILUIEKTHOE paclipeae/UTeIbHOE YCTPOMCTBO, KOHACHCALIUS, YAeIbHAsT MOIII-
HOCTB I'PEIOIIEro Kabeisl, HaleXHOCTh, TEIIOBbIE IOTEPU, BHICOKOBOJIBTHOE 000pYA0BaHUE
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Calculation of Heating Power of Gas Cameras of a GIS Linear Cell
for Installation in Areas with a Cold Climate

I. S. Antanenkova® *, A. Y. Barinov’, Yu. A. Geller?, and V. 1. Kuznetsov*
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Abstract—At present, the majority of large electrotechnical firms of the world develop and produce high-volt-
age equipment using SF6 (electronegative gas or, as it is more often called, elegas). Elegas is a nontoxic, sta-
ble, chemically inert, nonflammable compound, having no color, smell, and taste, which exists at normal
condition (20°C and 0.1 MPa) in a gaseous state. In complex of its properties, elegas is more preferential to
use as insulation and arc-damping environment in electrical equipment. However, at low temperatures, elegas
transfers from a gaseous to a liquid state, which leads to a decrease of breaking properties. This problem oc-
curs during development of equipment for outside placement in areas with a cold climate. This disadvantage
can be compensated for by heating the equipment at an ambient temperature lower than the saturation tem-
perature of elegas. The solving of this task is considered in respect to the linear cell of complete switchgear
gas-insulated (GIS) ZF7-126 by XD GROUP CHINA and EK BBA. The power of a unit needed to heat GIS
cameras with elegas is determined under conditions of defreezing of equipment at an ambient temperature of
—45°C for 2 h. The power must be enough for ensuring elegas transformation from a liquid state to a gaseous
state (at inside wall of camera temperature of —20°C) and also be enough to heat units of GIS cameras frames
and to compensate the heat losses from cameras surface. The results present a comparison of heat losses from
the camera surface with placing GIS in the outside and in an enclosed (unheated) location. Recommenda-
tions were made to choose specific capacity and length of heating cable with heat of the area of cylindrical
surface of GIS cameras. The results demonstrated a change in calculation on the inside wall of the camera
with distance from area of the insulation surface.

Keywords: elegas, electronegative gas, integrated switchgear, condensation, specific capacity of heat cable,
reliability, heat losses, high-voltage equipment
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B pasinnyHbBIX TUTEpaTypHBIX UCTOYHUKAX MPEACTaBIEHBI Pe3yIbTaThl SKCIIEPUMEHTOB, KOTOPbIE TTPOBO-
JIWINCH C LEJIbI0 MCCIe0BaTh MPOLECcC KOHICHC AU Ha TOPU30HTAIbHOM LIMJIMHAPE NBVKYIIErocs rmapa
xnagoHa R-113. DTu pe3yabpTaThl IeMOHCTPUPYIOT KAUeCTBEHHOE PacCOIIaCOBaHUE C TEHACHLIUSIMU, Clie-
NYIOIIMMU U3 UMEIOLIMXCS TEOPETUYECKUX 3aBUCUMOCTEil. ABTOpaMU 3TUX 9KCIIEPUMEHTAIbHbBIX TaHHBIX
ObUIM yKa3aHbl HEKOTOPbIE BO3MOKHbBIE TIPUUMHBI TAKOTO pa3Inyusl, OMHAKO NeTalbHas TpoBepKa BbICKA-
3aHHBIX MTPENMNOJIOXEHU I 3aTpyITHEHA U3-3a CJIOKHOCTEMN MToJTydYeHUsI MTHDOpMAaIUK O JIOKAJIbHBIX XapaKTe-
pucTUKax mporecca KkoHaeHcauun. B Hacroseil pabore meromom VOF (Volume of Fluid) BeimosHeHo
MOJIeJIMPOBaHUE IKCIIEPUMEHTAIBHBIX PEXXMMOB KOHACHcAUU xj1agoHa R-113 Ha mOBepXHOCTU TOPU30H-
TaJTBLHOTO HMJIMHIPA U3 HUCXOMSIIETO ITOTOKA, ABVKYIIETOCS CO CKOPOCTHIO 10 6 M/C TIpU NaBJIeHUU OJIM3KOM
K arMocdhepHoMy. [t MoaenupoBaHust MexXha3HOTo MaccooOMeHa mpuMeHsiack Mozelb Lee. [Ton6op ee
KOHCTaHTBI OCYIIECTBIISUICS C TIOMOIIIBIO aJITOPUTMA, MPEIIOKEHHOTO aBTOpaMU HACTOSIIIEH paGoThI paHee.
[IpencrapiieHbl JaHHBIE 00 U3MEHEHUHU JIOKAJTbHBIX XapaKTePUCTUK TEIJIOOTIa4X TTPY KOHIEHCALIMY U3 JIBU-
XKyIIIerocsi mOToKa I1apa, IoJiydeHHbIe ¢ ucroab3oBanueM Metona VOF. PesynbraThl pacueToB XOpOIIIO CO-
[JIACYIOTCSl ¢ “HEOOBIYHBIMU” IKCIIEPUMEHTAIBHBIMUA JAHHBIMU U MOATBEPXKAAIOT 3a()UKCUPOBAHHBIN B
SKCMEPUMEHTE aHOMATBHBIM (ITO0 CPAaBHEHUIO C CYIIECTBYIOIIMMHU TEOPETUIECKMMU 3aBUCUMOCTSIMU) POCT
K03 duIMeHTa TerI00TIauM TIPU YBEJIMYEHU M CKOPOCTHU Haberatolero rnmoroka. [lokaszaHo, 4To onHa U3
IIPWYUH MOBBITIIEHUsI KO3(hDUIIMEHTa TETUIO0TAaYM — B3aMMOJIeICTBHE CTeKalole i INIEHKN KOHIeH caTa ¢
BUXPEBBIMU CTPYKTYpPaMu, 00pasyrolMMucs 3a o0TekaeMbiM HUJIMHApoM. [1pu onpeneeHHOM CKOpOCTH
Haberaloero NoToKa IIPOUCXOIUT MNepHUOANIECKOe “3axyeObpBaHMe” CTEeKalollei IMIeHKM KOHIeHcaTa,
YTO, B CBOIO OYEpeb, TPUBOJIUT K CYIIECTBEHHON MHTeHCU(UKALIMY TeTJI0O0OMeHa BOJIM3U HUXKHEit oOpa-
3ylolei nuanHApa. JJaHHBII MexaHU3M He YIUTHIBACTCS B CYIIECTBYIOIIMX MOIEIISIX, TaK KaK B HUX, KaK
MpaBUJIO, MOJIAraeTCs, YTO MOCJE OTPhIBA MOTOKA IUIEHKA CTEKAeT TOJILKO BCJEACTBUE ACHCTBUS TpaBUTa-
MUOHHBIX cuiI. [1pemioxeHna KputepuajibHasi 3aBUCUMOCTb IIJIsI OIIpeaeJIeHNs TPaHUIIBI “aHoOMaIbHOI” (110
CPaBHEHUIO C TEOPETUUYECKUM 3HAaYeHEeM ) MHTeHCUMUKAIIUY TETLIOOOMEHa.

Karoueesnie cno6a: KOHIEHCAIIMsI, MACCOOOMEH, TOPU30HTaJIbHAsI TpyOa, MexK(a3Hasi TOBEPXHOCTh, YMCIICH-
Hoe MojaeaupoBaHue, Meton VOF, moguduumpoBaHHas Moaeib Lee, IBUXKyIIUics nap
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Simulation of Saturated Vapor Condensation from a Downflow
on the Surface of a Horizontal Pipe by the VOF Method

K. B. Minko* *, V. 1. Artemov®, A. A. Klementiev’, and S. N. Andreev*
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*e-mail: minkokb@gmail.com

Abstract—Various literary sources present the results of experiments that were carried out in order to investi-
gate the process of condensation on a horizontal cylinder of a moving steam of freon R-113. These results
demonstrate a qualitative disagreement with the trends following from the available theoretical dependencies.
The authors of these experimental data indicated some possible reasons for this difference, but a detailed ver-
ification of the above assumptions is difficult due to the difficulties in obtaining information about the local
characteristics of the condensation process. In this work, the VOF (Volume of Fluid) method is used to sim-
ulate the experimental modes of R-113 freon condensation on the surface of a horizontal cylinder from a
downward flow moving at a speed of up to 6 m/s at a pressure close to atmospheric. The Lee model was used
to simulate interfacial mass transfer. The selection of its constant was carried out using the algorithm pro-
posed earlier by the authors of this work. Data on changes in the local characteristics of heat transfer during
condensation from a moving vapor flow, obtained using the VOF method, are presented. The calculation re-
sults are in good agreement with the “unusual” experimental data and confirm the experimentally recorded
anomalous (compared to the existing theoretical dependences) increase in the heat-transfer coefficient with
an increase in the oncoming flow velocity. It is shown that one of the reasons for the increase in the heat-
transfer coefficient is the interaction of the falling condensate film with the vortex structures formed behind
the streamlined cylinder. At a certain velocity of the oncoming flow, the falling condensate film is periodically
“flooded,” which, in turn, leads to a significant intensification of heat transfer near the lower generatrix of
the cylinder. This mechanism is not taken into account in the existing models since, as a rule, it is assumed
in them that, after flow separation, the film flows down only due to the action of gravitational forces. A cri-
terion dependence is proposed for determining the boundary of “anomalous” (compared to the theoretical
value) heat-transfer intensification.

Keywords: condensation, mass transfer, horizontal pipe, interface, numerical simulation, VOF method,
modified Lee model, moving vapor
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AKTYaJTbHOCTb MCCIIEAOBAHWM TUIPOAMHAMUKHY 1 TETUIOOOMEHAa B MUHU-KaHaIaX 00yCJIOBJICHA ITOBBIIICH-
HBIM MHTEPECOM K 3HEPreTUYEeCKMM CHUCTeMaM BBICOKOIO NIaBJIEHUSI U BBICOKOTEXHOJIOTUYHBIM YCTPOIi-
CTBaM, B KOTOPBIX UCTIOJIB3YIOTCSI KOMIAKTHBIC M 3(PDEKTUBHBIE TETUIOOOMEHHHUKHU ¢ GOJIBIION TUIOTHO-
CThIO TEILJIOBOTO IOTOKA. Ha ceromHsIHUI 1eHb aKTUBHO M3y4aeTcsl BO3BMOXHOCTb MPUMEHSITh KaHAaJIb
MaJIOTO TUaMeTpa B Pa3HbIX OTPACIISIX IMTPOMBIIIICHHOCTH, B TOM YHCJIe TPHU TTPOU3BOACTBE TETUIOOOMEH-
HBIX YCTPOICTB, B KOTOPBIX B KAYECTBE TEINIOHOCUTEJISI MOTYT UCITOJIb30BAThCS PA3IUUHbIC TUBJICKTPpUYE-
CKHE XUIKOCTU W XJIAAOHBI MIPU YMEPEHHBIX Y BHICOKMX 3HAUYCHUSIX MPUBEICHHBIX TaBjieHuii. TerutoBble
MOTOKU OOJIBIION TJIOTHOCTH 11€JIECO00Pa3HO CHUMATh C MOMOIIIBIO Mpollecca KUMEeHUsT Kak caMoro ad-
(hekTHBHOTO MeXaHU3Ma OTBOMA TeTu1a. JIJi TpOoeKTUPOBaHMS TETTOOOMEHHBIX allliapaToB, B KOTOPHIX MC-
MOJIB3YETCS TIPOLIECC KUITEHUS, TPEOYIOTCSI HaJleXKHbIE METObI pacyeTa TerioooMeHa U MoTephb JaBJICHUS
B IBYX(ha3HBIX TOTOKaX. ABTOpaMHu IpOBepeHa paboTOCIIOCOOHOCTh M3BECTHBIX M HAUMOOJIee TOCTOBEPHBIX
METO/IOB pacyeTa MoTeph JaBJIeHUsI U KO3 uUIMeHTa TEIUIOOTIaYn, pa3pab0TaHHBIX 111 OOBIYHBIX KaHa-
JIOB ¥ MUHU-KAaHAJIOB, B YCJIOBUSIX TTOBBILIEHHBIX TPUBENCHHBIX JaBleHUi — 10 p, = p/p,,. = 0.7. [Ipencras-
JIeH 0030p HauboJjiee U3BECTHBIX METOIOB, MPUMEHMMBIX JJIs KaHAJIOB pa3iudHoro nuamerpa (0.16—32 Mm),
MPOBENEHO CpaBHEHME PE3Y/IBTATOB pacyeTa C SKCIEPUMEHTATLHBIMU TaHHBIMU. DKCITIEPUMEHTHI BHITTOTHE -
HbI TIPY 3HAYEHUSIX TpuBeaeHHoro nasieHus 0.43, 0.56 u 0.70 B Auara3oHe MacCOBBIX ckopocTeit G = 200—
1000 xr/(m?2 - ). JlaHbI OMUCaHME SKCIIEPUMEHTATBHON YCTAHOBKY, paboyuero yuacTka 1 MOpsiIOK TPOBEICHNUS
aKcrepuMeHTa. MccaenoBaHus BBITIOTHSUIUCH C UCTTOIb30BaHuEeM (ppeoHa R125 B BepTUKaJIbLHOM KPYTJIOM
KaHaJie BHyTpeHHUM nuaMeTpoM 1.1 MM 1 mjmHO# o6orpeBaeMoro yaactka 50 mm. I[1pu cpaBHeHNHT 3Ke-
MepUMEHTaJbHBIX JAHHBIX O TEIUIOOTAAYE C pe3yJIbTaTaMU, TTOJIYyYEHHBIMU 10 pACCMOTPEHHBIM B 0030pe
MeTolIaM, OTMedeHa Xopolasi paboTOCIIOCOOHOCTh TeX METOIOB pacyeTa, KOTOpbhle OB pa3paboTaHbI
IUJTIST OOBIYHBIX KAHAJIOB U JIJISI KOHKPETHBIX XKUIKOCTEI B YCIOBUAX OJM3KUX K YCIOBUSM MPOBEICHHbBIX
aKcTniepuMeHTOB. [loTepu naBjaeHUs, pacCYUTaHHBIE IO TOMOTEHHOM MOIEIH TIPU BBICOKUX IMTPUBEICH-
HBIX JAaBJIEHUSIX, XOPOIIO COMIACYIOTCS C 9KCIEPUMEHTAIbHBIMU JaHHBIMU.

Knrouesvle carosa: KaHaibl Majioro 1uaMeTpa, BLICOKME MPUBEAESHHbBIC TaBJIEHUs, My3bIPbKOBOE KUTIEHNE B
MOTOKe, NBYX(ha3HbIi MOTOK, THAPOAMHAMUKA, TETUIOOOMEH, KO3(MMUIIMEHT TETIO0TIaYN, KOHBEKIIMS
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Hydrodynamics and Heat Transfer for a Two-Phase Flow in a Heated Vertical
Minichannel at High Reduced Pressures
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Abstract—The relevance of studies into hydrodynamics and heat transfer in minichannels is driven by the in-
creased interest in high-pressure power systems and high-tech devices that employ compact and efficient heat
exchangers with a high heat flux. The potential for application of small-diameter channels in various indus-
tries, including production of heat exchangers, in which various dielectric liquids or freons can be used as a
coolant at moderate and high reduced pressures, is being actively investigated today. High heat fluxes should
be removed by boiling as the most efficient heat removal mechanism. Proper designing of heat exchangers
employing the boiling process requires reliable methods for calculating heat transfer and pressure drop in two-
phase flows. The authors have tested the applicability of the known and most reliable methods for calculating
pressure drops and heat-transfer coefficient, which have been developed for conventional channels and
minichannels, under conditions of increased reduced pressures as high as p,.=p/p..= 0.7. A review of the best-
known methods applicable to various diameter (0.16—32 mm) channels is presented, and the predictions by
these methods are compared with experimental data. The experiments were performed at a reduced pressure
of 0.43, 0.56, and 0.70 in the mass velocity range of G = 200—1000 kg/(m?- s). The experimental setup, the
test section, and the experimental procedure are described. The studies were done with R125 refrigerant in a
1.1 mm ID vertical round channel with a heated length of 50 mm. The comparison of the experimental data
with predictions by the reviewed procedures demonstrated good performance of calculation methods that had
been developed for conventional channels. The best results yielded formulas developed for specific liquids
and conditions close to the conditions of the performed experiments.

Keywords: small diameter channels, high reduced pressures, flow nucleate boiling, two-phase flow, hydrody-
namics, heat transfer, heat-transfer coefficient, convection
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Brimmonxen anaiau3s pazpadoTaHHOTo MOAM(UIIMPOBAaHHOIO cooTHOIIeHUs uncelsl Hyccenbra Nu s oLieH-
KM TEIUIOBBIX Harpy30K Ha TOBEPXHOCTSIX IUIOCKOTO TOPU3OHTAIBLHOTO CJI0SI METAJUIMYECKOTO pacruiaBa
[>kunkomeTaIMYecKue TeTUIOHOCUTEN, METANTMUECKHE CJTION pacruiaBa, hopMHUpYIOIIrecs: BHYTPU KOp-
MYCOB SIIEPHOI dHepreTUUeckoil ycraHoBKU (A1DY) nipu TsKesoii aBapuu U p. |, Tog0rpeBaeMoro 1o ero
HUKHEH MOBEPXHOCTU Y UMEIOILIETO HEPaBHOMEPHOE paiMajibHOE TeMIlepaTypHoe pacrpeneneHue. Heo6-
XOJIMMOCTb ITPOBEIEHUS TAKOTO aHaIN3a OOBSICHSIETCSI TEM, YTO UCITOJIb30BaHME NU3BECTHBIX COOTHOIIIEHU I
st urcen Hyccenbra Nu utst ciiost XUAKOCTH/paciiaBa ¢ HEpaBHOMEPHBIM MPOIOJIbHBIM pacIipeaeeH -
€M TeMIepaTyphl IPUBOIUT K 3HAYUTEIIbHBIM ITOTPELIHOCTSIM TTPU OTIpee/IEHUU YCIIOBUI TETIJI00OMeHa Ha
TPAaHUYHBIX MOBEPXHOCTSX CJIOSI, UTO SIBJISAETCSI KPUTUYHBIM, HAIlpUMeEp, MPU peasIn3allii KOHIIEIIIINN
yIep>KaHUs pacruiaBJIeHHBIX MaTepUaioB BHYTpU Kopityca AADY mnipu Tsekenoit aBapuu (TA). B mpemioxeH-
HOM COOTHOIIIEHUH Tl yncyia Nu Ha 60KOBOI ITOBEPXHOCTH CJIOSI pacIijlaBa UCTIONb3YIOTCS KaK TPaIuiiv-
OHHBbIE (Yncyio Pases), Tak v NOMOMHUTENbHBIC TTApaMeTPhl, YYUTHIBAIOIIIME TEMIIEpaTypHbIE YCIOBUS Ha
€T0 rPaHMYHBIX IIOBEPXHOCTIX (B TOM YKMCJIe Ha O0OKOBOIT), a TaKXKe pa3Mephl ci1os1. 11 HaXoXKIeHUs Her3-
BECTHBIX KO3 OUILIMEHTOB B MOANGUIIMPOBAHHOM COOTHOILIEHUW MPUMEHSIJIUCH PE3yIbTaThl HECKOJIBKUX
Cepuii YMCIEHHBIX S9KCIIEPUMEHTOB C UCIIoJib3oBaHUeM oTedecTBeHHOro CFD-koma ANES. C mmomoribio
MOJIyYEHHOTO COOTHOILIEHMSI [IJ1s1 yrcyia Nu ObUI POBEIeH NapaMeTpUIeCKUil aHaIu3 yCJIOBUi TEII000-
MeHa Ha 00KOBOI1 ITOBEPXHOCTH METAIUIMYECKOIO CJI0sl paciiaBa, opmupyloiierocs mmpu TA. ComiacHo
pesyJibTaTaM aHaju3a MPenoKeHHOE COOTHOIIIEHNWE AAaeT XOPOIIyl0 TOYHOCTb MpU pacueTax (B cpemHeM
MOTPENTHOCTh He TIpeBhIlana 7 %) 1 npenckasareabHylo 3(hdeKTUBHOCTD pa3paboTaHHOTO MOITUMULIMPO-
BaHHOTO COOTHOLICHUS IS urces Nu B IMaria3oHe 3Ha4eHuH uncia Panes ot 10° mo 10'2. Takoe cooTHO-
mreHue st yrces Nu Ha O0KOBOI MTOBEPXHOCTH CJIOSI pacIljlaBa MOXKET ITPUMEHSITHCS MPU OLIEHKE TeTI0-
BBIX Harpy3ok Ha kopityc S19Y npu TA u B aApyrux 3amavax, rjie UMeeTcsl paauajibHasi HEpaBHOMEPHOCTh
TeMIIEPaTypHOTO pacIpeAesieHUs B TUNIOCKOM CJI0€ XKMIKOCTHU/pacIliaBa, IogorpeBaeMoro CHU3Y.

Karoueswvie cnosa: yncino Hyccenbra, cioit pacmiaBa kopuyma, CFD-MonennpoBaHue, peakTop, TsoKenaast
aBapwsi, TeIJIOBasi Harpy3kKa
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Modified Relationship for Nusselt Numbers on the Side Surface of a Flat Metal Layer
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Abstract—An analysis was made of the developed modified Nusselt number ratio Nu for estimating thermal
loads on the surfaces of a flat horizontal layer of metal melt (liquid-metal coolants, metal melt layers formed
inside nuclear power plant (NPP) containers during a severe accident, etc.), heated along its lower surface
and having an uneven radial temperature distribution. The need for such an analysis is explained by the fact
that the use of known relations for the Nusselt numbers Nu for a liquid/melt layer with an uneven longitudinal
temperature distribution leads to significant errors in determining the heat transfer conditions at the bound-
ary surfaces of the layer, which is critical, for example, when implementing the concept of retaining molten
materials inside the nuclear power plant in case of a severe accident (SA). In the proposed relation for the
Nu number on the lateral surface of the melt layer, both traditional (Rayleigh number) and additional param-
eters are used, taking into account the temperature conditions on its boundary surfaces (including the lateral
one) as well as the dimensions of the layer. To find the unknown coefficients in the modified ratio, the results
of several series of numerical experiments were used by the domestic ANES CFD code. Using the ratio ob-
tained for the Nu number, a parametric analysis of the heat-transfer conditions on the side surface of the met-
al layer of the melt formed during an SA was carried out. According to the results of the analysis, the proposed
ratio gives good accuracy in calculations (on average, the error did not exceed 7%) and the predictive efficien-
cy of the developed modified ratio for Nu numbers in the range of Rayleigh numbers from 10° to 10'2. Such
a relation for the Nu numbers on the side surface of the melt layer can be used in assessing the thermal loads
on the nuclear power plant container during an SA and in other problems where there is a radial nonunifor-
mity of the temperature distribution in a flat liquid/melt layer heated from below.

Keywords: Nusselt number, corium melt layer, CFD simulation, reactor, severe accident, thermal load



TEIVIODHEPTETHKA, 2023, Ne 12, c¢. 77—89

TEILIO- 1 MACCOOBMEH,

CBOMCTBA PAGOYMX TEJ 1 MATEPUAJIOB

YUCJIEHHOE NCCIEAOBAHUE BJIINAHUA MOJIEKYJIIAPHOI'O YUCJIA
INPAHATIIA TEINIOHOCUTEJIA N ITPOHUITAEMOCTHN CTEHKU TPYBbI
HA TYPBYJIEHTHLIN TEILIOOBMEH!

© 2023 r. B.TI. Jlymmuk*, M. C. Makaposa‘, C. C. Ilonopuu® *

“Hayuno-uccaedoeamenvckuil uncmumym mexawuxu MIT'Y um. M. B. Jlomonocosa,
Muuypunckuii npocn., d. 1, Mockea, 119192 Poccus
*e-mail: pss@imec.msu.ru
IMocrynuina B pegakuuio 21.03.2023 r.

ITocne nopa6orku 06.07.2023 1.
IMpunsaTa k myonukamum 01.08.2023 r.

IMpennoxeHa MeToaMKa MOACIMPOBAHYS TYPOYJIEHTHOTO TeYeHMS B KaHaJIe C HEITPOHUIIAEMbIMU U IIPOHU -
HaeMbIMM CTEHKAMU TIPU HAJIMYWUM TETUIONOABOJAA K CTeHKe. JIsl 3aMBbIKaHUsSI YpaBHEHU TTOrPaHUYHOTO
CJI0$1 ICTIOJNIB3YETCS TpexXIapaMmeTpuieckas nuddepeHnanbHas MOIeNIb CABUTOBOI TYpOYJIEHTHOCTH, 10~
MOJIHeHHAasl ypaBHEHMEM MepeHoca ISl TypOyJieHTHOTro ToTtoka Teruia. [IpoBeaeHbl pacueTs 1Jisl pa3BUTO-
ro TypOyJEHTHOTO TeYeHUS B KPYTJI0i TpyOe C HEITPOHUIIAeMbIMUY M TIPOHUIIAEMBIMU CTEHKAMU TSI BO3MY-
Xa 1 OMHAPHBIX ra30BbIX CMECe ¢ HU3KMM 3HaUeHUEM MOJIEKYJIsipHOTO yncia [IpaHaTis npu nmapameTpax,
COOTBETCTBYIOIINX TAKOBBIM TIPM BBITIOJIHEHUHN OoJiee paHHUX IKCIIEPMMEHTOB. Pe3yabTaThl nccienoBa-
HUi1 1o BausiHUIO yncia [Tpanatis Ha TerioooMeH B TpyOe ¢ HEITPOHUIIAeMbIMU CTEHKAMU JIJTsI TETIJIOHO-
CUTEJISI C TOCTOSTHHBIMM (PU3MYECKUMM CBOMCTBAMM COTJIACYIOTCSI C 9KCIIEPUMEHTATbHBIMU JaHHBIMU U
aMnupuueckumMu 3apucumMoctsimu Keiica u I1eryxoBa mist uncina Hyccenbra B nnanaszone uucen [panorias
0.2—0.7. IlokazaHo, YTO BO3HUKAIOIIMWI B TPyOe P CUJILHOM OTCOCE T'a3a MOJIOKUTEIbHBII IPaIueHT 1aB-
JICHUSI MIPUBOAUT K HAPYILLIEHUIO TT0a00us TTpoduieil CKOPOCTU U TeMIlepaTyphl 1, KaK CIeNCTBUE, K Hapy-
1IeHu1o aHajgoruu PeitHombnca. Micnonb3oBaHue ypaBHEHMS TTIepeHoca il TypOyJIeHTHOTO TTOTOKA Teruia
MO3BOJISIET YYECTh CJIOXHYIO 3aBUCUMOCTb TYpOyJIeHTHOTro uucia [IpaHATiass OT MOJIEKYJISIPHOTO YKcia
IMpaHaTAsT B BA3KOM TONCTOE M B JJorapiMUIECKOM IorpaHuYHOM ciioe. [TpoBeneHa olieHKa BIUSTHUS
MEePEeMEHHOCTH TETUIO(U3NYECKUX CBOMCTB U TYpOyIeHTHOTOo uncia [IpaHaTis Ha xapaKTepUCTUKY TETLIO-
obMmeHa B Tpyoe. Tak, oTanuue ynciaa Nu, orpeIeIeHHOIO B IPEAITOJI0XEHUH IIOCTOSIHCTBA TypPOYIeHTHO-
ro yncia [Mpanamisi, oT pe3ybTaToB, MOJYYEHHBIX B pacueTax ¢ MCIMOJIb30BaHUEM YPaBHEHUS 11sI TypOY-
JICHTHOTO TIOTOKA TeTia, BO3pacTaeT ¢ YMEHbIIIEHNEeM MOJIeKyIsipHoro uncia [TpaHamis v yBeudeHueM
MHTEHCUBHOCTH OTCOca rasa.

Kuroueswie crosa: TedeHmne B Tpyoe, TETUIOOOMEH, MOJAETb TYpOYJIEHTHOCTH, MMPpOHUIIaeMasi CTeHKa, OTCOC
rasa, MoJieKyJisipHoe uuciio I1panaris, rpaneHT naBjieHus, Ko3¢hduiueHT aHajaoruu PeiitHoabaca
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Numerical Investigation of the Influence of the Coolant’s Prandtl Molecular Numbers
and the Permeability of the Pipe Wall on Turbulent Heat Transfer

V. G. Lushchik’, M. S. Makarova“, and S. S. Popovich* *
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Abstract—A technique for modeling turbulent flow in a channel with impermeable and permeable walls in
the presence of heat supply to the wall is proposed. To close the equations of the boundary layer, a three-pa-
rameter differential model of shear turbulence is used, which is supplemented by a transfer equation for a tur-
bulent heat flux. Calculations are carried out for a developed turbulent flow in a round pipe with impermeable
and permeable walls for air and binary gas mixtures with a low molecular Prandtl number with parameters
corresponding to those in earlier experiments. The results of studies on the effect of the Prandtl number on
heat transfer in a pipe with impermeable walls for a coolant with constant physical properties are consistent
with the experimental data and empirical dependences of Case and Petukhov for the Nusselt number in the
range of Prandtl numbers of 0.2—0.7. It is shown that a positive pressure gradient arising in a pipe under strong
gas suction leads to a violation of the similarity of the velocity and temperature profiles and, as a consequence,
to a violation of the Reynolds analogy. The use of the transport equation for a turbulent heat flux makes it
possible to take into account the complex dependence of the turbulent Prandtl number on the molecular
Prandtl number in the viscous sublayer and in the logarithmic boundary layer. The influence of the variability
of thermophysical properties and the turbulent Prandtl number on the characteristics of heat transfer in a pipe
is estimated. Thus, the difference between the Nu number determined under the assumption of a constant
turbulent Prandtl number and the results obtained in calculations using the equation for turbulent heat flow
increases with a decrease in the molecular Prandtl number and an increase in the intensity of gas suction.

Keywords: flow in a pipe, heat transfer, turbulence model, permeable wall, gas suction, molecular Prandtl
number, pressure gradient, Reynolds analogy coefficient
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CTtaTbsI TTOCBSIIIIeHA TPOOIeMaM, BOSHUKAIOIIUM ITPU UCTIOIb30BaHUY CTeHBI TpoMGa B XOJIOMHBIX KJIIMMa-
TUYECKUX YCJIOBUsX. Takre CTeHbI MMEIOT CYIIECTBEHHBIM HENOCTATOK B YCJIOBUSIX XOJOTHOTO KiMMara.
ITpu Bocxome coHIIA U TTOMTaJaHUK COTHEYHOM 9HEepruy Yepe3 BO3AYIITHYIO ITPOCIOiiKy Ha cteHy TpombGa
BO3/YX B MPOCJIOIiKe O4eHb OBICTPO HarpeBaeTcs. DTO MPUBOIUT K HEJTOCTATOUHOMY aKKyMYJIUPOBAHUIO
Teruia B creHe TpoMGa 1 TTOBBIIIEHUIO TTOTEPh TEIIOBOI SHEPTUH B OKPYKAIOIINIA BO3AYX M3 MOMEIIEHUS
yepes ocTekieHrne. OCHOBHas LIeIb UCCIeTOBaHUS — pa3paboTKa HOBOTO KOHCTPYKTUBHOIO peIIeHUs IS
cteHbl Tpomba, KOTOpOe MO3BOJUT COKPATUTh TEIJIOBBIE TTOTEPH Yepe3 OCTEKIICHWE TP COXpaHEHUH 10~
CTAaTOYHOTO YPOBHS aKKyMYJIUPYIOIIEeil CIIOCOOHOCTH B XOJIOMHBIX KIIMMaTUYECKUX yCIoBusX. Mcronb3o-
BaHMe TaKoi cTeHbI OyeT HanboJjee 3(PHEKTUBHO Ha TEPPUTOPUSIX, PACTIONOXEHHBIX B AUAa30He IUPOT
ot 40 mo 50°. B pabore npeacrasieHbl ITIOAPOOHOE ONMUCAHNE U TEXHUYECKOE 0OOCHOBAHUE HOBOTO KOH-
CTPYKTUBHOTO peleHust 1ist cTeHbl Tpomba. PazpaboraHbl MaTeMaTU4ecKast MOZAEJb ITPOIIECCOB TEIII000-
MeHa 1 aJITOPUTM peLIeHUsI, Ha OCHOBE KOTOPOTO IMPOBOIMIICS YMCIIEHHBIN 9KCTIEPUMEHT. B TeueHue Bcero
OTOMNUTEIBLHOTO MePUOoaa CpeaHssI TeMITepaTypa BO3ayxa B UCCIEIyeMOM TTOMEIIEHUH TTOAIePKUBaIach B
nrarna3zoHe 3HaYeHUit, KOM(POPTHBIX IUIST TOCTOSTHHOTO MpeObIBaHMS YesioBeKa. [1py ncnoib3oBaHUM CTe-
Hbl TpoM6a HOBOIT KOHCTPYKLIUU MOXET ObITh COKPAIIIEHO roI0BOE MOTPEOIeHUE BHEIIHUX SHEPTOPECYP-
COB M CHUKeHBI BEIOpockl CO, Ha 58%, T.e. mx mocTynuT B atMocdepy Ha 18% MeHblle, yeM Ipu IIpuMe-
HEHHMU KJIaCCUYEeCKOi cTeHbl TpoMba, B TeX XXe KIMMaTHUYEeCKHMX YCIOBUsX. TakuMm obpa3oM, Giaarogapst
MPOBEACHUIO TAaHHOTO MCCIeNOBaHUS TTOydeHa Tojie3Hast MHMOpMalKsa O BO3MOXHOCTU YIYYIITUTh TETI-
JIOBBIE XapaKTEPUCTUKU CTEHBI TpoMOa B XOJIOMHBIX KIIMMATHYECKHUX YCTOBHSIX.

Karoueesnie croea: ynydiieHHasi cteHa TpoM6a, akkymyupymolias 3¢ ¢heKTUBHOCTb CTeHbl TpoMba, KoMOu-
HUpPOBaHHasI CUCTeMa TeTUIOCHAGXKEeHUSI, DHeprocoeperaione TeXHOJIOTMY, COKpallleHe BBIGPOCOB Map-
HUKOBBIX Ta30B
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Numerical Investigation of Thermal Performance of a Trombe Wall of a New Design
with Glazing for Cold Climatic Conditions
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Abstract—The paper is devoted to the problems arising in using a Trombe wall under cold climatic conditions.
These walls have a considerable disadvantage in cold climates. After sunrise, the solar energy falls on a Trom-
be wall through the air and heats up the air in it very quickly. This results in insufficient heat storage in the
Trombe wall and an increase in thermal energy losses to the ambient air from the room through the glazing.
The main purpose of the study is to develop a new design solution for the Trombe wall, which will reduce heat
losses through the glazing while maintaining a sufficient level of heat storage capacity in cold climates.
Application of this wall will be most effective in areas located in the range of latitudes from 40° to 50°. A de-
tailed description and engineering substantiation of the new design solution for the Trombe wall are present-
ed. A mathematical model of heat-transfer processes and a solution algorithm used as the basis for the nu-
merical experiment were developed. During the entire heating period, the average air temperature in the stud-
ied room was kept in the range comfortable for continuous attendance. Introduction of the newly designed
Trombe wall will reduce the annual consumption of external energy resources and cut down CO, emission by
58%, i.e., its amount entering the atmosphere will be decreased by 18% as compared to the classical Trombe
wall under the same climatic conditions. Thus, this study has yielded meaningful information about measures
that can be used for improvement of the thermal performance of the Trombe wall for its proper operation in
a cold climate.

Keywords: improved Trombe wall, heat-storage effectiveness of a Trombe wall, combined heat supply system,
energy-saving technologies, greenhouse gas emission reduction
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Ha npumepe muxkporazotrypouHHoit ycraHoBKU (MI'TY) tuna C30 Capstone BBIIIOJHEH aHaIU3 pa3iny-
HBIX BAPMAHTOB IPUMEHEHS COBPEMEHHBIX HAKOIIUTENIEM IIEKTPUUECKOM SHEPTUM B cOCTaBe OydepHOit
Garapeu ¥ MpPOBeNeHO UX conocranieHue. [a30Bbie MUKPOTYPOUHBI EIMHUYHONM MOIITHOCTBIO OT HECKOJIb-
KUX JECSITKOB IO COTEH KMJIOBATT MOSIBUJIMCh Ha PhIHKE B 70-X rogax MpoILIOro CTOJISTUS U CTalu Bee Ooiee
LIMPOKO TIPUMEHSIThCSI B CUCTEMax aBTOHOMHO# M pacrpene/ieHHoM reHepaiuu. X KOHKYpeHTOCoco0-
HOCTb T10 CPaBHEHMIO C JU3EIbHBIMUA U Ta30MOPIIHEBbIMIA SHEProyCTaHOBKAMU OOECIIeYMBAETCsI TIPEXKIIe
BCETO IOCTIKEHUEM COMOCTaBUMBIX ¢ KOHKYpeHTamu 3HaueHuit KIT/I B pe3ysbraTe MCIOIL30BaAHUS pere-
HEpPaTMBHOIO TEPMOJAUHAMMYECKOIO LIMKJIA ¢ BHICOKO3((HEKTUBHBIMU PEKYIEPATUBHBIMU TEILNIOOOMEH-
HUKAMHM U BBICOKOOOOPOTHOrO TypOOT€HEpaTOPHOro O0GOPYAOBAHMSI C BO3AYLIHBIMU MHOMIIMITHUKAMU
BMECTO MACJISTHBIX. DTO 3HAYUTEJIbHO CHUXKAET SKCILTyaTallMOHHbIe TPeOOBaHUS K MEPUOIUIHOCTH (4Ua-
CTOTE) OOCIY>KMBAaHUSI SHEPTOYCTAHOBOK, a TAKKE PACIIUPSIET BO3MOXKHOCTU ITPUMEHEHUS pa3IMYHBIX BU-
IIOB XXKMIKWUX 1 Ta3000pa3HBIX TOIUIUB (ITOJIMTOIIMBHOCTE), JOCTYITHBIX B paiioHe 3KCITyaTanuu. BaxHas
0COOEHHOCTh MUKPOTra30TYpOMHHBIX 9HEPTOYCTAHOBOK — 3BEHO MOCTOSIHHOTO TOKa U OydepHbIit HAKOIu1-
TeJIb DJIEKTPUUYECKOM SHEPTUU B CXEME BbIIAYM MOIIIHOCTU, KOTOPBIE ITO3BOJISIOT 3(h(HEKTUBHO YIIPABISAThH
rnapaMeTpaMu ToKa (peryJMpoBaTh UX) 6e3 U3MEHEHMUSI YaCTOThI BpallleHUs IBUTraTesiss. B TpaguiimoHHbBIX
BapUaHTaX TaKUX SHEProyCTAaHOBOK B KauyecTBe Oy(depHOTo HAKOMUTEIISI SHEPTUU, KaK MPAaBUJIO, UCIIOJIb-
3YIOTCSI CBUHIIOBO-KMCJIOTHBIE aKKYMYJISITOPBl. ABTOpaMU PaCCMOTPEHbI BApUAHThI MX 3aMEHBbI Ha CYIIep-
KOHIIEHCATOPhI U aKKyMYJISITOPbI Pa3IMUYHbBIX BUIOB C YYETOM TaKMX 9KCILIyaTaLlMOHHBIX (haKTOPOB, KaK
npeobiagaHue B TeUeHMe OOMBIIEH YacTHU roga HU3KMX TeMIIepaTyp OKpyXKalollleil cpeabl (apKTU4ecKue
YCJIOBUSI), TPYIHOCTH B JIOTUCTUKE, YCIOBUSI OOCITYKMBAaHUSI SHEPrOYCTAHOBOK 3TUX aKKYMYJISITOPOB U UX
HeMaJiasi CTOMMOCTh. BBIMOJIHEHBI OLIEHKM MacCOTabapUTHBIX XapaKTepUCTUK HAKOMUTENIeil Ha OCHOBE
pPa3HBIX TUIIOB 3JIEMEHTOB C aKIIEHTOM Ha U3MIEJIUsI POCCUMCKUX MTpou3BoauTeieii. CuenaH BbIBOMI, YTO TTPU
akciuryatrauu MI'TY B CypOBBIX KIMMAaTAYECKHUX YCIOBUSIX B UX Oy(EepHOM HAKOITUTEJIE 1IeJIeco00pa3Ho
HMCHOJIb30BaTh CyIIepKOHIeHCATOPHbBIE OaTaper, HECMOTPSI Ha MX MaIyIO YAEIbHYIO 9HEPTOEMKOCTh U BBI-
COKYIO CTOMMOCTb.

Knroueswie crosa: Apktudeckasi 3oHa Poccuu, MUKporazoTypOMHHasi yCTaHOBKA, aKKyMYJISITOP, CYTIEpPKOH -
IeHcaTop, OyhepHbIit HAKOTIUTEN b, paclpene/ieHHas TeHepaIys
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The Selection of Energy Storage for a Micro—Gas-Turbine Plant Operating
Autonomously in the Conditions of the North

A. B. Tarasenko* *, O. S. Popel’, and S. V. Monin’

¢ Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia
b Research and Production Association Lianozovsky Electromechanical Plant, Moscow, 127411 Russia
*e-mail: tarasenkoab@inbox.ru

Abstract—On the example of a micro—gas-turbine plant (MGTU) of the C30 Capstone type, an analysis of
various options for the use of modern electric energy storage devices as part of a buffer battery was carried out
and compared. Gas microturbines with a unit capacity of several tens to hundreds of kilowatts appeared on
the market in the 1970s and have become increasingly widely used in autonomous and distributed generation
systems. Their competitiveness in comparison with diesel and gas reciprocating power plants is ensured pri-
marily by achieving comparable efficiency values with competitors as a result of the use of a regenerative ther-
modynamic cycle with highly efficient recuperative heat exchangers and high-speed turbogenerator equip-
ment with air bearings instead of oil bearings. This significantly reduces the operational requirements for the
frequency of maintenance of power plants, and also expands the possibilities of using various types of liquid
and gaseous fuels (polyfuel) available in the operation area. An important feature of micro—gas-turbine power
plants is the DC link and the buffer storage of electrical energy in the power output circuit, which allow one
to effectively control the current parameters (regulate them) without changing the engine speed. In tradi-
tional versions of such power plants, as a rule, lead-acid batteries are used as a buffer energy storage. The
authors considered options for replacing them with supercapacitors and batteries of various types, taking
into account such operational factors as the predominance of low ambient temperatures during most of the
year (arctic conditions), difficulties in logistics, maintenance conditions for power plants of these batteries,
and their considerable cost. The weight and size characteristics of drives are estimated based on different
types of elements with an emphasis on products of Russian manufacturers. It is concluded that when
operating an MGTU in harsh climatic conditions, it is advisable to use supercapacitor batteries in their buf-
fer storage, despite their low specific energy consumption and high cost.

Keywords: Arctic zone of Russia, micro—gas-turbine plant, battery, supercapacitor, buffer storage, distributed
generation
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INTocTraBneHa 3agaya MOIEIMPOBaHUS IIPU3eMHOr0 aTMocdepHoro norpaHndHoro cios (AIIC) B 30He BeT-
pOTYpPOMHBI B JIOKALIMK YIbSTHOBCKOIO BeTpornapka. JIocToBepHOe Y TOUHOE ITPOTHO3MPOBAHUE 3BOJIIOLIUMU
ATIC, B3auMOECTBYIOIIETO C BETPOIIAPKOM, B IIMPOKOM JMAIIa30HE MPOCTPAHCTBEHHBIX U BpEMEHHBIX
MacIITaboB JaeT LIEHHYIO KOJIWYEeCTBEHHYIO MH(OPMALIMIO O €ro MOTEeHIIUAIbHOM BO3JCMCTBUY HA MECT-
HYIO METEOPOJIOIMYECKYIO0 O0OCTAHOBKY U UMEET OOJIbIIOE 3HAUEHUE IS ONITUMU3ALIMU KaK IIPOEKTUPOBa-
HUS (pa3MellleHUs TypOrH), TaK M 3KCILTyaTallMd BETpoIlapkoB. PaccMaTpuBaloTCss OCHOBHBIE ITPOOIEMBbI
MOJEJMPOBAHUS U YUCICHHOTO UCCAEAOBAHMSI aTMOC(hEPHOro IMOrPaHUYHOIO CJI0sI B KOMILIEKCE C BETPO-
TypOouHoIi. K oCHOBHBIM IIpobieMaM MOJIEIMPOBAHUSI OTHOCSITCS: MHOTOMACIITA0OHOCTbh, YYET CUJIBHO 111e-
pOX0OBaTO HEOMHOPOIHOM TOBEPXHOCTH, HEPETYISIPHOCTh BeTpa I10 aMIUIUTYIE, HAIIPaBJIEHUIO U 4YaCTOTeE,
y4eT KOHBEKIIMU, COJIHEYHOI paauanuu, crpatudukauvy 1 (pa3oBbIX MEPEXOI0B U OCAAKOB, TeHEepaLMs
TypOYJIEHTHOCTH, BBIOOp METOIA M UMHCTPYMEHTA MojaeupoBaHus. PaccmarpuBaeTcst mpobGieMa MHOTO-
MacimtTabHocTu ucciegoBaHust cucteMbl AIIC — BeTpoTypOuHa, IIPUBOIUTCS 0030p BIUMCIUTEIbHBIX TEX-
HOJIOTMIA [UTIS pelleHUsI 3a1a4 a3pOoAMHAMUKI B MacIlTabaxX OAHOM YCTAHOBKU U BeTpoIapkoB. [IpoBoauTcst
aHaJIMTUYECKU 0030p MeTonoB MoaeaupoBaHus AIIC u ero B3auMoaeicTBusI ¢ BeTpOoTypOuHOM. Paccmart-
puBaroTCcs monxoasl K uccnenoanuio AIIC Ha 6a3e cucteM ypaBHEHUI, OCPEIHEHHBIX 110 PeiiHONBIACY, BUX-
pepaspelalnX Moaeeii, a TAaKXKe IMPSIMOro YUCISHHOTO MOIEIUPOBAaHUS, TPUBOISITCS UX JOCTOMHCTBA U
OrpaHMYEHU I pellieHrs 3aaa4n ucciaegoBanus cucteMbl AITC — BeTporeHepaTop. ONuUChIBaETCS MaTe -
matudeckasi Moaeab cucteMbl AIIC — BeTpoTypOuHa. [1puBeneHbl pe3yabTaTbl MATEMATUUYECKOTO MOAESIIM -
POBaHUSI U YMCIIEHHOIO MCCaeqoBaHus adpoarHaMuku cuctembl AIIC — BeTpoTypOuHa YIbIHOBCKOTO
BETpoOIIapKa, MoJIydeHbl U MPOaHAIM3MPOBAHbI YMCIEHHBIC JaHHBIC MO 3aTYXaHUIO a3pPOIMHAMUYECKOIO
cieqa 3a BETpPOTYPOMHOM U BOCCTAHOBJIEHUIO MMPOMUIISI CKOPOCTH, a TAKKE 10 COMPOTUBJIEHUIO TPEHUS Ha
MMOBEPXHOCTHU JIOIIACTU BETpOKoJjeca. BbIMoMIHEH aHaIu3 pe3yIbTaTOB MaTeMaTUYeCKOTO MOACIMPOBAHUS
AIIC B 30He BEeTpOTYpOUHEL.

Karuesvie crosa: BeTpoTypOMHA, MaTeMaTUIECKOEe MOIEIUPOBaHUE, YMCIEHHOE MCCIIeI0BaHUe, aTMO-
cepHBIil TIOrpaHUYHBIN CJIOI, MOJIE/b TYPOYJIEHTHOCTHU, COMPOTUBJICHUE TPEHMUSI, TTPODUIb CKOPOCTH,
aspoarHaAMMYecKask XapaKTeprucThKa
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Mathematical Modeling and Numerical Research of the Aerodynamic Wake Behind
the Wind Turbine of the Ulyanovsk Wind Farm
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Abstract—The task of modeling the surface atmospheric boundary layer (ABL) in the wind turbine zone at
the location of the Ulyanovsk wind farm is set. Reliable and accurate prediction of the evolution of ABL in-
teracting with a wind farm over a wide range of spatial and temporal scales provides valuable quantitative in-
formation about its potential impact on the local meteorological situation and is of great importance for op-
timizing both the design (placement of turbines) and the operation of wind farms. The main problems of
modeling and numerical investigation of the atmospheric boundary layer in combination with a wind turbine
are considered. The main modeling problems include: multiscale, accounting for a highly rough inhomoge-
neous surface, wind irregularity in amplitude, direction and frequency, accounting for convection, solar ra-
diation, stratification and phase transitions and precipitation, turbulence generation, and choice of modeling
method and tool. The problem of multiscale research of the ABL-wind turbine system is considered and an
overview of computational technologies for solving aerodynamic problems on the scale of one installation and
wind farms is given. An analytical review of methods for modeling ABL and its interaction with a wind turbine
is carried out. Approaches to the study of ABL based on systems of equations averaged by Reynolds, eddy-
resolving models, and direct numerical modeling are considered; their advantages and limitations are given
for solving the problem of studying the ABL—wind generator system. The mathematical model of the ABL—
wind turbine system is described. The results of mathematical modeling and numerical study of the aerody-
namics of the ABL—wind turbine system of the Ulyanovsk wind farm are presented, and numerical data on
the attenuation of the aerodynamic wake behind the wind turbine and the restoration of the velocity profile,
as well as on the friction resistance on the surface of the wind turbine blade, are obtained and analyzed. The
analysis of the results of mathematical modeling of ABL in the wind turbine zone is carried out.

Keywords: wind turbine, mathematical modeling, numerical study, atmospheric boundary layer, turbulence
model, friction drag, velocity profile, aerodynamic characteristic
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B pabGoTe nipenyioxxeHbl, CMOAEIUPOBaHbI, TIPOAHATM3MPOBAHbI U COMMOCTABICHBI C TEXHUYECKOUN U 3KO-
HOMMYECKOI TOUEK 3pEHUS IBE CUCTEMBI IUIST pacTipeieIeHHOM HEPTeTUKU: MPOCTasi M KacKamHasl, pa-
OoTaroniue no oprannyeckomy 1ukiay Penkuna (Organic Rankine Cycle — ORC). B kauecTBe ToIuiMBa
npeaiaraeTcsl UCIoJIb30BaTh PUCOBYIO LIEJIYXy C TUTTOBOI MelbHULIBI B HUurepuu, B To BpeMst Kak pabo-
YUMHU XKUAKOCTIMHU 111 uccaenyeMbix ORC-ycTaHOBOK SIBIISIIOTCS XJ1agareHTsl Toxyol u R245fa. Mome-
JIMPOBaHNE SHEPTreTUYECKHX YCTAHOBOK MPOBOAWIOCH C MOMOIIbIO (hyHIAMEHTATbHBIX TEXHUUYECKUX U
9KOHOMUYECKUX TMoaxoaoB. KiloueBbIMU TEXHUYECKMMU TMapaMeTpaMu TPpU UCCIEeIOBAaHUU CIIYKWJIU
BBIpabOTKa JIEKTPOIHEPTUHU, dHEepreTUIecKas U skcepreTudeckas 3OeKTUBHOCTb, UICKOMBIM 3KOHO-
MUYECKUM TTapaMeTPOM SIBJISIACH YIeJbHasi CTOMMOCTh DHEPIUU. YCTAHOBJIEHO, UTO MPY MCMHOJIb30Ba-
HUU PUCOBO1 11IeJTyX1 B KaueCTBE BO30OHOBIISIEMOTO UCcTOUHMKA 3Heprun ORC-351eKTpoCTaHILIMS MOXET
ob6ecrieunth 27—38 MBT * 4 cyTO9HOM MOTPEOHOCTHU B 3JIEKTPOIHEPIUM CaMO pUCOBOI (pabpUKM 1 HaX0-
TSIUXCst T06aU30CTH 00beKTOB. [IpeacTaBaeHbl pe3ybTaThl aHAIM3a SHEPTETUIECKOI U SKCEPreTUIecKoi
addexkTuBHOCTH TIpocToit U KackagHoit ORC-35eKTpocTaHIINM, CBUNETENBCTBYIONINE O MePCIIEKTUBHOCTU
nocienHeit. [TpoaHaTn3npoBaHbl pabovre,/TEIIOBbIE MOIITHOCTH 3JIEMEHTOB YCTAHOBOK U ITOTEPU 3KCEPTUM
B Hux. OnpeneneHbl HaIpaBJIeHUs TOBbIIEHUS 3(PHEKTUBHOCTU PAOOTHI 3JEKTPOCTAaHLIMM Ha PUCOBOI
1IeJIlyXe, 3TO MpeXae BCEero COBEPIICHCTBOBAHUE BBICOKOTEMIIEPATYPHBIX TEIIJIOOOMEHHBIX arIapaToB.
IIpencraBieHbl pe3ybTaThl 5)KOHOMHYECKOTO aHAIN3a XXU3HECTIOCOOHOCTH IMPOEKTOB HAa OCHOBE ITPOCTOTO
M KackagHoro 1ukJioB PenkuHa. ¥ poctoit ORC-ycTaHOBKY 3KOHOMMYECKME MOKa3aTeIU Jydlle: yaeab-
Hasi CTOUMOCTb 9Hepruu coctasiisieT 0.115 mon/(kBt - 1), Torna Kak y KackanHoii — 0.124 non/(kBTt - 4). On-
HaKoO TIPU KOMIUIEKCHOM MCCIICIOBAaHUN TEXHUYECKUX, SKOHOMHYECKUX, COLMATBHBIX U IKOJIOTUIECKUX
nokasaTejieit 000MX IMKJIOB YCTaHOBJIEHO, YTO He0OXoauMOo pa3padaTsiBaTh KacKaaHble ORC-ycTaHOBKM.
B paboTe rnmpuBomsiTCS TakKXKe pe3yIbTaThl aHAIM3a 3aBUCUMOCTU MTPOU3BOAUTETbHOCTHA YCTAHOBOK OT 00'b-
€MOB 00pa30BaHUsI PUCOBOM MIETYXU B Te€USHUE TOAa, TEMIIEPATyPhl YXOMSAIINX ra30B Ha YCThe TbIMOBOM
TpYObl M TaMOKE€HHBIX TapudoB. [IpencraBieHO TEXHUKO-9KOHOMUYECKOe 0O0CHOBaHUE MEePCIIEKTUBHO-
CTU TIpeIaraeMoro TeXHUYECKOTo pelIeHUsT 11 ¢1ab0 31eKTpUMUIIMPOBAHHBIX CTPaH.

Karoueswie crosa: pucoBas 1ienyxa, boMacca, opraHmyeckKuii MK PeHKuHa, pacrpenesieHHast 9HePreTH -
Ka, KacKaJlHasl 3JIeKTpOCTaHLus, Toayosd, R245fa, skceprus
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Abstract—In this paper, two power plant configurations for distributed energy, simple and cascaded Organic
Rankine Cycle (ORC), were proposed, modeled, analyzed and compared from a technical and economic
point of view. It is proposed to use rice husks from a typical mill in Nigeria as fuel for the operation of the
power plant, while the working fluids for the studied ORC plants are toluene and R245fa refrigerants. Power
plants are modeled on the basis of fundamental technical and economic approaches. At the same time, power
generation, as well as energy and exergy efficiency were selected as key technical parameters for the study. The
desired economic parameter determines the cost of a unit of energy. It has been established that with proper
use of rice husks as a renewable energy source, the energy generated by the ORC power plant can help to meet
27—38 MWh daily needs of the rice factory and its surroundings. The results of the analysis of the energy and
exergy efficiency of a simple and cascade ORC power plant as presented indicates a better prospect for the
latter. The working/thermal capacities of the plant elements and the loss of exergy in them are analyzed. The
directions of increasing the efficiency of the rice husk power plant have been identified, primarily by improv-
ing high-temperature heat exchangers. The results of an economic analysis of the viability of the simple and
cascade ORC power plants are presented. A simple ORC demonstrates the best economic performance with
a unit energy cost of $0.115 per kWh compared to $0.124 per kWh of a cascade ORC. However, a holistic study
of technical, economic, social and environmental indicators creates prerequisites for the research and devel-
opment of a cascade ORC installation. The paper also presents the results of an analysis of the sensitivity of
plant performance on the volume of annual production of rice husks, the temperature of the exhaust gases at
the outlet of the chimney and the coefficient of the import tariff. A feasibility study of the prospects of the
proposed technical solution for poorly electrified countries is presented.

Keywords: rice husk, biomass, organic Rankine cycle, distributed energy, cascade power plant, toluene,
R245fa, exergy
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3HaYKUTeNIbHbIC 3aI1achl TEPMAJIbHBIX U IIPOMBILIJICHHBIX Boa TeMIiiepaTypoilt 100—150°C MoryT clyXXuThb
IIJIS1 BBIPAOOTKM 3JIEKTPOIHEPIUHU KaK MO OMHOKOHTYPHOI TETIOBOU CXeMe C HEMOCPEACTBEHHBIM IMTPUMEHEe-
HUEM MPUPOIHOTO Mapa B KOHACHCAIIMOHHBIX TYpOMHAX, TaK U IO IBYXKOHTYPHOI cXeMe ¢ HU3KOKUIISIIITUM
pabounm TesioM. M B TOM U B IpyroM ciaydae HeM30eXXHBI OOJIbIIMEe KalUTaIbHbIE 3aTpaThl Ha MX peani3a-
1mio. HoBblii crioco® BbIpabOTKU JEKTPOIHEPTUHU C ITOMOIIbIO HU3KOMOTEHIIUMATLHOTO TeIL1a 3aKII04aeTCst
B YCTAHOBKE B OMHOKOHTYPHYIO TEILIOBYIO CXeMY MOJIHOMOTOYHOU ruaponapoBoii Typounsl (I'TIT), uc-
MTOJIB3YIOIIEH TEIIO cernapaTa reoTepMaJibHOM CTAaHIIUM WM TEIIO MPOMBINLICHHBIX Boa. KanmuTtaabHbie
3aTpaThl Ha TaKMe YCTAHOBKU 3HAYMTEIbHO HIKE, TaK KaK CIelMabHOTO 000PYIOBaHUS ISl MOATOTOBKHU
pabouyero Tena He TpebyeTcs. KoadhdUIMEeHT MOIe3HOTO NeMCTBUSI TUAPONApOBO TYpOMHBI HEMOCPe -
CTBEHHO CBsI3aH ¢ 9(D(HEKTUBHOCTBIO €€ OCHOBHOTO 3JIeMeHTa — coria JIaBass. 711 mpoeKTUpOBaHUS 3TOM
TYpOMHBI HEOOXOIMMO UMETh JOCTOBEPHbIE JaHHbIE MO paboTe coruia JlaBassi ¢ GOJBIIONM CTeNEeHbIO pac-
IIUPEHUS TIPY TTOIaue B HETO BOABI, CJILHO HEIOTPETOM 10 TeMIiepaTyphl HachleHus1. Takyto nHbopMa-
IO MOXKHO TTOJTYYUTh TOJIBKO SKCIIEPUMEHTAIBHBIM ITyTEM, TTOCKOJIBKY 3Ta 06J1acTh paboThI corut JIaBas
MaJio u3dydeHa. 1151 BbISIBICHUSI HEOOXOAUMBIX XapaKTEePUCTUK COTLT ObUI CIIPOEKTUPOBAH U U3TOTOBJIEH
CTEH] C KOMILIEKTOM corul JIaBasisi, B TOM Yucjie C pa3HbIMU yIJIaMU PaCKPBITUSI PaCIIMPSIONIEICS YacTu 1
COILT C KOCBIM cpe3oM. B kauecTBe paboueil cpenbl UCIONIb30Balach Boia ¢ ITapaMeTpaMu, OJU3KUMU K
ycioBusiM pabdotsl B coctaBe I'TIT. I1peacraBieHsl pe3yabTaThl 9KCIEPUMEHTATBHOTO UCCASI0BAHUSI COILI
JlaBaJist B 1IMpoKOM uana3oHe cTerneHeil pacliMpeHusl, paboTaluX Ha BCKUMNawlIeit Boae. OTbIThI TPO-
BOJIWJIMCH TIPY PA3IMYHBIX TAaBJIEHUSX 32 COIUIOM, M MX PE3yIbTaThl ObUIM COTIOCTABIIEHBI C TAaHHBIMU, CO-
OpaHHBIMM paHee TaKXKe OMBITHBIM IMyTeM. OMnucaHbl dKCIIEpUMEHTaIbHASI YCTAaHOBKA U KOHCTPYKTHUBHbBIE
ocobeHHocTH coruia. [TpoBeneH aHaIM3 MOyYeHHbBIX JaHHBIX 110 KoadduiimeHTy pacxona, Ko3hhUIINEHTY
CKOPOCTH, CTETIIEHU pacIlIMpeHts, HauaIbHBIM ITapaMeTpaM, hopMaM corul, (hakTopy pa3sMepHOCTH, Ha OC-
HOBE KOTODPBIX CeJaHbl BHIBO/IbI. BBISIBIIEHBI XapaKTePUCTUKH, C MIOMOIIBIO KOTOPBIX MOXHO BBIMIOJHUTH
oLeHKY 3 GheKTUBHOCTU PEaKTUBHOI THIPOITapOBOii TYPOMHBI U KOPPEKTHO PacCUMTATh €€ MOLIIHOCTb.

Kntoueswie crosa: coruto Jlasais, 3(h(eKTUBHOCTD, TOPJIO COILIa, KO3 dUIIMEeHT pacxona, KO3 UIIMESHT
CKOPOCTH, CTEIIeHb paclIUpeHUsl, CUJIa, TATa, JaBJIeHUE, TeMIlepaTrypa, ITapoBOIsTHask CMECh
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Abstract—Large resources of thermal and industrial waters at a temperature of 100—150°C can be employed
to generate electricity in both a single-circuit thermal cycle with direct usage of natural steam in condensing
turbines and a double-circuit cycle with a low-boiling working fluid. Both options require high capital expen-
ditures for their implementation. A new power-generation method on the basis of low-grade heat is to install
a full-flow hydro-steam turbine (HST), which utilizes the heat of separated liquid from a geothermal station
or the heat of industrial waters, in a single-circuit thermal cycle. Capital expenditures for these units are much
lower since special equipment for preparation of the working fluid is not required. The efficiency of a hydro-
steam turbine is directly related to the efficiency of its main element, which is the Laval nozzle. Designing
this turbine requires reliable data on the performance of a Laval nozzle with a high expansion ratio when it
operates on highly subcooled water. Such information can only be obtained experimentally since this region
of operation of Laval nozzles has been poorly studied as of yet. To determine the required characteristics of
the nozzles, an experimental setup was designed and manufactured with a set of Laval nozzles, including noz-
zles with different opening angles of the diverging section and nozzles with an oblique cut. The working fluid
was water under conditions close to the operating conditions in an HST. The results are presented of the ex-
perimental study of Laval nozzles in a wide range of expansion ratios for operation on boiling water. The ex-
periments were performed at different pressures downstream of the nozzle, and their results were compared
with previously obtained experimental data. The experimental setup and design features of the nozzle are de-
scribed. The experimental data on the flow coefficient, velocity coefficient, expansion ratio, initial condi-
tions, nozzle shapes, and size effect, on which the conclusions made are based, have been analyzed. Charac-
teristics have been found that enable us to predict the efficiency of a reaction hydro-steam turbine and prop-
erly calculate its output.

Keywords: Laval nozzle, efficiency, nozzle throat, flow coefficient, velocity coefficient, expansion ratio,
force, thrust, pressure, temperature, steam-water mixture
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Borpochl XXUByYeCTH TEIUIOBBIX 3JIEKTPOCTAHIIMI MO-TIPEXKHEMY aKTyaJbHBI IS OTeYeCTBEHHOM 3Hep-
reTUKU. B CBSI3M ¢ KOHILIEHTpalMell d9HEepreTUYeCKMX MOIIIHOCTe! B Mpeaesax OMHOM 2JIeKTPOCTaHIIMU
BO3HUKAIOT PA3JIMIHOTO PpONla HEIITaTHBIE CUTyalluu (aBapuu), a, MMOCKOJBKY CTapeHHE AeHCTBYIONIETO
000pYI0BaHUS MPOIOIXKAETCSI, BEPOSITHOCTh MX BOBHMKHOBEHMSI 3HAUMTEIbHO Bo3pacTaeT. K uuciny He-
MPEeIBUICHHBIX CUTYaIIMii TAKOTO POAa U OTHOCHUTCS paCCMOTPEHHAsI B cTaThe cUTyanus mist CypryTcKoi
I'POC-2 (CyI’'PBC-2) c noJHBIM OCTAHOBOM I'€HEPHUPYIOIIEr0 MapOCUIOBOI0 000pYyI0BaHUSI JEKTPO-
cTaHIMU (TaK Ha3pIBaeMas “Irocamka Ha Hy/ab” ). JIjis BEIXoda 13 TaKOro poAa CUCTEMHEIX aBapuil TpeOy-
€TCsl HaJIu4yre COOTBETCTBYIOIIMX BO3MOXHOCTel u cpeactB. Cypryrckas 'POC-2 umeer aBe ouepenu —
IIeCTh dHeproo6jokoB napocmioBoil ycranoBku (IICY) mo 800 MBT 1 nBa 3Hepro6yoka mapora3oBoit
ycrtanoBkM (IIT'Y) o 400 MBT. IIpencraBieHbl pellieHUs MOCTaBJICHHOM 3a1a4yd BO B3aUMOJECTBUU
060pyTOBaHUS IBYX OUepeneil 3JIeKTPOCTAHIIMU. PacCMOTpeHBI MATHh BO3MOXHBIX CXeM pa3BoOpOTa SHEP-
ro6sokoB I[1CY ¢ “Hyns1” nmpu moTepe rmapa coOOCTBEHHBIX HYK. PazpadboTaHbl HEOOXOMMMbIE OpraHU3aly-
OHHBIE U TEXHUUYECKHME MEPOIIPUSTHS U peasin3allui YKa3aHHBIX BapuaHTOB. OTpenesieHbl TeopeTnye-
CKM U TIOATBEPXIECHBI UCITBITAHUSIMU MUHUMAaJIbHBIE TpeOOBaHUS (pacxo/l, NJaBJIeHUE U TeMIlepaTypa) K
WCTOYHUKY CTOPOHHETO mapa. BeimomHeHsr pacueTsl KoTia-yruiamniaropa (KY) II'Y, monrBepxxmaronie
€ro BO3MOXXHOCTb BBICTYIIaTh B KQU€CTBE UCTOUHHMKA CTOPOHHETO napa. [{Jist AByX NepCrneKTUBHBIX BApUaH-
TOB pa3paboTaHbl CXeMbl HEOOXOTMMOI PEKOHCTPYKIIMM SHEPTroOJIOKOB M MPOBEIcHA YKPYITHEHHAsI CpaB-
HUTEIbHAas OLICHKA 3aTpaT Ha UX peaau3aluio.

Karoueswie crosa: myck ¢ “HyJst”, 9HEProOJIOK MapOCUIOBOM YCTAHOBKU, TEXHUYECKHUE PELICHUS, IToJada
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Abstract—Matters concerned with the tenacity of thermal power plants still remain of issue for the power in-
dustry of Russia. In view of power capacities concentrated within the boundaries of a single power plant, var-
ious off-design situations (accidents) occur in it, and the likelihood of such situations to occur increases sig-
nificantly since the tendency toward aging of the existing equipment is still continuing. The situation in which
the Surgut GRES-2 thermal power plant’s generating steam power equipment become shut down completely
(so-called blackout) considered in the article is one of such contingencies. To cope with system accidents of
this sort, relevant possibilities and means must be available. The Surgut GRES-2 power plant consists of two
sages: six 800-MW seam power units (SPUs) and two 400-MW combined cycle units (CCUs). The article
presents solutions to the problem stated above through interaction of the equipment of the power plant’s two
stages. Five possible schemes for starting the SPUs from zero when there is loss of auxiliary steam are consid-
ered. The organizational and technical measures necessary for implementing these options are developed.
The minimal requirements for an external steam source (flowrate, pressure, and temperature) are determined
theoretically and confirmed by tests. Calculations of the CCU’s heat-recovery steam generator (HRSG) are
carried out, which confirmed its ability to behave as the external steam source. For two promising options,
schemes for the necessary modification of the power units are developed, and an aggregative comparative as-
sessment of the costs for implementing them is carried out.

Keywords: startup from zero, steam power unit, technical solutions, external steam supply, heat recovery
steam generator calculations, combined cycle unit, tests
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