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[ToBbIlLIEHUE BHEPrEeTUUECKO 3PDOEKTUBHOCTH TEIIJIOCUIOBBIX YCTAHOBOK, pabOTaIONIMX MO LUKy PeH-
KMHa, — OJlHa U3 IPUOPUTETHBIX 3a7a4 POCCUCKOI aHepreTukr. HecMoTpst Ha 3HaUMTENbHOE KOJTUYECTBO
Hay4yHBIX MCClIeNoBaHU, 3(p(heKTUBHOCTh YCTAHOBOK TAKOTO THUIIA BCE €lle OCTaeTCsl HU3Koii. B kauecTBe
TEXHOJIOTUYECKOTO pelleHUs 1151 MOBbILIeHUSI UX 9(PPEeKTUBHOCTU paccMaTpUBaeTCsl MOAEPHU3UPOBAH-
HbII MK PeHKrHa, B KOTOPpOM B KayecTBe paboyero Tejia MCIOJIb3yeTCsl BOAHbII pacTBOp OpoMuaa Jin-
TUS, IPOIEeCC KOHACHC AN OTPaOO0TaBIIIEero Iocje TypOMHEI ITapa 3aMeHEeH Ha Ipoliecc ero abcopouum, a
BTOPBIM paboOuuM TeJIoM siBJisieTcsl abcopOeHT. M3moxkeHbl 0COO0eHHOCTH (DYHKIIMOHUPOBAHUSI TAKOTO
1IMKJIa, IpeACTaBlieHa METOIMKa ero pacyera. MccienoBaHus rokas3aim, YTO IpUMeHeHe OpOMUCTO-TU -
TUEBOTO pacTBOpa IO3BOJISIET CHU3UTD JaBJICHUE T1apa Mocjie TYPOMHBI U YBEJIMYUTh TOJIE3HbIN TeIUIone-
peraj, a TakxXe CTeneHb 3anojiHeHus uukia. Kpome Toro, npu pereHepaluu Tervia pacTBopa, Bo3Bpalia-
€MOro M3 KOTJIa, TTOBBIIIAETCS CPEIHSIS TeMIlepaTypa MoIBOoAa TeIia B LIMKJI, YTO TaKKe YBEJIUUYUBAET €ro
Tepmuueckuii KIT mo cpaBHeHMIO ¢ TpaauIIMOHHOI cxemoii. IIpoBeneHbl aHaIN3 SHEPreTUIeCKoun 3¢ -
(EeKTUBHOCTU MOAEPHU3MPOBAHHOTO 1IMKJIA U COTIOCTABJICHUE €TO C TPAAUIIMOHHBIM 1IMKJIOM PeHk1Ha Ha
BOAsIHOM Mape. PacueTsl okasaiu, 4To TpUMEHEHEe MOIEPHU3UPOBAHHOTO LIUKJIA MTO3BOJISIET MOBBICUTH
tepmudeckuit KIT B cpentem Ha 1—2% 110 cpaBHEHUIO C TPAAULIMOHHBIM pellieHrueM. MccaenoBaHbl 1mo-
KazaTesiu, CBOMCTBEHHbIE KaK MapOCUJIOBBIM, TaK U aOCOPOLIMOHHBIM LIMKJIaM, BbIBEAEHbI rpaduueckue
3aBUCUMOCTU 3(PHEKTUBHOCTUA OT OCHOBHBIX IMapaMeTpOB. DKOHOMUUYECKUM 3PP eKT OT MpuMeHEHUST MO-
NIEPHU3UPOBAHHOM CXeMBbl 3aKJIIOYAETCS] B CHUXKEHUU pacxojia TOTUIMBA U BBIOPOCOB BPEIHbBIX BELLIECTB B
atMocdepy copasMepHO CHUXEHUIO pacxoja TOIIUBA.

Knaroueswie cnosa: abcopOLust, UK PeHKruHa, OpoMUI TUTUSI, KOHLIEHTPALIMSI paCTBOPa, SHTAJbINsI, KpaT-
HOCTb LIMPKYJISILIMY, TEeTIoBasi 3JeKTpUdecKass CTaHIYsI, 9HeprodddeKTUBHOCTb, MOIEPHU3NPOBaHHAS
cxema, 3(p(heKTUBHOCTh TETJIOCUJIOBBIX YCTAHOBOK

DOI: 10.56304/S0040363624020036



Calculation of an Upgraded Rankine Cycle with Lithium Bromide Solution
As a Working Flow

D. V. Dobrydnev* *, V. V. Papin“, R. V. Bezuglov*,
N. N. Efimov“, E. M. Dyakonov*, and A. S. Shmakov*
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Abstract—Increasing the energy efficiency of thermal power plants operating according to the Rankine cycle
is one of the priority tasks of the Russian energy sector. Despite a significant amount of scientific research,
the efficiency of installations of this type still remains low. As a technological solution to increase their effi-
ciency, the authors consider a modernized Rankine cycle in which an aqueous solution of lithium bromide is
used as a working fluid, the condensation process of exhaust steam after the turbine is replaced by the process
of its absorption, and the second working fluid is an absorbent. The features of the functioning of such a cycle
are outlined, and the methodology for its calculation is presented. Studies have shown that the use of lithium
bromide solution can reduce the steam pressure after the turbine and increase the useful heat drop as well as
the degree of cycle filling. In addition, when the heat of the solution returned from the boiler is regenerated,
the average temperature of the heat supply to the cycle increases, which also increases its thermal efficiency
compared to the traditional circuit. The energy efficiency of the modernized cycle was analyzed and com-
pared with the traditional Rankine cycle on water vapor. Calculations have shown that the use of a modern-
ized cycle allows increasing thermal efficiency by an average of 1—2% compared to the traditional solution.
The indicators characteristic of both steam power and absorption cycles were studied, and graphical depen-
dences of efficiency on the main parameters were derived. The economic effect of using the modernized
scheme is to reduce fuel consumption and emissions of harmful substances into the atmosphere in proportion
to the reduction in fuel consumption.

Keywords: absorption, Rankine cycle, lithium bromide, solution concentration, enthalpy, circulation ratio,
thermal power plant, energy efficiency, modernized circuit, efficiency of thermal power plants
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Cratbsl MocBsillieHa MpodsieMe obecriedeHusI HaleXXHOCTU U 9KOHOMUYHOCTUA pabOThl TeTIo(hUKaIMOH-
HBIX TTapora3oBbix yctaHoBoK (I1I'Y) na npumepe I1I'Y-450 rmpu noHM>KeHHBIX Harpy3Kax M peryaupoBa-
HUM 3JEKTPUUECKUX HArpy30K B KOHACHCALIMOHHOM pPEXHME U TEIUIOBBIX U BJICKTPUYECKUX HArpy30K B
TeropruKauMoHHOM pexkume. [IpuBeneHbl IaBHbIE OrpaHUYEHUS, TIPETISITCTBYIONIME IIIMPOKOMY TIpU-
BiedeHuto [1I'Y K perympoBaHUIO 21eKTpUYECKOM 1 TEIUIOBOI HArpy30K. YKa3zaHa HeOOXOOIUMOCTD Iepe-
BOJIa ra30BbIX TYPOMH, 00J1aJal0IINX OTPAHUYEHHBIMU BO3MOXHOCTSIMU HECEHUSI TIEpEMEHHBIX Harpy3o0kK,
Ha WA peXM C IEpeHOCOM OCHOBHOI TSKECTH Ha mapoBylo TypOuHy. [IpemioxeHa TexHoiorus
pa6otsl I11'Y-450 Ha moHM>XKeHHBIX Harpy3Kax: pasrpyxeHue I1I'Y B cooTBeTCTBUU ¢ 3KCITyaTallMOHHOM
WHCTPYKLMEN 10 JOMyCTUMOI 6a30BOIi Harpy3Ku ra30BbIX TYPOUH, HAIIpUMeEP MO 3KOJIOTUYECKOMY YCIIO-
BUIO TIpU paboTe ee B KOHACHCALIMOHHOM peXUMe, U ajibHellee CHUXXEeHUE MOIIIHOCTU 3HEProbJIoKa Io
3JIEKTPUYECKOI Harpy3Ke Mpu MOCTOSTHHOM 0a30BOi MOLIIHOCTU Ira30BbIX TYPOUH U KOTJIOB-YTUIU3aTOPOB
3a CUET CHUXXEHUSI MOIIIHOCTHU MapoBOil TypOMHBI IyTeM MPUMEHEHUs] 0OBOIHOIO Mapopaclipene/eHUsI
VUIY TIEpEBOIA B MOTOPHBII PEsKMM YacTU UMINHIApa BeicoKoro masieHus (LIB) mim Bcero LI B/I 1160 ma-
poBOi1 TypOuHBI B 11eJIoM. [IprBeneHbl pe3yabTaThl IPUMEHEHHUS Pa3IMYHBbIX CXeM OOBOJHOTO Tapopac-
npeneneHus npu padore I[1I'Y B KoHneHCalIMOHHOM peXXume, B ToM yucie nepeBona yactu LIB wiau LIB/]
LIEJIMKOM, a TaKXKe TTapOBO TYPOUHBI B MOTOPHBII pexkrM Tpu octaHoBe [1I'Y B pe3epB npu nmpoxoxneHuu
IpoBaJIoB Harpy3okK. IlokazaHo, 4To mpuMeHeHHe O0OBOAHOIO IapopacmpeneiieHus npu padore I1II'Y B
Teru1oUKAIMOHHOM pPEeXMME SKOHOMMYHEEe, YeM B KOHACHCALIMOHHOM pexume. [IpoaeMOHCTpUpoBaHO
MIPEUMYIIECTBO IIepeBOAA IAapOBOM TYpOMHBI B MOTOPHEIN PEsKM BMECTO ee ocTaHoBa ripu padote I[1I'Y-450
B peXuMe ra30TypOMHHAs yCTaHOBKA — TerioanekTpoueHTpaib (I'TY — TOILl) u npoxoxkaeHny IIpoBajoB
rpaduka 3J1eKTpOINOTPpeOICHUS MO HAEKHOCTH U 9KOHOMUYHOCTH.

Karuesbvie crosa: mapoBasi TypOMHa, Mapora3oBasi ycTaHOBKA, IEpEMEHHBIE PEXUMBbI, HaIeXKHOCTb, 9KOHO -
MUWYHOCTD, AN peXXUM, 0OBOTHOE IMapopacIpeaeieHre, MOTOPHBII peXKM, ITPOBaJI Harpy30K

DOI: 10.56304/50040363624020024



Improving the PGU-450T Unit’s Maneuverability while Retaining Its Reliability
and Economic Efficiency in Variable Load Modes
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Abstract—The article addresses the problem of securing reliable and economically efficient operation of co-
generation combined cycle power plants (CCPPs) taking the PGU-450 unit as an example during its opera-
tion at partial loads and performing control of the electrical loads in the condensing mode and heat and elec-
trical loads in the cogeneration mode. The main constraints hindering wide-scale involvement of CCPPs to
control of electrical and heat loads are noted. The need to switch the gas turbines, which feature limited ca-
pacities of bearing variable loads, into a mild operation mode with shifting the main load on the steam turbine
is pointed out. A technology of PGU-450 operation at partial loads is suggested: CCPP unloading in accor-
dance with the operation manual to the gas turbine permissible base load, e.g., according to the environmen-
tal constraint during its operation in the condensing mode, and further decrease of the power unit electric
output at a constant base power output of the gas turbines and heat recovery steam generators through de-
creasing the steam turbine output by applying bypass steam admission or shifting a part of the high-pressure
cylinder (HPC) or the entire HPS, or the steam turbine as a whole to operate in the generator-driven mode.
The article presents the results of applying various bypass steam admission configurations during the CCPP
operation in the condensing mode, including when shifting part of the HPC or the entire HPC, and the steam
turbine as a whole is shifted to operate in the generator-driven mode when the CCPP is shut down in a stand-
by mode in passing off-peak load hours. It has been shown that the use of bypass steam admission during the
CCPP operation in the cogeneration mode is more economically efficient than it is in the condensing mode.
The article also shows the advantage, in terms of reliability and economic efficiency, of shifting the steam tur-
bine to operate in the generator-driven mode instead of its shutdown during the PGU-450 unit’s operation
in the gas turbine unit—combined heat and power plant (GTU—CHPP) mode and passing the electric load
curve off-peak hours.

Keywords: steam turbine, combined cycle power plant, variable operation modes, reliability, economic effi-
ciency, mild mode, bypass steam admission, operation in the generator-driven mode, off-peak load hours
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I1pu vcrnoNb30BaHUM CBMHIIA B KAYE€CTBE TETUIOHOCUTENST | KOHTYypa BO3ZHUKAIOT ONpene/ieHHbIE CIIOKHO-
CTH CO CTOPOHBI HE TOJILKO PEAKTOPHOI YCTAHOBKM (KOHCTPYKIIMOHHBIE MaTepUasbl, TOTUIMBO U T.A.), HO
M ITapoTypOMHHOTO HuKiIa. OTMedeHa Takast ocobeHHOCTh 11 konTypa ADC cO CBUHIIOBEIM TEIIJIOHOCH -
TeJleM, KaK HE0OXOIMMOCTD MOIePXKaHUSI BBICOKOM TeMIlepaTyphbl MUTATEIbHOM BOMBI TTepe]] MaporeHe-
paTopoM, BbI3BaHHas €ro TeMIepaTypoil ruiaBieHus /3aMmep3anus. st ONBITHO-IEeMOHCTPAILIMOHHOTO
sHeprobJioka ¢ peakropHoii yctaHoBKOit BPECT-O/1-300 661710 NpUHSITO pellieHUe UCTI0JIb30BaTh CMe-
W BAIOIINIA TTOAOTpeBaTe)Ib MUTATEIbHON BOIbI, UTO MOBJIEKJIO 32 COOOIT MOSIBJIEHE BTOPOTO MOIbeMa B
cxeMe MUTATeIbHOTO Hacoca. BBUIY OTCYTCTBUS 2JIEKTPOINPUBOIHBIX HACOCOB Ha CTOJIb BHICOKHE Tapa-
METPBI OBLTO MPEITTIOKEHO MMPUMEHSTh B Ka4eCTBE MUTATEIbHOTO HAcoca 3a CMEIIMBAIOIIUM TTOA0TpeBa-
TeJIeM MUTATeJbHOM BOJIBI HACOC C TUAPOTYPOUHHBIM MPUBOAOM. TaKue HaCOChl OKa3bIBAIOT 3HAUUTENb-
HOE BJIMSTHUE HAa 5KOHOMUYHOCTD U3-3a MHOTOCTYTIEHYATOTO MpeoOGpa3oBaHus SHEPTUH, IPU STOM pe-
KOMEHAAIIMU IO BBIOOPY COIMPOTUBICHUS HA PEryauMpylolleM KialaHe 3TUX HACOCOB OTCYTCTBYIOT.
IIpoBeneHo pacyeTHOE UCCe0BaHUE IO OMPEACICHUIO ONITUMAJIBHOTO TIeperaaa faBjIeHUs Ha peTyu-
pyolleM KianaHe TMAPOTYPOMHHOTO MPUBOAA MUTATEbHOTO Hacoca HEProbioKa ¢ peakTOPHOI ycTa-
HoBkoii BPECT-O/1-300. [Ton onTUMalIbHBIM ITOHMMAeTCs MpeaebHbIi MUHUMAILHEIN TIeperan, mpu
KOTOPOM KJIalaH CMOCOOEH OCYIIECTBIISITh PETyJINPOBaHUE C 3aIaHHBIMU KPUTEPUSIMU KauecTBa 1 obecre-
YUBATh HAMMEHBIIIE 3aTPaThl 9HEPTUY Ha COOCTBEHHbBIC HYXXIbI. JIlaHbI peKOMEHIAIH MO BBIOOPY OMNTH-
MaJIBHOTO Tlepernaaa NaBlIeH!s Ha peryJIupylolleM KiiarnaHe THIpOTypOMHHOTO MPUBOA MUTATEIbHOTO Ha-
coca TypooycraHoBku ¢ peaktopom BPECT-0O/1-300. OTpaboTaHa MeToaWKa peIIeHUS 3a1a4 110 ONTUMM -
3allMy Tiepenana JaBaeHMs B y3J1aX CJIOXHBIX TUAPABINYECKUX CUCTEM.

Karouesote crosa: atomHast anektpocraniivsi, BPECT-0O/1-300, cBUHLIOBBIN TEIUIOHOCUTEIb, TUAPOTYP-
OWHHBIN HACOC, IMHAMHWYECKash MOJENb, MIEPEXOTHOM MPOLIECC, PETYIUPYIOIINI KIalaH, SHepreTundeckast
addexkTnBHOCTh, SimInTech
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Determining the Optimum Pressure Differential Across the Control Valve
of a Hydroturbine Driven Pump
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Abstract—When using lead as a primary circuit coolant, certain difficulties arise not only from the side of the
reactor plant (structural materials, fuel, etc.) but also from the side of the steam turbine cycle. A feature of the
second circuit of a lead-cooled NPP is noted, such as the need to maintain a high temperature of the feedwa-
ter in front of the steam generator, caused by its melting/freezing temperature. For the pilot demonstration
power unit with the BREST-OD-300 reactor plant, it was decided to use a mixing feedwater heater, which
entailed the appearance of a second rise in the feed pump circuit. Due to the lack of electric drive pumps for
such high parameters, it was proposed to use a hydraulic turbine driven pump as a feed pump behind the mix-
ing feedwater heater. These pumps have a significant impact on efficiency due to the multistage energy con-
version, and there is no recommendation for selecting resistance on the control valve of these pumps. A com-
putational study was carried out to determine the optimal pressure drop on the control valve of the hydraulic
turbine drive of the feed pump of the power unit with the BREST-OD-300 reactor plant. Optimal is under-
stood as the ultimate minimum differential at which the valve is able to carry out regulation with specified
quality criteria and ensure the lowest energy consumption for its own needs. Recommendations are given for
choosing the optimal pressure drop on the control valve of the hydraulic turbine drive of the feed pump of a
turbine unit with the BREST-OD-300 reactor. A methodology has been developed for solving problems of
optimizing pressure drop in units of complex hydraulic systems.

Keywords: nuclear power plant, BREST-OD-300, lead coolant, hydraulic turbine pump, dynamic model,
transient process, control valve, energy efficiency, SimInTech
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Onna mn3 neneit DHepreTmdeckoii crparerun Poccuu no 2035 1. — pa3BuTHE BOIOPOTHOI SHEPIeTUKH, a
WMEHHO — JIOCTMXKEHHUE MUPOBOTO JINIEPCTBA MO 9KCIIOPTY BOAOPO/A, TTOJYYEHHOTO TPU UCHOJIb30BaHUN
SHEPTUU BO30OHOBIISIEMBIX UICTOUHUKOB 1 ADC. JlanbHelIee pa3BUTHE aTOMHOM 9HEPTeTUKHY TIpeaIoIara-
€T ero BbIpaboTKYy Ha jaeiicTByomnx ADC. OauH U3 peaJbHbIX IPUMEPOB — IMPOU3BOJICTBO BOIOPOAA METO-
oM 35tekTposin3a Bonbl Ha Kosbckoit ADC. B HacTosIee BpeMsl BeIyTcsl aKTUBHBIE UCCIICIOBaHSI B 00JIa-
CTHU BOJOPOIHOI HEPreTUKM, pa3BUBaIOTCS 3(hGEKTUBHBIC TEXHOJIOTUM SJIEKTPOJIM3a BOABI 1 00paTUMBbIC
TOIUTMBHBIE 351eMeHTHI (OTD), KoTopble HAXOAAT IPUMEHEHME B TOM YHCJIEe B CHCTEMAaXx MeIIeHTPaTN30BaH-
HOro 3HeprocHaoxeHust. JJocturuyterit oot KIT/, paBublii 37.18 1 49.80%, 1ipu yaeabHBIX KAITUTAIO-
BJIOXKECHMSX B Tarna3oHax 1595—2050 u 1828—2396 non/kBTt B OTD ¢ TBepaoNOIMMEPHBIM U TBEPIOOKCHUI -
HBIM BJIEKTPOJIMTOM COOTBETCTBEHHO MO3BOJISIET PACCMATPUBATh MX B KAUECTBE CPEACTB aKKYMYJIMPOBAHUS
2JIEKTPOIHEPIUM B YaChl €€ CHIDKCHHOI BEIpabOoTKM (BHennKoBoi1) Ha ADC. Pa3zpaboTaHna yHuUBepcalbHasI
(060011IeHHAas) cXeMa UCITOJIb30BaHUSI BOTOPOAHBIX TexHOoMornii Ha ADC Ha OCHOBE KOMOMHMPOBAHUSI CH-
CcTeM “Topstuero” CXXUTraHUs BOAOPOJa B KUCIOPOIHOM cpelie ¢ ToTyYeHreM BOASTHOTO Mapa BEICOKUX ITa-
pameTpoB (temnepatypoit 1o 3600 K nipu maBieHun 6 MIla) 1 “xoomHOro” cxXuUraHus BOIOpoaa B TOII-
JIMBHBIX 9JIEMEHTAaX, B TOM Yuciie 00paTtuMbIX. [IpoBeneHa cpaBHUTEIbHAS OLIEHKA TEXHUKO-3KOHOMMYE-
cKoil 3(p(heKTUBHOCTHU MPOU3BOJCTBA MUKOBOI 3JIEKTPO3HEPIMU HA OCHOBE IMPEIJIOKEHHBIX BApUAHTOB
BOIOPOIHBIX TEXHOJIOI M1, ITpuMeHsieMblx Ha ADC. OnpeneneHbl KamuTalbHbIe BiaoxkeHnss B OTD, mpu ko-
TOPBIX 00eCcTIeYnBaETCsI paBHAsI TEXHUKO-3KOHOMMYecKast 3¢(hheKTUBHOCTb MPOU3BONCTBA ITMKOBOI1 3JIEK-
TPOSHEPTHUU MPU PeaTn3alui PaCCMOTPEHHBIX BapUaHTOB. PazpaGoTaHbl HOMOTpaMMBI TSI OTIpENe/IeHUS
ce0eCTOMMOCTHU MPOM3BOICTBA BJIEKTPOIHEPTUM B YaChl IMKOBOI Harpy3kKu B 3aBUCMMOCTHU OT TapuOB U
00BEeMOB ee MOTPeOIeHNST BO BHEITMKOBBIN MepPUO, a TaKXKe KanmuTaabHbIX BiioxkeHnit B OTHD. Kak moka-
3aJI1 pacyeThl, CEOECTOMMOCTD €€ IMPOU3BOACTBA cocTaBiseT 1.52—2.93 py6/(kBt - u). YueT nosyieaHoro cpo-
Ka ciy>k061 OTD npuBOIMT K CYIIECTBEHHOMY YBEJIIMUEHUIO CE0ECTOMMOCTH — OHA BapbupyeTcs ot 3.74
1o 6.53 py6/(xBT - u).

Kuiouesbie croéa: BogopoaHasi 9HepreTHKa, aTOMHAsl SHEPTETUKA, 3JIEKTPOJIU3 BOABI, aKKYMYJIMPOBaHME
SHEPruu, TOIUIMBHBIE JIEMEHTHI
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Abstract—One of the goals of the Russian Energy Strategy until 2035 is the development of hydrogen energy,
namely, achieving global leadership in the export of hydrogen obtained from the use of energy from renewable
sources and nuclear power plants. Further development of nuclear energy involves its production at existing
nuclear power plants. One of the real examples is the production of hydrogen by electrolysis of water at the
Kola Nuclear Power Plant. Currently, active research is being conducted in the field of hydrogen energy, and
effective technologies for water electrolysis and reversible fuel cells (RFC) are being developed, which are
used, among other things, in decentralized energy supply systems. The achieved overall efficiency of 37.18 and
49.80% with specific capital investments in the ranges of 1595—2050 and 1828—2396 USD/kKW in electroly-
sers with solid polymer and solid oxide electrolytes, respectively, allows us to consider them as a means of
storage during hours of reduced generation (off-peak) electricity from nuclear power plants. A universal (gen-
eralized) scheme for the use of hydrogen technologies at nuclear power plants has been developed based on
combining systems of “hot” combustion of hydrogen in an oxygen environment to produce high-parameter
water vapor (temperatures up to 3600 K at a pressure of 6 MPa) and “cold” combustion of hydrogen in fuel
cells, including reversible ones. A comparative assessment of the technical and economic efficiency of peak
electricity production based on the proposed options for hydrogen technologies used at nuclear power plants
was carried out. Capital investments in RFC have been determined, which ensure equal technical and eco-
nomic efficiency of peak electricity production when implementing the considered options. Nomograms
have been developed to determine the cost of production during peak hours depending on tariffs and volumes
of consumption during the off-peak period as well as capital investments in RFC. As calculations have shown,
the cost of its production is 1.52—2.93 rubles/(kW h). Taking into account the useful service life of RFC leads
to a significant increase in cost: it varies from 3.74 to 6.53 rubles/(kW h).

Keywords: hydrogen energy, nuclear energy, water electrolysis, energy storage, fuel cells



TEIJIODHEPTETHKA, 2024, Ne 2, c. 52—69

TEIIJIO- 1 MACCOOBMEH,

CBOMCTBA PABOYMX TEJI 1 MATEPHUAJIOB

NCCIEAOBAHME BJIMAHNA PE2KUMHBIX U TEOMETPUYECKHUX
IMAPAMETPOB HA KPUTUYECKOE UCTEYEHUE HEJOTPETON
1 BCKUIIAIOIIEN BOALI YEPE3 KAHAJIBI PA3JIMYHON '’EOMETPUU

© 2024 r. WN. A. Konosanos® *, M. A. boapmyxun®, A. M. Xu3oyumn‘, A. H. Cokouios?,
A. A. bapunos?, B. JI. Jloktuonos’, C. M. Imurpues‘, T. K. 3pipsiHoBa‘

Onvimroe KoHcmpyKmopckoe 6ropo mawiunocmpoerus um. M. 1. Agppuxanmosa,
Bypuarxosckuii npoesd, 0. 15, e. Huxcnuit Hoseopoo, 603074 Poccus

b Dnexmpozopckuii HayuHO-UCCAD08AMENbCKUIL UEHMP NO 6e30NACHOCMY AMOMHbIX 2aekmpocmanyuii (DHHLI),
ya. Ceamoeo KoncmanmuHa, 0. 6, e. Dnexmpoeopck, 142530 Poccus

¢ Huxceeopodckuil eocyoapcmeenHtblii mexnuueckuii ynusepcumem um. P.E. Anekceeesa,
ya. Mununa, 0. 24, e. Huxcnuit Hoséeopoo, 603950 Poccus
*e-mail: ats@nntu.ru
IMocrynuna B pegakuuio 26.05.2023 r.

ITocne mopa6otku 18.07.2023 1.
IMpunsTa k nyonukanuu 30.08.2023 r.

B HayuyHO-TeXHMYECKOIi TUTEpaType MPEACTaBICHO OOIBIIOE KOJIMYECTBO PaOOT, IMOCBSIIIEHHBIX SKCIICPH -
MEHTAJIbHOMY UCCIICTOBAHNIO KpUTUIECKOTO NCTEUCHHUSI HACHIIIIEHHOI M HEAOTPETOM XKMAKOCTH Yepe3 LI~
JUHApUYecKue KaHaiabl. HecMoTpst Ha 3TO, B HOCTYITHBIX MICTOUHMKAX He JaHa OLIEHKA TOro, HACKOJILKO Te
VI WHBIE TEOMETPUYECKIE ITapaMeTPphl U PEKMMHBIC YCIIOBUSI SKCIIEPUMEHTOB BIIMSIOT Ha KpPUTHUIECKOE
ncredeHre. Hacrosimas craThs MOCBsIIeHa aHAIM3Y SKCIICPUMEHTAIBHBIX TaHHBIX 10 KPUTUISCKIM HC-
Te4eHUsIM, nojiydyeHHbIX B ODHUII ¢ nmpuMeHeHreM CTaTUCTUYECKUX METOIOB 1M MAIlIMHHOIO OOy4YeHMsI.
Llenb pa®GoOTHI — BEIIBUTH CTATUCTUYECKUE CBSI3U MEXKAY PEXKMMHBIMU U TeOMETPUYECKIMMU ITapaMeTpaMu,
a TakKe KOJIMYSCTBEHHO OILCHUTD BIMSHHUE 3THX ITapaMeTPOB Ha KPUTUISCKUI MAaCCOBBINM pacXom 1 JaBJie-
Hue. [IpoBeaeHHBIN aHAIN3 SKCIEPUMEHTAILHBIX JAHHBIX JJIs1 KAHAJIOB CO CKPYIJIEHHOI BXOTHOIM KPOMKOI
MoKa3ajl CWIbHOE BIMsSHYE (DOPMBI BXOTHOIT KpOMKHM KaK Ha 3HAaYeHUE KPUTUYECKOM MacCOBOI CKOPOCTH,
TakK ¥ Ha KOHEYHOE JABJICHNE B BHIXOMHOM CEUCHMU KaHajla, KOTOPOE YCTaHABJIMBACTCS IIPU KPUTUIECKOM
pexume ucredyeHusi. CpaBHeHUE pe3yJIbTaTOB aHaM3a 3KCIePUMEHTAIbHBIX TaHHBIX IJIs1 KAHAJOB C pa3-
JIMYHOM (OPMOIT BXOTHOTO yJdacTKa IPU OTHUX U TeX XKe PEXXUMHBIX M TeOMETPUYECKIX IapaMeTpax ImoKa-
3aJI0, YTO IJIsI KAHAJIOB CO CKPYTIJICHHOM BXOMHOM KPOMKOI KpUTHYECKass MacCOBasi CKOPOCTh IIPHOIN3U -
TeJIbHO Ha 25% BbIllIE, YeM TSI KAHAJIOB C OCTPOI BXOAHOM KpoMKoii. C yBeTUYeHUEM ITUHBI TOPIOBUHBI
3Ta pasHMIIA aCUMIITOTHYEeCKH yObIBaeT. Cpenyt peXXHUMHBIX ITapaMeTPOB OCHOBHOM BKJIAI B JUCIIEPCUIO
KPUTUYECKOMN MaCcCOBOM CKOPOCTU BHOCUT HEIOTPEB CPeIbl Ha BXOIE IO TeMIepaTyphl HackieHus — 51%
0O111ero BIMSHUS PEXXKMMHBIX 1 TeOMETPUUECKMX ITapaMeTPOB. YBeIMUeHUEe HeIorpeBa Cpeabl 10 TeMIlepa-
TYpPBI HACBIIIIEHWSI M YMEHBIIIEHE IJINHBLI TOPJIOBUHBI KaHayIa IIPUBOASIT K TOMY, YTO IIPOTUBOAABJICHUE,
HeoOXoarMoe IJIsk yCTaHOBJICHUSI KpUTUISCKOTO PeXXMMa UCTeUeHMsI, CHIDKaeTcs. B mpenebHbIX cirydasx
KPUTUYECKOE OTHOIIIEHME NaBICHUM MOXET cocTaBlisATh 0.1, YTO CyIIeCTBEHHO HIXXE OOIIEIIPUHSITOIO B
WHXeHepHoM npakTuke 3HadeHusd 0.5. [TomydeHHbBIE pe3yibTaThl B JaIbHEUIITEM MOTYT OBITh MCITOJIb30Ba -
HEBI IpU IUTAHMPOBAHUM ONBITOB, HAIIpaBJICHHBIX KaK Ha pacIIMpeHUE TUaIla30Ha PeXUMHEBIX ITapaMeTpOB,
TaK ¥ Ha OIITUMU3ALIMIO 3JIEMEHTOB, B OCHOBE Pa0OThI KOTOPHIX JIEXKUT SIBJIEHUE KPUTUUYECKOTO UCTEUECHUSI.

Karouesbie cro6a: KpUuTUIeCcKoe UCTeUeHNE, aquabaTHBIN KaHall, cyXalolllee YyCTPOCTBO, 3alTUpaHKe TTOTO-
Ka, TUIPaBINYECKOE COMPOTHUBIIEHUE, BXOIHAsI KPOMKA, CTAaTUCTUYECKUE METOMIbI, CypporaTHasi MOJIeb,
MaIlIMHHOE O0y4YeHue
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Abstract—The scientific and technical literature presents a large number of works dedicated to the experi-
mental study of the critical (aka “sonic” or “choked”) flow of saturated and subcooled liquid through cylin-
drical channels. Despite this, the available sources do not provide an assessment of the extent to which certain
geometric parameters and operating conditions of experiments affect the critical outflow. This article is
aimed at the analysis of experimental data using statistical methods and machine learning on critical outflow
obtained at Elektrogorsk Research and Development Center (EREC, Russia). The purpose of the work is to
identify statistical relationships between operating and geometric parameters, as well as to quantify the influ-
ence of these parameters on the critical mass flow and pressure. The analysis of experimental data for chan-
nels with a filleted inlet edge showed a strong influence of the inlet edge shape both on the value of the critical
mass velocity and on the final pressure in the outlet section of the channel, which is established at the critical
outflow mode. A comparison of the experimental data for channels with different shapes of the inlet section with
the same operating and other geometric parameters showed that for channels with a rounded inlet edge, the crit-
ical mass velocity is approximately 25% higher than for channels with a sharp inlet edge. As the nozzle throat
length increases, this difference decreases asymptotically. Among the regime parameters, the main contribution
to the dispersion of the critical mass velocity is made by the undersaturation (subcooling) of the medium at the
inlet which comprised 51% of the total influence of the regime and geometric parameters. An increase in the
undersaturation and a decrease in the length of the channel throat lead to decrease in the back pressure neces-
sary to establish the critical outflow mode. In extreme cases, the critical pressure ratio (outlet/inlet) can be 0.1,
which is significantly lower than the generally accepted value of 0.5 in engineering practice. The results obtained
can be used in the future for design of experiments aimed at expanding the range of operating parameters or op-
timization elements whose operation is based on the phenomenon of critical outflow.

Keywords: critical outflow, adiabatic channel, orifice, choked flow, hydraulic resistance, inlet edge, statistical
methods, surrogate model, machine learning
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3anava sHeproahGeKTUBHOTO MOABOA M OTBOJA TEILIa B CUCTEMaXx TeIIOBOTO PEryJupoBaHusl, HarpeBa u
OXJIAXKIEHUs BeCbMa aKTyajlbHa JUISI MHOTHX OTpaciieil TeXHUKU. B cTaTbe mpencraBieHbl pe3yabTaThl pas-
paboTKU U ucciaeaoBaHUsI KOHTypHOI TeruioBoii TpyOsl (KTT) miuHoit 21 M, KOoTopas sSIBJISIETCS HacCUB-
HBIM TEILIONEPEJAIOIIUM YCTPOMUCTBOM, pabOTaIOIIMM O 3aMKHYTOMY UCTTAPUTEIbHO-KOHAEHCALIMOHHO-
My LIMKITy C UCTIOJIb30BaHUEM KaNWJUISIPHOTO MaBJICHUS 1T TIPOKAYKM TETDIOHOCHUTEISI. DTU YCTPOMCTBA
MOTYT OBITh UCTOJBb30BAHbI B TAKUX CUCTEMax, Tlle MICTOYHUK U CTOK TeIlIa yaaJeHbl ONMH OT APYroro Ha
paccTosiHue, u3MepsieMoe MeTpaMM U J1aKe AeCATKaMu METPOB, 0€3 MPUMEHEHUs TOMOJIHUTEIbHBIX UC-
TOYHMKOB 9HepTruu. B ycTpoiicTBe MMEIOTCs MCITapUTEIb TUaMeTPOM 24 MM ¢ 30HOI HarpeBa JUIMHOM 188 MM,
MapoNpPOBOI M KOHAEHCATOMPOBOI (BHELIHU/BHYTPEHHUIA qraMeTpbl 8/6 1 6/4 MM). B KauecTBe KOHIEH-
caTtopa HCITOJIb30BaH TEIJIOOOMEHHUK TUMa “Tpyba B Tpyode” miauHoit 310 MM, cHaGXeHHBIN pybalikoii
oxnaxneHus. McrbITaHus pOBOIMIIMCH MPU Topru3oHTaIbHOM nojtoxkeHnn KTT. Terto ot KoHaeHcaTopa
OTBOJIMWJIOCH ITyTeM BBIHYKICHHOM KOHBEKIIMU CMECH BOJa — 3TWICHIIMKOJIb ¢ TeMnepatypoii 20 u —20°C
" pacxonoM 6 M /MuH. TerutoBast Harpy3Ka, MOIBOIMMAsT K UCIIAPHUTEIIO OT SIeKTPUUECKOTO HarpeBaTe-
11, yBenmmuuBaiiack oT 200 mo 1700 Bt B mepBoM ciaydae u 1o 1300 Bt Bo Bropom. TemnepaTtypa mmapa Ha BbI-
XOZe U3 MCTIApUTEIST U3MEHSIACH IIPU 3TOM COOTBETCTBEHHO OT 25 10 62°C u ot 24 no 30°C. Makcumalb-
HBII TIeperiajl ero TeMIiepaTyphbl 1o IIMHE MaporipoBoaa He nipeBbiiual 4°C. [Tono6GHbIe ycTpoiicTBa MOTYT
OBITh UCITOJIb30BAHBI B 9HEPTO3((HEKTUBHBIX CUCTEMAaX YTUIN3AMK HU3KOTIOTEHIIMAILHOTO Teria, 000-
rpeBa WIM OXJIAKIEHUS yIaJeHHBIX 00BbEKTOB, a TAKXKe IS pPABHOMEPHOTO pacpeiesieH s TeTa 1o 60Ib-
111011 TOBEPXHOCTH CTOKOB TeIlIa.

Karoueswie cnroea: macCUBHBIC TEILIONEPEAAlONIe YCTPOMCTBA, KOHTYPHbIEC TEILUIOBbIE TPYOBI, UCIIapEHUE,
KOHJIeHCcalMsl, KAIWLISPHOE AaBJIEHUE, YTUIM3allus TeIlIa, TeIIOBast Harpy3Ka, Teruiou3ndecKue CBOm-
CTBA TEIUIOHOCUTEISI
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Development and Study of Operating Characteristics of a Loop Heat Pipe
with Increased Heat Transfer Distance
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Abstract—The task of energy-efficient heat supply and removal in thermal control, heating and cooling sys-
tems is very relevant for many branches of technology. The paper presents the results of the development and
study of a 21 m long loop heat pipe (LHP) that is a passive heat-transfer device operating on a closed evapo-
ration-condensation cycle and using capillary pressure to pump a working fluid. These devices can be used in
systems where the heat source and the heat sink are removed from each other by a distance measured in me-
ters and even tens of meters, without the use of additional energy sources. The device has a 24 mm diameter
evaporator with a 188 mm long heating zone, a vapor line and a liquid line (external/internal diameters of
8/6 mm and 6/4 mm). A 310 mm long pipe-in-pipe heat exchanger equipped with a cooling jacket was used
as a condenser. The tests were conducted with the LHP in a horizontal position. Heat was removed from the
condenser by forced convection of a water-ethylene glycol mixture with temperatures of 20 and —20°C and a
flow rate of 6 dm?/min. The heat load supplied to the evaporator from the electric heater increased from 200
to 1700 W in the first case and to 1300 W in the second. The vapor temperature at the outlet of the evaporator
varied from 25 to 62°C and from 24 to 30°C, respectively. Its maximum temperature difference along the
length of the vapor line did not exceed 4°C. Such devices can be used in energy-efficient systems for utilizing
low-potential heat, heating or cooling remote objects, and for uniformly distributing heat over a large surface
area of heat sinks.

Keywords: passive heat-transfer devices, loop heat pipes, evaporation, condensation, capillary pressure, heat
utilization, heat load, thermophysical properties of a working fluid
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[N mpocTpaHCTBEHHO-TIEPUOANYECKOM MOIEI OMHOCTOPOHHE OpeOpPEeHHOro KaHajla KakK IPOTOTHIIA
MPOTOYHOM YaCTHU CUCTEMbI KOHBEKTHBHOTO OXJIAXKIEHUSI JIOMATKW ra30BOii TYpOUHBI MOJIy4eHO YUCIICH-
HOe pellleHre 3a1a4 O pa3BUTOM TYpOYJIEHTHOM T€YEHUHN U CTAOMJIM3UPOBAHHOM TEeIIJI00OMEHE TTPY YK C-
nax PeitHonbaca ot 5 X 10* mo 2 % 10°. TeueHue M TEII0OOGMEH PACCMOTPEHBI MPU 3HAYEHUU YKcia
Ipannrisa 0.7. KaHan nMeeT npsiIMOYroIbHOE CedeHle ¢ OTHOIIIeHeM CTOpoH 1.5. PeGpa kBanpaTHoro ce-
YEeHUSsI, PacIOJIOXKEHHbIC HA OMHOI M3 IIMPOKUX CTEHOK Y TMeperopaKMBaloliiye norepevyHoe ceyeHue Ha
10%, HaK1IOHEHBI OTHOCUTEILHO MPOIOJIbHOM OCH KaHasia Ha 45°. J1J151 KOJIMYeCTBEHHO! OLICHKY BIIUSIHUS
opeOpeHMsT Ha TeUeHUe U TEIUIOOOMEH UHTETrpajibHbIC MapaMeTphl: KO3(GMUIIMEHT r'uapaBInIeCcKuX MMo-
Tepb 1 unciao Hyccenbra — ceTOYHO COILIEAIIETOCsT PEIIeHNs] COOTHOCSITCSI ¢ MHTETPaJbHBIMUY TTapamMeTpa-
MU Pa3BUTOIO T€YEHUS] U CTAOMIM3MPOBAHHOTO TEIUIOOOMEHA B INIAJIKOM KaHalie, HaiiIcCHHBIMU TEM Ke
YUCJIIEHHBIM METONOM. Pe3yIbTaThl YMCIEHHOTO MOIEIUPOBAHMS 711 OpEOPEHHOTO KaHajla COMTOCTaBIICHBI
TakXe ¢ OIyOJIMKOBAaHHBIMU TaHHBIMU 9KCIIEPUMEHTA, TTOJYYeHHBIMU B OTYACTU CXOMHBIX ycIoBuUsX. Pac-
YeTHbIE TaHHBIE IJTs1 KOO OUIMEHTa TUAPABINYECKUX ITOTEPh XOPOIIIO COIIACYIOTCSI C Pe3yJIbTaTaMU 3KC-
nepruMeHTa. PacueTHble maHHBIE AJIS1 TETUIOOTIAYU OTJIMYAIOTCS OT IKCIIEPMMEHTAIbHBIX He OoJiee yeM Ha
11%, onHako TEeHIEHIIMY M3MEHEHMS TEIJIOOTIAaYM C pOCTOM uuciia PeifHonbaca B YMciIeHHOM U husunde-
CKOM MOJEIMPOBAHUM TTOJYUUIUCH Pa3HBIMU. DTO pasindue, BEpOSITHO, CBSI3aHO C TEM, YTO B KOPOTKOM
SKCMEPUMEHTAILHOM KaHajle He yaaJloCh JOCTUTHYTh CTaOUIN3aIMu Tetuiootaauu. [lomydyeHbsl aHaTuTH -
YyecKue CTereHHbIe 3aBUCMMOCTU OT umuciia PeitHonbaca mist koaddulimeHTa TuapaBInyeckKuX MoTepb U
yucen HyccenbTa, OTHOCSIIMXCS KO BCEM CTEHKaM KaHaJla v TOJIbKO K opeOpeHHOoi creHKe. OTMe4YeHO, YTO
KO3 UILIMEHT TUAPABINYECKUX MTOTEPD C1a00 3aBUCUT OT umuciia PeiiHombaca, 4To XapakKTepHO JJIsl MeCT-
HBIX COTIPOTUBJIEHU, a 3aBUCUMOCTH JyIst yncen HyccenbTa ¢ mornpaskoit Ha cieunduKy 3amaun 03Ky
K 3aBUCUMOCTSIM [IJ1s IPUCTEHHBIX CJIOEB U TEUCHU I B IJIAKUX KaHaIaX.

Knouesvie cnosa: oxnmaxnmaeMmasi JiolaTka, KaHajl, BHYTpeHHee opeOpeHUe, TypOyJIeHTHOe TeueHUe,
TypOyJIeHTHas1 BA3KOCTb, KOOMDOUIMEHT I'MAPABINYECKUX TTOTEPh, MHTEHCU(bUKAINS TETJIOOTAAYN, YUC-
JICHHOE MOJIeIMPOBaHNe, KBa3UCTPYKTYPUPOBAHHBIE CETKH
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Numerical Investigation of a Developed Turbulent Flow and Heat Transfer
in a Rectangular Channel with Single-Sided Internal Ribs

V. V. Ris* *, S. A. Galaev’, A. M. Levchenya“, and 1. B. Pisarevskii*
¢ Peter the Great St. Petersburg Polytechnic University, St. Petersburg, 195251 Russia
*e-mail: vvris@yandex.ru

Abstract—The problem of a fully developed turbulent flow and developed heat transfer was solved numerical-
ly at a Reynolds number ranging from 5 x 10* to 2 % 10’ for a spatially periodic model of a one-sided ribbed
channel as a prototype of the flow path of an internal convective cooling system for a gas turbine blade. The
flow and heat transfer were investigated at the Prandtl number of 0.7. The channel has a rectangular cross-
section with an aspect ratio of 1.5. Square ribs with a 10% rib-to-channel height ratio are installed on one of
the wide channel walls at an angle of 45° to the longitudinal axis of the channel. To quantify the effect of ribs
on the flow and heat transfer, the integral parameters, such as hydraulic resistance factor and Nusselt number
determined from the grid-converged solutions, are compared with the integral parameters for a fully devel-
oped flow and heat transfer in a smooth channel predicted by the same numerical method. The results of nu-
merical simulation for the ribbed channel are also compared with published experimental data obtained un-
der partly similar conditions. The predicted hydraulic resistance factor agrees well with the experiment. The
predicted heat transfer agrees with the experiment within 11%, but the trends in heat transfer with increasing
Reynolds number obtained using numerical and physical simulation are different. This difference may be
caused by the fact that fully developed heat transfer could not by attained in the short experimental channel.
Analytical power-law dependences on the Reynolds number are obtained for the hydraulic resistance factor
and the Nusselt number pertaining to all channel walls and only to the ribbed wall. It is pointed out that the
hydraulic resistance factor depends weakly on the Reynolds number, which is typical for local resistances, and
the dependences for Nusselt numbers corrected for the specifics of the problem are close to the dependences
for near-wall layers and flows in smooth channels.

Keywords: cooled blade, channel, internal rib-roughened surface, turbulent flow, hydraulic losses, hydraulic
resistance factor, heat-transfer enhancement, numerical simulation, quasistructured grids
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PACYETHOE OBOCHOBAHUWE CUCTEMBI ITIOJIYHEHUA BOJAOPOJA
N3 BUOMACCBHI C NCITIOJIbB3OBAHUEM T'ASNOUKALINN
B XUMMNYECKHUX ITUKJIAX
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PaccMoTtpeHbl coBpeMeHHbIe TpeOOBaHUSI K TPOU3BOACTBY BOJIOPOIa C MUHUMAJIBHBIM YIJIEPOIHBIM CJie-
JI0OM, BO3MOXHOCTb MPUMEHEHUS MOJIUTEHEPUPYIOLLIMX CUCTEM [IJISI IPOU3BOACTBA 3JIEKTPOIHEPTUH, TEIl-
J1a, TIOJIE3HBIX MPOIYKTOB M TEXHOJOTUM XMMUYECKUX ITUKJIOB IS TIOJyYeHUST BOJOPOJa C OMHOBPEMEH-
HBIM yJIaBJIUBaHWEM IMOKcUIa yriepona. PazpaboraHa HoBast cucteMa, 0ObeAMHSIONIAsT NCITOJIb30BaHME
OromMacchl B KaueCTBE TOIJINBA, XUMUYECKUE LIMKIIbI U TTOJy4YEHUE CUHTETUYECKOTO Ta3a B MOJUTEHEPUPY-
IoIeii CUCTEME CBSI3aHHBIX PEAKTOPOB, KOTOPAs SIBJISIETCS] BeChMa MEePCIIEKTUBHOM € TTO3ULIMU JOCTUKEHUS
MaKCHUMaJTbHOM 3(h(heKTUBHOCTH Mpoliecca MPOU3BOACTBAa BOAOpoaa 6e3 yriaepoaHoro ciena (C oTpularesib-
HBIM yIJIEPOIHBIM ciiefoM). [1prBeneHbl METOIMKA U PE3YJIbTaThl PACUETOB COCTaBa U pacxoia reHepaTOPHO-
IO rasza, MaTepMaibHOTO OajlaHCa CUCTeMbl XUMUYECKHUX [IUKIIOB, TETUIOBBIX 3(h(heKTOB XMMMYECKUX PEaKIINii
B CHCTEME CBSI3aHHBIX MEXIy COOO0I1 peakTOpOB, TEMJIOBOTO OajlaHCca U TEMITEpaTyp B OTIEIbHBIX pEaKTOpax,
TETUIOBBIX U MaTepUATbHbBIX OAJTAHCOB B yTWUJIM3aTOpax TeIljla OTXOASIIMX ra3oB. OnpeneaeHo BIUsHUE Oc-
HOBHBIX YCJIOBUI pabOThI CUCTEMbI XMMUYECKMX LIMKJIOB HAa TEMIIEpaTyphbl B peakKTopax 1o JaHHBIM pacye-
TOB TEIUIOBBIX U MaTepuaibHbIX OanaHcoB. [IpuBeneHo pacuetHoe 3HaYeHUE 3¢(h(HEKTUBHOCTU MO BOAOPOLIY
(75.93%), KoTOpOE BITOJIHE BITMCHIBAETCS B OOIITYI0 KAPTUHY PE3YIbTaTOB MOAEINPOBAHUS aHAJIOTUIHBIX CH-
CTeM JIJIsI TIOJTyYeHUST BOAOPO/ia B XUMUYECKUX LIMKJIaX C OKCUIAMU METAJIJIOB M MOKET pacCMaTPUBaThCSI KaK
OPHUEHTHP MPU TPOPaAOOTKAX TEXHUUECKUX PELICHU B paMKax IpeijiaraeMoi IPUHIUMTAATIbHON TEXHOJIOTU -
YyecKoi cxeMbl. HaMeueHbI IyTH HaIbHEMIINX MCCAeI0BaHUIA.

Knroueswie crosa: moyueHre Bogopoa, YrjaeponHblii ciien, 6rnoMacca, mapoBoit pudOpMUHT, XUMUIECKHE
LIMKJIBI, TIOJIUTeHepalys, yJIaBIiBaHUe TMOKCHUIA YIJIepoa, CBI3aHHBIE MEXIy COOOI peaKTOpPhI C KUTIsI-
1M ¥ TUPKYJTUPYIOIIUM KUTISIIIUM CI0eM

DOI: 10.56304,/S004036362402005X
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Substantiation by Calculation of a System for Hydrogen Production
from Biomass Using Chemical Looping Gasification

D. S. Litun~ * and G. A. Ryabov*
YAll-Russia Thermal Engineering Institute, Moscow, 115280 Russia
*e-mail: litoun @gmail.com

Abstract—Modern requirements for the production of hydrogen with a minimum carbon footprint, the pos-
sibility of using polygenerating systems for production of electricity, heat, or useful products, and chemical-
looping technologies for producing hydrogen combined with capture of carbon dioxide are considered. A new
system has been developed that integrates the use of biomass as a fuel, chemical looping, and syngas produc-
tion in a polygenerating system of interconnected reactors, which is very promising in maximizing the effec-
tiveness of hydrogen production without a carbon footprint (or with a negative carbon footprint). A procedure
and results of calculations of the composition and consumption of generator gas, material balance of a chem-
ical-looping system, heat values of chemical reactions in a system of interconnected reactors, heat balance
and temperatures in individual reactors, and heat and material balances in exhaust gas heat-recovery units are
presented. The effect of the main operating conditions of a chemical looping system on temperatures in the
rectors was determined on the basis of the calculated and material balances. The calculated efficiency in terms
of hydrogen production (75.93%) is given. This value fits well into the broad outline of the results obtained in
simulation of similar systems for chemical looping hydrogen production from metal oxides and can be con-
sidered as a guideline when developing engineering solutions within the scope of the proposed process-flow
diagram. Potential directions of further studies are set.

Keywords: hydrogen production, carbon footprint, biomass, steam reforming, chemical looping, polygener-
ation, carbon dioxide capture, interconnected reactors with fluidized bed and circulating fluidized bed
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