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BAJIMJAIIMA YUCJIEHHON MOJIEJIM PEKOMBUHATOPA
BOJOPOJIA PBK-500
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I1pu Bo3HUKHOBEHMU Tsixkenbix aBapuiit Ha ADC ¢ JIErKOBOIHBIM TETUIOHOCUTEIEM BO3MOXKEH BbIXO/ 00JIb-
IIIOTO KOJIMYECTBa BOJIOPOA B pe3ybTaTe MapoLIMPKOHUEBOI peakliMu. B 1easiX ucKiItouyeHust B3pbIB-
HBIX MMOCJIEACTBUI, B MOMEILIEHUSIX 3alIUTHOU 000710uKHu (30) ycTaHaBIMBAIOT MACCUBHbBIE KaTaTUTHUUE-
ckue pekomouHaTophl Bogopona (ITKPB), nmpeqHasHayeHHbIe IJisl ero OecrjiaMmeHHoro ynaneHus. st
000CHOBaHUS BOIOPOAHOI B3pbiBOOe3omacHOCTH ADC cpencTBaMyu KOMITLIOTEPHOTO MOJEIMPOBAHUS
BBITIOTHSTIOTCST pacdyeThl COCTOSTHUS napora3oBoii atMocdepsl BHyTpH 30 ¢ yuetom Hanmuust [TKPB. s
BaJIUIallMM PACYETHBIX MOJEJIe PEKOMOMHATOPOB HEOOXOAUMBI SKCIIEpUMEHTaJIbHbIE TaHHbIe. B cTaThe
MpencTaBJIeHbl pe3yJIbTaTbl CDABHEHUSI OMBITHBIX U PACUETHBIX TAHHBIX 11O XapaKTepUCTUKAM PeKOMOMHA-
topa Bomopona PBK-500. /laeTcst kpaTkoe omnucaHue 3KcIiepuMeHTanbHoro creHma bM-I1, Ha koTopom
BIiepBbie B Poccum ynanock ucciienoBaTh paboTy MPOMBIIIJIEHHOTO pEKOMOMHATOPA B HEIITATHBIX PEXKU -
Max paboThl (PEKUMBI CTapTa U PeXUMBbI C HaTeKaHWEM TToToKa). JI1st MoeTMpoBaHus HELITATHBIX pe-
>KMMOB paboThl pekoMOuHaTopa ucnoiab3yercss CFD-Monens, onuceiBatoniasi Te4eHUE BHYTPU PEKOM-
OuMHaTOpa B YIPOIIEHHOW MOCTAaHOBKE (Ha OCHOBE OOBEMHBIX MCTOUHUKOB SHEPIUU U KOHLIEHTPALIUU
KOMITOHEHTOB Tapora3oBoii cpenbl). [IpencraBieHo onucanue CFD-Monenu, ncroib3yeMoii 1ist pelie-
HMSI 3a1a4 MoaeInpoBaHus padboTel cteHna BM-I1 ¢ yctaHOBIeHHBIM (BHYTpU U3MEPUTEIBHOI KaMephl)
pekomorHatopoM PBK-500. s aKcnepuMEHTaIbHOIO peXuMa ¢ HaTeKaHUEM MOTOKa IMPOBEICHO Je-
TaJIbHOE CPAaBHEHUE C pe3yJbTaTaMU PACUETOB, BHIMOJTHEHHBIX JISI TOUEK pa3MELLeHUS JaTYNKOB (TeMrie-
paTyphl U KOHLIEHTpallM KOMITOHEHTOB Napora3oBoii cpeabl). COBOKYITHO [IJisi CEMU DKCIIEPUMEHTAIbHBIX
PEeXMMOB, BKJIIOYAsI PEXKMM INTATHOM paOOTHI peKOMOMHATOPA B YCIOBUSIX “TIOKOSIIIEIiCS” Cpeabl, COIO-
CTaBJICHBI paCYETHBIC U 3KCIIEPMMEHTAIbHbIE TaHHBIE 1O MTPOU3BOAUTEIBHOCTU pEKOMOUHATOPA.

Karouegnie cnosa: pekoMObrHaTOp Bomopona, Baaunaius CFD-Mmonenu, BomoponHasi B3pblIBOO€30HaCHOCTD,
MoepOBaHUe aBapuii, skcrnepuMeHT, ADC
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Validation of the Numerical Model of the RVK-500 Hydrogen Recombinator

S. G. Kalyakinf, A. V. Koshcheev *, M. K. Sedov*, S. L. Solovyov*, E. V. Bezgodov?,
V. V. Stakhanov?®, and V. A. Simonenko?
¢ AO VNIIAES, Moscow, 109507 Russia
b Zababakhin RENC-VNIITF, Snezhinsk, Chelyabinsk oblast, 456770 Russia
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Abstract—If severe accidents occur at nuclear power plants with light water coolant, large quantities of hydro-
gen may be released as a result of the zirconium-steam reaction. In order to avoid explosive consequences,
passive catalytic hydrogen recombiners (PCHR) are installed in the containment building (CB) to remove
hydrogen flamelessly. To substantiate the hydrogen explosion safety of nuclear power plants using computer
modeling, calculations of the state of the vapor-gas atmosphere inside the CB are performed, taking into ac-
count the presence of PCHR. Experimental data are needed to validate computational models of recombina-
tors. The article presents the results of a comparison of experimental and calculated data on the characteris-
tics of the RVK-500 hydrogen recombiner. A brief description of the BM-P experimental stand is given, on
which, for the first time in Russia, it was possible to study the operation of an industrial recombiner in abnor-
mal operating modes (start modes and modes with leakage flow). To simulate abnormal operating modes of the
recombinator, a CFD model is used, which describes the flow inside the recombinator in a simplified formula-
tion (based on volumetric energy sources and the concentration of components of the vapor-gas medium).
A description of the CFD model used to solve the problem of simulating the operation of the BM-P stand
with the RVK-500 recombinator installed (inside the measuring chamber) is presented. For the experimental
mode with leakage flow, a detailed comparison was carried out with the results of calculations performed using
sensor readings (temperature and concentration of components of the vapor-gas medium). In total, calculated
and experimental data on the performance of the recombinator were compared for seven experimental modes,
including the normal operation mode of the recombiner under conditions of a “quiet” environment.

Keywords: hydrogen recombinator, CFD model validation, hydrogen explosion safety, accident modeling,
experiment, nuclear power plant
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B ycnoBusix pocta 10JiM aTOMHBIX 9JIEKTPOCTAHIMI B 9HEprocucremMax espormneiickoit yactu Poccuu u ne-
dunmnTa MAaHEBPEHHBIX T€HEPUPYIOIINX MOIIIHOCTEM BO3ZHMKAeT HEOOXoOMMOCTh npuBieueHuss ADC K
y4acTUIO B MOKPBITUY TTIEPEMEHHOI YacTu rpaduKa 371eKTpuYeCcKUX Harpy3ok. Mcrnonb3oBaHUe aKKyMy-
JIMPYIOIIMX YCTAHOBOK, TAaKUX KaK TEIJIOBbIE aKKYMYJISITOPBI (Da30BOTO Iepexo/ia, ClocOOHbIE 3amnacaTb
TETUIOBYIO HEPTUIO, TTOJyYaeMYI0 OT peaKTOPHBIX YCTaHOBOK ADC B yachl cliafia Harpy3Ku B 9HEPTOCH -
CcTeMe, U pacxoJ0oBaTh €€ B Yachl MMKOBBIX HATPY30K 111 BBIPAOOTKU 3JIEKTPO3IHEPTUU, TO3BOJIUT IMOBbBI-
cuTh cucteMHy10 3 dexkTuBHocTh ADC. Ha ocHOBe mpoBeaeHHOTO aHa/IM3a BblAeIeHbI IEPCIEKTUBHbIE
Teruioakkymynupytoiie matepuaiisl (TAM) ¢ (ha30BbIM ITepexoa0oM s 9KCIUTyaTallui B CUCTEMaX Tell-
JIOBOTO aKKyMYJIMPOBaHUs pu TemreparypHoM pexume oT 200 1o 300°C, KoTophlil 06YCI0BIIEH XapaKTe-
pUCTUKaMU NapoTypOUHHOU ycTaHOBKM ADC, B TOM Yuclie MapaMeTpamMy MUTATeTbHON BOABI U CBEXETo
napa. It NpuHSTOM CXeMbl YCTAaHOBKHU C aKKyMyJisiTopoM pazoBoro repexona (ADII) ¢ nmosbilieHUEM
TeMIlepaTypbl MATATEILHOM BOJBI TTOC/IE MOIOTrpeBaTeseil BRICOKOTO AaBJIeHUsT AByXKOHTYypHOI ADC pa3-
paboTaHbl METOIOJIOTUYECKME OCHOBBI BEIOOPA KOHCTPYKTUBHBIX PEIIEHUI CUCTEMbl aKKYMYJIMPOBAHUSI C
HUTPATOM JIUTHUS B KQUECTBE TEIUIOAKKYMYJIUPYIOLIEero Marepuana. MeTogoM KOHEUHBIX 3JIEMEHTOB B ITPO-
rpaMMHOM KoMmiuiekce st DBM mpoBeneHo MoAeaMpoOBaHME HECTALIMOHAPHOTO TEIIOOOMEHa MEXIY
9TUM MaTepuajoM M BOIOU IJIs OpeOPEHHBIX U HEOPEOPEHHBIX TPYO MPUMEHUTEIBHO K 3JIeMEHTapHOM
cekuu ADII. 1o pe3yiabTaTaM pacd4eToB ITOCTPOEHBI rpaUKKM 3aBUCUMOCTH TEIIJIOBOM MOIITHOCTH CEK-
LIMY OT MPOIOLKUTENIbHOCTH paspsinku ADII. [penmoxeHbl criocoObl pacyeTa MPOAOKUTEIBHOCTH pas-
psinku ADIT u Macchl HEOOXOAMMOTO TEIUIOAKKYMYJIUPYIOIIEro MaTepuaia Mpyu CHUKEHUU TeIJIOBOM
MOIITHOCTH. JIJIsI CXeMBI € TIOTIOJTHUTEILHOM MapoTypOMHHOI YCTAaHOBKOM MOIITHOCTHIO 12 MBT (JU1s1 3HEp-
ro6i1oxkoB ADC ¢ BBOP-1200) onipeneneHbI OCHOBHBIE XapaKTEPUCTUKM aKKyMYJISITOpa (0a30BOro Mepexo-
na v 3¢ GEeKTUBHOCTD MPEUIOKEHHOTO PEIISHMS TIPU Pa3IMIHON MPoaoJkKUTeIbHOCTH paspsaaku ADII.

Karoueegwie crosa: atToMHast QJIEKTPOCTAaHIIMA, TEIINIOBOC aKKYMYJIMPOBAHUE, aKKYMYJIATOPD (baSOBOFO nepe-
Xoga, MaTepual C q)a3OBBIM epexogoM, MaTEMaTHYCCKOEC MOICIMPOBAHUEC, METOA KOHCYHBIX 2JICMCHTOB

DOI: 10.56304/S0040363624030019



Development of Design Solutions for a Phase Transition Battery
under Conditions of Its Operation in a Single Energy Complex with an NPP

R. Z. Aminov*~ *, M. V. Garievsky’, and D. M. Anoshin*

% Gagarin Saratov State Technical University, Saratov, 410054 Russia
*e-mail: oepran @inbox.ru

Abstract—Given the growing share of nuclear power plants in the energy systems of the European part of Rus-
sia and the shortage of flexible generating capacities, there is a need to attract nuclear power plants to partic-
ipate in covering the variable part of the electrical load schedule. The use of storage units, such as phase
change thermal accumulators, capable of storing thermal energy received from nuclear power plant reactor
units during off-peak hours in the power system and using it during peak load hours to generate electricity
will improve the system efficiency of nuclear power plants. Based on the analysis, promising heat storage ma-
terials (HSM) with a phase transition were identified for operation in thermal storage systems at temperatures
from 200 to 300°C, which is determined by the characteristics of the steam turbine plant of a nuclear power
plant, including the parameters of feed water and fresh steam. For the adopted installation scheme with a
phase-change storage unit (PSU) with an increase in the temperature of the feed water after the high-pressure
heaters of a double-circuit nuclear power plant, the methodological basis for choosing design solutions for
the storage system with lithium nitrate as a heat-storing material has been developed. Using the finite element
method in a computer software package, modeling of unsteady heat exchange between this material and water
for finned and unfinned pipes was carried out in relation to the elementary section of PSU. Based on the cal-
culation results, graphs of the dependence of the thermal power of the section on the duration of PSU dis-
charge were constructed. Methods are proposed for calculating the duration of PSU discharge and the mass
of the required heat-storing material when reducing thermal power. For a scheme with an additional steam
turbine unit with a capacity of 12 MW (for NPP power units with VVER-1200), the main characteristics of
the phase change accumulator and the effectiveness of the proposed solution for different PSU discharge du-
rations are determined.

Keywords: nuclear power plant, thermal storage, phase change battery, phase change material, mathematical
modeling, finite element method
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YBEJIMYEHUE MOIIIHOCTU ADC C BBOP

ITIYTEM IIOBBIINEHUA KAYECTBA KOHTPOJIA XAPAKTEPUCTUK
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KoHTpoJb TEeII0BOi 9KOHOMUYHOCTHU SIBJISIETCSI BaXKHEUMIIIMM YyClIOoBHEM obecrniedeHust 3 eKTUBHOCTU
pa6oter ADC. ISt 3TOro TOYHOCTh ITOKA3aHUI N3MEPUTEIILHBIX IIPUOOPOB MTOJIKHA II03BOJISITh OIIPEACIISITh
(hakTHueckue 3HaUeHMS TapaMeTPOB TEIJIOBOM CXeMbI, TETJIOBYI0 9KOHOMMYHOCTb U OTKJIOHEHUSI XapakK-
TePUCTUK TYpOOYCTAaHOBKM OT HOPMATUBHBIX ITOKa3aTesieii. BelmosHeHa olleHKa IMOrpelrHoCT onpeaee-
HUS TETIJIOBOM MOIITHOCTH peakTopa C UCTIOJIb30BaHUEM TETUTOMU3NUSCKHX ITapaMeTPOB aKTUBHOM 30HBI 1
mapameTpoB naporeHeparopa. [TokazaHo, YTo HauOOJIbIIasl TOYHOCTh OTIPEAEJIeHUS TETIOBOI MOIITHOCTU
peakTopa MOXeT ObITh JOCTUTHYTA JIUIIb IPU MTOBBIIIIEHUU TOYHOCTH OTIpee/IeHUs] TETUIOBOM MOIITHOCTU
ImaporeHepaTopa. AHaJIM3 MOKa3aJl, YTO ITOrPEITHOCTb OIPeIeIeHUS TETUIOBOI MOIIIHOCTHY peakTopa 6oJiee
yeM Ha 95% 00ycClIOB/IeHA ITOrPELTHOCTBIO ONPeAesIEHNs pacxoAa MUTaTebHOM BoAbl. [TOBBIIIEHIE TOUHO-
CTH OIlpee/IeHUS] TeIUIOBOM MOIITHOCTH PeaKTopa 00EeCIeuuT MoJlydeHre Oojiee TOUHBIX JAHHBIX O BbIpa-
0GOTKE 3JIEKTPO3HEPTUM MPU paboTe Ha HOMUHAIBHBIX ITapaMeTpax B peXuMe 3alaHHON HEeWTPOHHOM
MOILIHOCTH OJ1aroaapsi Noaaep>kKaHUuIo peajbHOI TeNI0BOM MOIITHOCTU PeaKTOPHOI YCTaHOBKM, HanboJiee
0JIM3KOI K MPOEKTHOMY 3HAYEHUIO, a TaKXKe YBEJIUUMT TUAITa30H JOCTYITHBIX ISl SKCIUTyaTallui MOIITHO-
cTeil mpu paboTe B peXuMe TOMIepKaHUS 3aMaHHON 3JIEKTPUIECKON MOIITHOCTH 3a CYeT YBEJIWYCHUS e
MaKCUMaJbHOro 3HayeHusl. OQHUM U3 KpUTEpUEB SKOHOMMYECKOI 3 dhekTuBHOCTU padoThl ADC npu 3a-
JIAaHHOM TIepUuoJie PaObOTHI SIBJISIETCS MAKCUMYM €€ 3HeproBbIpaboTku. C IMoMoIIblo pa3paboTaHHOI MaTeMa-
THYECKOM Moaenun TypooyctaHoBku ADC-2006 (BBDP-1200) BbIsIBIIEHBI BIMSIHUE ITOTPELIHOCTH OIpeaesie-
HUSI TTapaMeTPOB TEIJIOBOI CXeMbI Ha SJIEKTPUUECKYIO MOIITHOCTh 9HEPro0JI0Ka 1 Te mapaMeTpbl, KOTOpPhIE B
HauOOJbIIIEN CTENIEHU BIUSIOT Ha TTOTPEITHOCTh OLIEHKM 3JIeKTpUYecKoii MoliHocTh. Ha ocHOBe aHanu3a
BJIUSTHUSI TTIOTPEITHOCTH OTPEIeJICHUST TETUIOTEXHNIECKUX MapaMeTpOB TYpPOUHBI, IIPOMEXYTOUHOM cerma-
palyvu 1 reperpesa napa, pereHepaliy BHICOKOTO M HU3KOTO AaBJIeHUST, HU3KOIMTOTEHIIUAJIbHOM YacTH Typ-
00yCTaHOBKH IOJTyYyeHa 00111asi MTOTPEITHOCTD OMpeaeIeHUS 3JIEKTPUIYECKON MOIITHOCTH. DTU JaHHbIE 103~
BOJISTIIOT COOPMYIUPOBATh TPEOOBAHMS K TTOTPEITHOCTY U3MEPEHUSI pacxoia, TeMITepaTyphl 1 TaBICHUS B
3aBUCHMOCTH OT JIOMYCKaeMOM IMOTPEITHOCTH OLIEHKHU JIEKTPUIECKOM MOIITHOCTY. AHAIU3 9KCIUTyaTallM-
OHHBIX JaHHBIX 3Hepro6yiokoB JIADC-2, HBADC-2 u benADC nokasaj, 4To MOTeHIIUaT YBEIUYCHUS
SJIEKTPUIECKO MOIITHOCTH TIPY TTOBBIIIEHUHW TOYHOCTH OIpEIeICHUST TTapaMeTPOB TETLTOBOM CXEMBI CO-
crasiset 10—15 MBT.

Karouesoie crosa: ADC, TypOOyCTaHOBKA, TEIJIOBasi 9KOHOMUYHOCTbD, ITapaMeTPhl, IIOTPEIIHOCTbh U3Mepe-
HUSI, MOIITHOCTb 3HEProbJioka, SKoHOMUYecKast 3(p(heKTUBHOCTh, U3MEPUTEIbHBIE TIPUOOPHI

DOI: 10.56304/50040363624030093
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Abstract—Monitoring of thermal efficiency is of utmost importance for securing efficient NPP operation. To
this end, the measurement instruments should have accuracy sufficient for the possibility of determining the
actual values of thermal cycle circuit parameters, thermal efficiency, and deviations of the turbine set char-
acteristics from their standardized indicators. The error with which the reactor thermal power is determined
using the reactor core thermal-physical parameters and the steam generator parameters is estimated. It is
shown that the best accuracy of determining the reactor thermal power can only be achieved through improv-
ing the accuracy of determining the steam generator thermal power. An analysis has shown that the error of
determining the reactor thermal power is by more than 95% due to the error of determining the feed water
flowrate. If we succeed in achieving more accurate determination of the reactor thermal power, it will be pos-
sible to obtain more accurate data on the electricity generation during operation at the nominal parameters
in the mode with a specified neutron power due to maintaining of the reactor plant’s actual thermal power
closest to its design value; in addition, it will be possible to extend the range of power outputs available for oper-
ation during operation in the mode of maintaining the specified electric power output by increasing its maximal
value. Given the specified period of NPP operation, the maximum of its energy production serves as one of the
criteria for economically efficient NPP operation. By using the developed mathematical model of the turbine
set used in the NPP constructed according to the AES-2006 conceptual design (with a VVER-1200 reactor), the
authors have revealed the effect of the error of determining the thermal cycle circuit parameters on the power
unit electric power output and the parameters that have the highest influence on the error of estimating the
electric power output. The influence of the error of determining the turbine thermal parameters, moisture
separation and steam reheating, high- and low-pressure regeneration, and the turbine set low-grade heat part
was analyzed, and the total error of determining the electric power output has been obtained based on the
analysis results. These data make it possible to formulate the requirements for the accuracy of flowrate, tem-
perature, and pressure measurements depending on the allowable error of determining the electric power out-
put. An analysis of the operational data of the Leningrad-2 NPP, Novovoronezh-2 NPP, and Belarussian
NPP power units has shown that the potential of increasing the electric power output due to improved accu-
racy of determining the thermal cycle circuit parameters makes 10—15 MW,

Keywords: NPP, turbine set, thermal efficiency, parameters, measurement error, power unit output, econom-
ic efficiency, measurement instruments
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PaccMoTpeHbl ABa BapuaHTa UCIIOJIHEHUS YyTUIM3allMOHHON TypOooycTtaHoBKY (YTY), BeipabarbiBatoliieit
9JIEKTPOSHEPTHUIO IS aBTOHOMHOTO 2JIEKTPOCHAOKEHM ST KOMITPECCOPHBIX CTAHIIMI MaruCTpaIbHbBIX ra30-
npoBonoB (KCMTI'TI) Ha Terute BBIXJIOMTHBIX ra30B IPUBOAHBIX ra30TypOUHHBIX nBurareseit (I'T1) razore-
pekauuBalonux arperatoB (I'TIA). B kauecTBe pabouero Teja yTUIN3alMOHHOIO KOHTYpPa B OMHOM 13 IBYX
YTV ucnons3yercsa okradropuukiodyraH (4-C4Fg, Texunueckoe obosHauenue RC318), B Apyroit — BbI-
xaonHble Ta3el I'TI I'TIA. OxktadroprukiooyraHoBas YTY — TpeXKOHTYpHasl, B HE UMEIOTCS TPU Typ-
OUMHBI, TpU peKynepaTopa, Tpu rmomorpesateist RC318 u onuH o61mmit KoHAeHcaTop. B anbrepHaTUBHOM
BapuaHTe YTV BbIIloJIHEHA B BuAe ra3oBoil BakyymMmHoi I'TY, cogepxkaliieit ra3oBylo TypOuHY Iiepepac-
LIMpEeHUsl, COOOIIAloNTyI0Ccs Ha BXojie o pabouemy Teny ¢ Beixsoriom ['TIL I'TIA, oxnagurenu orpaboTaH-
HBIX ra30B, KOMIIPECCOP OXJIAXKIEHHBIX Ia30B U AbIMOococ. MoirHocTh naHHoi YTV, n3oniTouHas mo
CPaBHEHUIO ¢ TeKYyIIUM 3JiekTpornoTpedseHuemM Ha KCMI'TI, ucnonb3yeTcs AJisi CO3naHus pa3pekeHusI
Ha BbIxuorie razoBoil TypOuHbl I'T]L I'TIA. I1pencraBieHbl pe3yIbTaThl COMOCTABUTEIbHBIX OaJIaHCOBBIX pac-
YETOB TTapaMeTpoB M Mokasareneit ooeux YTV npumenutensHo K I'TI T'TIA “Ypan” momHocTthio 16 MBT,
MPOBEICHHBIX C YTOYHEHHBIMU UCXOAHBIMU JAHHBIMM U C UCITOJIb30BAHWEM OTHOM 1 TOM K& OUOIMOoTeKN
MporpaMm pacyeTta TepMOAMHAMUUYECKUX ITapaMeTpoB pabouunx e RefProp (B BbicokoypoBHEBOM MHTEP-
deiice CoolProp). [TokazaHo, 4To GoJiee KOMMIAKTHasI U OoJiee IpocTas B peaju3anuu razosast YTV (c ra-
30BOI1 TYpOMHOI TlepepaclliupeHust), ycTynasi okradTopiukiiooyraHoBoil YTY B MOIITHOCTH, CIIOCOOHA,
TeM He MeHee, IOJIHOCThIO obecrieuuTh notpedoHoctu KCMITI B ayeKTposHepruu BHICOKOIO KavyecTBa, a
TaK>Ke PeIInThb MPo0ieMy 3aMellleHVs UMIIOPTHBIX ra30MOPIITHEBbIX U AU3eIbHbIX TeHepaTopoB Ha KCMITI
B KpaTyailiire CpoKM U ¢ HAMMEHBITUMU KalMUTATLHBIMU U 9KCIUTyaTallMOHHBIMU 3aTpaTaMu.

Karouegovie cro6a: yruansaloHHas: TypOOycTaHOBKa, aBTOHOMHOE 3JIeKTPOCHAOXEeHUE KOMIIPECCOPHBIX
CTaHLUil, UMIIOPTO3aMellleHre, OKTaTOPLUKIOOYTaH, ra3oBasl TypOMHA MepepacllupeHus, IIEPBUUYHOE
peryJmpoBaHUe YacTOThI BpallleHUsI Bajia TypOoreHepaTopa
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Selection of a Heat-Recovery Turbine Unit for a Self-Contained Power Supply
of Compressor Stations in Gas Mains
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*e-mail: VertkinMA@ckti.ru

Abstract—Two design options for a heat-recovery turbine unit (HRTU), which generates electricity for self-
contained power supply of gas mains’ compressor stations (GMCSs) using the heat of exhaust gases from gas-
turbine engines (GTEs) driving gas-pumping units (GPUs), are examined. The working fluid of the recovery
circuit is octafluorocyclobutane (c-C4F8, engineering name is RC318) in one of the two HRTUs and the ex-
haust gases of GPU GTE in the other HRTU. The HRTU operating on RC318 has a three-circuit cycle, in-
cluding three turbines, three recuperative heat exchangers, three RC318 heaters, and one common condenser.
An alternative design of HRTU is a vacuum-type GTU consisting of an overexpansion gas turbine, whose in-
let is connected with the exhaust of GPU GTE, exhaust gas coolers, a cooled gas compressor, and an in-
duced-draft fan. The excess power of this HRTU above the current power demand at the GMCS is used to
create a vacuum at the exhaust of the gas turbine of the GPU GTE. The results are presented of the comparative
balance calculations of parameters and characteristics of both HRT Us as applied to a 16-MW Ural GPU GTE.
They were performed using the updated initial data and the same software library RefProp (in the CoolProp
high-level interface) for the calculation of thermodynamic parameters of working fluids. It has been demon-
strated that a more compact and easier to implement gas-type HRTU (with an overexpansion gas turbine),
although having a lower power than the RC318-type HRTU, can still fully cover the demand of the GMCS
for high-quality power. The power of the gas turbine unit, which exceeds the current power consumption at
the GMCS, can be utilized to cut down the fuel consumption by the GPU GTE and also to solve the problem
of substituting imported gas piston and diesel generators at the GMCS within the shortest possible time and
with the lowest capital and operating expenditures.

Keywords: heat-recovery turbine unit, self-contained power supply of compressor stations, import substitu-
tion, octofluorocyclobutane, overexpansion gas turbine, primary control of turbine generator shaft speed
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IMpennoxeHa KOHIIETIUS CO3MaHMWSI Ha 06a3e TEIUIOBBIX 3JIEKTPOCTAHIUN PEeTrMOHAIbHBIX TOIIMBHBIX
KOMIUIEKCOB CxMxkeHHoro mnpupoaHoro rasa (CIII'), oGecneuynBaoIIMX paclliUpeHUEe U HaaeXHOoe
(byHKIIMOHMpPOBaHME PBIHKA Tra30BOro TOIIMBa. KOHIIENIIMS MpemycMaTpuBaeT IepeBOa CUCTEM TOIT-
JIMBHOTO pe3epBUPOBaHUS 0OBEKTOB 3j1eKTposHepreTuku Ha CIII, KOTOphIit IPOU3BOAUTCS HETTOCPE/I -
CTBEHHO Ha 2JICKTPOCTAHLMAX, a Takke TmoctaBKu CIIT ¢ aieKTpocTaHIINi perMOHATbHBIM TTOTPeOUTE -
asm. IlpuBeneHo onucaHue 3apy0eXKHON YCTAaHOBKM IJIsl rallleHusl IIMKOB ra3onoTpedaeHus1 — HauboJiee
GJIM3KOTO aHaJIoTa 3JIEKTPOCTAHIINK C CUCTeMOit ToruMBHOTO pe3epBupoBanus Ha CIIT. CpaBHUTEIBHBII
TEXHUKO-IKOHOMUYECKU I aHATU3 MMPOEKTOB CO3IaHMSI Ma3yTHOTO XO3SIACTBA U CUCTEMbI PE3EPBHOTO TOII-
muBa Ha CIIT oog TOI1I-22 ITAO “MocaHepro” moxkasaj, 4TO IPU COIIOCTABUMBIX KaIIUTAJIBHBIX 3aTpaTax
pesepBupoBaHue ¢ ucnob3oBaHueM CIIT MoxXeT gaTh SKOHOMUYECKU 3ddeKT 10 654 MIIH pyO. B rox B
neHax 2023 r. OTMedeHo, YTO IpU Haauduu 601bnX 00beMoB xpaHeHus CIIIT MmoryT GBITh 06ecIIieYeHEI
IMUKOBbIE OTIPY3KU TOIUIMBA MOTPEOMTENSIM, 2 HOPMATUBHBII 3amac OyleT BOCCTAHOBJIEH C MOMOIIBIO
YCTaHOBKM CXWXKeHUs. [IpuBeneHbI NaHHbIE TSI pacyeTa 3aTpaT U MHBECTUIINM, HEOOXOMUMBIX LTSI CO3/a-
HUS KOMILJIEKCOB, TapaHTUPYIONIMX MOIAepKaHUe HOPMATUBHBIX aBapUMHBIX 3alacoB TOIJIMBA B BUIE
CIII s sHepro6noka I1T'Y-220 (1778 muH py6. 6e3 HC). IIpemnoxkeHa MeTonuKa pacupeaesieHus 3a-
TpaT KOMIIJIEKCa aBapuitHOTIO TOIUIMBA, OTHOCUMBIX Ha C€0€CTOMMOCTSD 3JieKTpruueckKoii MouiHocTu u CIIT,
pealn3yeMoro CTOpOHHUM IoTpebutesiaM. [TokazaHo, YTO OTHOCUTENIbHOE YBEIMYEeHNE KalTUTaTbHBIX 3a-
TpaTt Ha Bo3BeneHue I1I'Y-220 ¢ aBapuitHbIM ToruiiBoM B Buae CIII' mo oTHOIIEHUIO K aHAJIOTUYHBIM 3a-
TpaTaMm Ha SHeproOJIOK ¢ aBapUITHBIM AU3ETbHBIM TOILIMBOM cOCTaBIisIeT 1%. BoImosiHeHa olieHKa ceGecTo-
MMOCTHU coOcTBeHHOTO npousBoactBa CIII. DkoHoMuUs TIpy NepBUYHOM (POPMUPOBAHUU HOPMATHUBHBIX
aBapUITHBIX 3aMacoB IJIsl 9Heprob6ioka cocraBuia 72.45 MiH py6. ChopMynmpoBaHO IPEUMYIIECTBO CO-
3naHust cet komruiekcoB CIII: 3amachl pe3epBHOrO U aBapUitHOTO TOIUIMBA Ha TEIIOBBIX JIEKTPOCTaH-
LIUSIX 06eCTIeYnBAIOT HAAEXKHOE TOTUTMBOCHAOXKEHE PETMOHATBHBIX PHIHKOB.

Karouesbie croea: CXMXKEHHBIN TIPUPOTHBIIA ra3, TETIOBast SJIEKTPOCTAHLINS, TA30MOTOPHOE TOIIUBO, M-
3eJIbHOE TOIIMBO, Ma3yT, PE3EPBHOE TOIUIMBO, aBapUitHOE TOIIJIMBO, ITMKOBOE ra3oIoTpebiieHue, mapora-
30Basg yCTAaHOBKA, Ta30TYpOMHHAs YCTAaHOBKA
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Concept of a Regional Liquefied Natural Gas Fuel Complex
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Abstract—A concept has been proposed for the creation of regional liquefied natural gas (LNG) fuel com-
plexes on the basis of thermal power plants, ensuring the expansion and reliable functioning of the gas fuel
market. The concept provides for the transfer of fuel reserve systems for electric power facilities to LNG,
which is produced directly at power plants, as well as the supply of LNG from power plants to regional con-
sumers. A description of a foreign installation for extinguishing gas consumption peaks is given: the closest
analogue of a power plant with an LNG fuel backup system. A comparative technical and economic analysis
of projects for the construction of a fuel oil facility and an LNG backup fuel system for CHPP-22 of
PAO Mosenergo showed that, with comparable capital costs, backup using LNG can provide an economic
effect of up to 654 million rubles per year at 2023 prices. If there are large volumes of LNG storage, peak fuel
shipments to consumers can be ensured, and the standard reserve will be restored using a liquefaction unit. Data
are provided for calculating the costs and investments required to create complexes that guarantee the mainte-
nance of standard emergency fuel reserves in the form of LNG for the CCGT-220 power unit (RUB 1778 million
excluding VAT). A methodology has been proposed for allocating the costs of a complex of emergency fuels,
attributable to the cost of electric power and LNG sold to third-party consumers. It is shown that the relative
increase in capital costs for the construction of CCGT-220 with emergency fuel in the form of LNG in rela-
tion to similar costs for a power unit with emergency diesel fuel is 1%. The cost of in-house LNG production
has been assessed. Savings during the initial formation of standard emergency reserves for the power unit
amounted to 72.45 million rubles. The advantage of creating a network of LNG complexes is formulated: re-
serve and emergency fuel reserves at thermal power plants provide a reliable fuel supply to regional markets.

Keywords: liquefied natural gas, thermal power plant, gas engine fuel, diesel fuel, fuel oil, backup fuel, emer-
gency fuel, peak gas consumption, combined cycle gas plant, gas turbine plant
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ITpombllIeHHOE MOJIYyYeHMEe YIJIepOIHbIX COPOCHTOB U3 YIJICi SABJSIETCS MEPCIEKTUBHBIM U aKTyalbHbIM
HampaBJieHrueM. B KauecTBe MCXOMHOro MaTepualia UCIIOJIb3YeTCs TTIaBHBIM 00pa30oM OypEIi yroib, KOTO-
PBIi1 XapaKTepu3yeTcsl BLICOKUM BBIXOIOM JIETYYMX BEIECTB Y HU3KOM 30JIbHOCThIO. Ompene/ieHHbI NH-
Tepec IS YTOJbHOM MPOMBIIIIEHHOCTH MPEACTABIISICT pa3padboTKa TEXHOJIOIMU MOJIYYSHUsI COPOSHTOB U3
KaMEeHHBIX YIJIell HU3KOi1 cTerleHr MeTaMopdu3Ma ¢ 60JIbIION yIeIbHOM IIOIIAAbI0 MOBEPXHOCTH, BHICO-
KOI aJICOPOLIMOHHOM aKTUBHOCTBIO U HU3KO# CTOMMOCTBIO. CyYILEeCTBYIOLINE METOAUKHU TTOJTYUSHUST COP-
GEHTOB U3 YIJIeil, COOTBETCTBYIOIIMX TAKUM KPUTEPUSIM, TOJKHBI 6a3UPOBAThCS HA Pa3IUYHBIX TEIIO(hU-
3UYECKUX MIPUHIINIAX BO3IECTBHS Ha UCXOOHBIN MaTepuail. B padboTte cciaenoBaInch OMHOCTyIIeHYaTast
U IBYXCTyIIeHYaTas METOOUKHU IMOJIyYeHUs] COPOEHTOB U3 KaMeHHbBIX yriieit Mapok JI u JIT, moGbIBaeMbIX B
Kys6acce. OgHocTyrneHuyaTast MeToAMKa 3aKjaloyajaach B IIapoOBOii rasudukany UCXOAHOIO MaTepuaja B
KUIIAIEM ciioe. JIByxcTylieHuarast MeToauka 0a3upoBajach Ha IIpeaBapUTeIbHOM JeKapOOHU3a NN B MY~
¢enbHOI TTeYHt ¢ MOCIeayIolIeii aKTUBALIEeN! eperpeThiM BOASHBIM ITAPOM B KUIISIIIEM cjioe. B pesynbrare
SKCITIEPUMEHTAJIbHBIX UCCICAOBAHMIA TOJIydeHbl 00pa3libl YIJIEPOAHBIX COPOEHTOB U3 KaMEHHBIX YyIJeii
HU3KOH cTeneHW MeTaMopdu3Ma. AHAIN3 TEKCTYPHBIX XapaKTepUCTUK IMOKa3aJjl, YTO yaeJibHasl IIoIIaab
MOBEPXHOCTU COPOEHTOB cocTaBisieT 10 250 M2/T, ancopOLMOHHAs aKTUBHOCTb — 10 100 Mr/T. YcTaHOB-
JIEHO, YTO COCTaB MUHEPaIbHOM MacChl UCXOMAHbBIX YIJIeH CYIIECTBEHHO BIUSICT Ha aACOPOILIMOHHYIO aK-
TUBHOCTD ITOJIy4aeMbIX COpOeHTOB. OLIeHKM ITOKA3bIBAIOT, UTO YeM BbIIIIe MHIEKC OCHOBHOCTH 30JIEI, TEM
GoJjiee BLICOKOM aacOpOLIMOHHONM aKTUBHOCTBIO 001afaeT MMOoJIydaeMblil yriieponHblii copoeHT. I[pu on-
HOCTYIIEHYaTO METOAMKE IOJy4eHUsI COPOSHTOB M3 KaMeHHoro yrist mapok JI u JII' B Kkurnsiiem cioe
JIOCTUTAETCS JOBOJIBHO BBICOKAS yAEIbHAs IJIOIIAIb ITOBEPXHOCTH IIPH OTHOCUTEIILHO HU3KOI ancopO-
LIMOHHO# aKTUBHOCTU B CPAaBHEHUM C JBYXCTYIIEHYATON METOIUKOIA.

Knrouesbie cro6a: sHepreTUUECKUI YTOJb, TapoBas Ta3udUKaIINs, TEKCTYPHbBIC XapaKTePUCTUKH, yIeTbHasI
IUTOIIAb TOBEPXHOCTH, aICOPOLIMOHHASI aKTUBHOCTb, COPOSHT, MUHEpaibHasl Macca, MHIEKC OCHOBHOCTHU
30JTBI
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Prospects for Obtaining Carbon Sorbents from D and DG Grade Coals
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Abstract—The industrial production of carbon sorbents from coal is a promising and relevant direction. The
starting material is mainly brown coal, which is characterized by a high yield of volatile substances and low
ash content. Of particular interest to the coal industry is the development of technology for producing sor-
bents from low-grade coals with a large specific surface area, high adsorption activity, and low cost. Existing
methods for producing sorbents from coals that meet such criteria should be based on various thermophysical
principles of influence on the source material. The work investigated one-stage and two-stage methods for
producing sorbents from coal grades D and DG mined in Kuzbass. The one-stage technique consisted of
steam gasification of the starting material in a fluidized bed. The two-stage technique was based on prelimi-
nary decarbonization in a muffle furnace followed by activation with superheated water vapor in a fluidized
bed. As a result of experimental studies, samples of carbon sorbents were obtained from coals of low meta-
morphism. Analysis of textural characteristics showed that the specific surface area of the sorbents is up to
250 m?/g and adsorption activity up to 100 mg/g. It has been established that the composition of the mineral
mass of the original coals significantly affects the adsorption activity of the resulting sorbents. Estimates show
that the higher the ash basicity index, the higher the adsorption activity of the resulting carbon sorbent. With
a one-stage method for producing sorbents from coal grades D and DG in a fluidized bed, a fairly high spe-
cific surface area is achieved with a relatively low adsorption activity in comparison with a two-stage method.

Keywords: thermal coal, steam gasification, textural characteristics, specific surface area, adsorption activity,
sorbent, mineral mass, ash basicity index
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IIpemnoxeHa cucTemMa ypaBHeHHI, KOTOpas BKII04aeT (GyHKIIMH, OMMCHIBAIOIIME CBOICTBA HA JIMHUM Ha-
ChIlIEeHMs (IaBeHUe, ITNIOTHOCTD Iapa 1 XXUAKOCTH, IPOU3BOIHYIO OT JaBJIE€HUS HACBIIIIEHHOIO I1apa, Tel-
JIOTY ITapoo0Opa3oBaHys U Ap.). DTa CUcTeMa YIOBIETBOPSIET TPEOOBAHUSIM TEOPUH PEHOPMAIN3aIMOHHOMN
rpynmsl. Monejb JUHUU HACHILIEHUSI, BXOASIAasi B CUCTEMY YpaBHEHUI, B OKPECTHOCTU KPUTUYECKON
TOYKU coIiacyeTcs ¢ runore3oit SInra — fura. [l ormmcaHusI IIIOTHOCTH HACBIIIIEHHOTO I1apa IIpuBJIeye-
Ho ypaBHeHue Kunaneiipona — Kitaysuyca. I[Ipu mocTpoeHnr cUCTEMBI YPaBHEHMI UCIIOJIb30BaHbI KOM-
IUIEKCHI, KOTOPBIE XapaKTepU3yIOT ITOBEACHNE CPEIHEeTro UuaMeTpa JIMHUM HACHIIeHUsI. 3HaYeHUST KOM-
TJIEKCOB BEIOPAHBI B COOTBETCTBUM C peKoMeHaauussMu Wang u ap. 111 aCUMMETPUYHBIX cucTeM. B paMkax
MIpeMIOXEHHO Moaear IMHUM (a30BOTr0 paBHOBECHS BOABI NCITOJIb30BaHbI KpUTUUECKIE MHIECKCHI, pac-
CUMTaHHbIE HA OCHOBE METOMIOB MacCIITaOHOI TeOpur KpUTUYeCKoii ToukU. C MOMOIIbIO CUCTEMBI YpaBHe-
HUI ITOJTyYeHbI YMCJICHHBIC 3HAYeHMSI IT0Ka3aTeieil CBOMCTB BOAEI B AAaIla30He OT TeMIIepaTyphl B TPOMHOI
TOUKE 10 KPUTUYECKOU TemIieparypbl. HeornpeneaeHHOCTh yKa3aHHbBIX 3HAYEHUI YIOBJIETBOPUTEIBHO CO-
IIaCyeTcsl C HEONpeaeICHHOCThIO COOTBETCTBYIOIINX TaHHBIX O CBOIMCTBAX, paccunMTaHHEBIX Wagner 1 Pruss
B Auaria30He OT TeMIIEPaTypPhl TPOMHOMN TOUKM 10 KPUTUYECKOU TeMIIepaTyphl, U U3BECTHBIX OMBITHBIX TaH-
HEIX. [IpoBemeHo cpaBHEHME pPa3IMIHBIX MOAC/ICH TMHUN HACHIIIICHUS 1 JIMHUM yIIpyrocTtu. [loka3aHo, 4To
MpeIIoXeHHasl CUCTeMa YpaBHEHUI ¢ MEHbIIIe HeonpeneJeHHOCThIO NepeaaeT NUMEIOLIYIOCs dKCIIepr-
MEHTAJIbHYIO0 MH(POPMAIIIO O PABHOBECHBIX CBOMCTBAX BOObI, YeM M3BeCTHBIC Monean. [Ipencrasisger uH-
Tepec MHdOopMals 0 TMaMeTpe, KOTOPhIA pacCUMTaH Ha OCHOBE CUCTEMbI YpaBHEHUI B IIIMPOKOM MHTEP-
Bajie OTHOCUTEILHBIX TEMIIepaTyp, BKIIOUAsI OKPECTHOCTh KPUTUUIECKOIM TOuKM. OOCyKIaeTcs IIOBeIeHIe
cpeaHero nmaMeTpa, pacCYUTaHHOTO B paMKaX pa3JIMUHbIX MOJesIei, BOJIM3U TPOMHOM TOUKMU.

Katouegnie crosa: Boja, NaBjieHre HACBILLIEHHOTO Tapa, JUHUS HACBIIIEHUS, CPENHUMN AuaMeTp, ypaBHEHUE
Kianeiipona — Kiay3uyca, KpuTudeckne MHIOSKCHI, TPOMHAs TOYKA, KPUTUUECKHUE ITapaMeTphbl, IUIOT-
HocTb, IAPWS-1F97
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The Vapor—Liquid Phase Equilibrium Line for Water within the Framework
of the Renormalization Group Theory

S. V. Rykov# *, 1. V. Kudryavtseva“, V. A. Rykov*, V. F. Ochkov®, and E. E. Ustyuzhanin®
4 ITMO University, St. Petersburg, 197101 Russia
b National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: togg | @yandex.ru

Abstract—The article proposes an equation system that includes functions describing the properties at the
saturation line (pressure and density of vapor and liquid, saturated vapor pressure derivative, heat of vapor-
ization, etc.). This system satisfies the requirements of the renormalization group theory. The saturation line
model included in the equation system is in consistency with the Yang—Yang hypothesis in the critical point
neighborhood. For describing the saturated vapor density, the Clausius—Clapeyron equation is involved. In
writing the equation system, complexes characterizing the saturation line mean diameter behavior were used.
The values of the complexes were selected in accordance with the recommendations suggested by Wang et al.
for asymmetrical systems. Within the framework of the proposed water phase equilibrium line model, the
critical indices were used, which were calculated on the basis of the critical point scale theory methods. Using
the equation system, numerical values of the water property indicators are obtained in the range from the tri-
ple point temperature to the critical temperature. The uncertainty of the above-mentioned values is in satis-
factory agreement with the uncertainty of the corresponding data on the properties calculated by Wagner and
Pruss in the range from the triple point temperature to the critical temperature and the known experimental
data. Various models of the saturation line and elasticity curve are compared with each other. It is shown that
the proposed equation system conveys the available experimental information on the equilibrium water prop-
erties with a smaller uncertainty than the known models do. The information on the diameter calculated on
the basis of the equation system in a wide interval of relative temperatures, including the critical point neigh-
borhood, is of interest. The behavior of the mean diameter calculated near the triple point within the frame-
work of different models is discussed.

Keywords: water, saturated vapor pressure, saturation line, mean diameter, Clausius—Clapeyron equation,
critical indices, triple point, critical parameters, density, IAPWS-1F97



TEIVIOPHEPITETHKA, 2024, Ne 3, c. 85—101

TEILJIO- 1 MACCOOBMEH,

CBONCTBA PABOYUX TEJ 1 MATEPUAJIOB

BOJOPOJAKKYMYJINPYIOIIIME MATEPHAJIBI HA OCHOBE CILIABOB
TUTAHA C XEJE30M (OB30P)!

© 2024 r. M. B. JIorouxuii~ >, M. B. JIasunc?, B. H. ®okun“, D. D. ®okuna®, b. I1. Tapacos® < ¢ *

YPedepanbublil Uccae008amMenbCKuil UeHmMp npooaem Xumuueckoll uszuxu u meouyurckoi xumuu PAH,
npocn. Axademura Cemenosa, 0. 1, e. Yeproeonoska, Mockosckas 06a., 142432 Poccus
bHySA Systems Centre of Competence, University of the Western Cape, Robert Sobukwe Rd., Bellville, 7535 South Africa
¢ HayuoHanwvHblil uccaedogamensckuii yHusepcumem “Boicuias wikona skoHomuxu”,
Macnuyrkas ya., 0. 20, Mockea, 101000 Poccus
4 Mockosckuii eocydapcmeennsiii ynugepcumem um. M.B. Jlomonosa,
Jlenunckue eopet, 0. 1, Mockea, 119991 Poccus
*e-mail: tarasov@icp.ac.ru

IToctynuna B penakuuio 16.08.2023 r.
Tlocne nopa6orku 26.09.2023 1.
IMpuHsTa K my6aukauuu 27.09.2023 1.

Pa3zpaboTka KOMIIaKTHBIX, 6€301acHbIX U 3(h(HEKTUBHBIX METOIOB XpaHEHUSI BOAOPO/A SIBJISIETCS OMHOM 13
KJIIOUEBbIX MPOOJIEM BOAOPONHOI 3HepreTuku. Mcrnonb3yeMbie B HACTOsI1ee BpeMsI TEXHOJIOTUM XpPaHEHUSI
BOIOPO/Ia B BUJIE CXKATOTO ra3a Wil KpUOTEHHOM KMAKOCTU TPEOYIOT 3HAUUTEIbHBIX KATUTAIOBIOXEHU
U PAcXoIOB Ha 00CTY>KMBaHWE KOMITPECCOPHOTO U KPMOTEHHOTO 000PYA0BaHMSI, XapaKTePU3YIOTCS BbICO-
KMMM dHepro3zaTparamu, Mpy UX peain3aliui HEOOXOAMMBbI 0COObIe MEpbI TT0 00eCIeYeHUI0 Oe30I1acHO-
CTH, a TaKXKe TIPUMEHEHNE BOJIOPOTHO-HENTPaIbHBIX KOHCTPYKIIMOHHBIX MaTepuaioB. [lepcreKTUBHBIM
MyTEM pelLIeHUs yKa3aHHbBIX MPOOJIEM JJIs1 CPpEeAHEMACIITAOHBIX CUCTEM XpAaHEHUS SIBJISIETCSI UCTIOJIb30Ba-
HY€ METAJJIOTUAPHIOB, 00eCIIeYnBaIOIINX HaubojIee MPOCTOe B UCTIOJTHEHUU, KOMITAKTHOE U 6e30I1acHoe,
110 CPAaBHEHMUIO C TPAAULIMOHHBIMUA METOAAMU, XpaHeHUe Bonopoaa. OnHaKo BbICOKAast CTOMMOCTb TMIPU-
I1000pa3yIolIMX MaTepUasIoB CIEPKUBAET peasiu3alinio JaHHOTO roaxoaa. [I[pyuMeHeHue criaBoB Ha OCHO-
Be nHTepMeTanaa TiFe mo3BoJiniio 661 CHU3UTB pacXodbl HA METAJJIOTUAPUIHOE XpaHEHUE Bogopoaa 60-
Jiee 9eM B 5 pa3. OT0 00CTOSATEILCTBO SBJISICTCS IPUIMHON pacTyIIero MHTepeca CIeluaJrucToB B 00J1acT
BOJIOPOJHBIX SHEPIOTEXHOJOTUI K BOAOPO aKKyMYJIMPYIOIIMM MaTeprajlaM Ha OCHOBE CITJIaBOB TUTaHa C
XKeje30M. XOTs CMCTeMBI Bogopoa ¢ uHTepMmeTainaoM TiFe u ero mpousBomHbIMU n3ydaroTcs 6osee 50 JerT,
B MOCJIEAHUE TOMIbl MOWCK TTyTeii MOBBIIIEHUs] YCTOMYMBOCTH UX BOAOPOACOPOIIMOHHBIX XapaKTEPUCTUK K
OTPAaBJICHUIO KMCJIIOPOACOIePKAIIMMU IIPUMECSIMU B Ta30BOIi U TBepAoM pazax mpuoodpes1 0coOyIo akTy-
aJlbHOCTh. B HacTosIelt craThbe IPUBOAUTCS 0030p MCCIIeNOBAaHUI U pa3pabOTOK, HANpaBJIEHHBIX Ha
MoJydyeHue, uCCae0OBaHUE CBOMCTB 1 MIPUMEHEHME CIIJIABOB TUTAHA C XKEJIE30M C YIYYIIEHHBIMU BOJIO-
POICOPOLIMOHHBIMU XapakTepucTukaMu. [IpoBeneH aHanu3 IaHHBIX, NIPEACTABIEHHBIX B HAYYHOU J1-
Teparype, chopMyIUPOBaHBI TOAXOIbI K pa3padboTKe BEICOKOA(M®MEKTUBHBIX TUAPUI000pa3yIOIINX MaTe -
puajioB Ha 6a3e nHTepMeTauuaa TiFe u cucteM xpaHeHUsT BOOOPOIa Ha UX OCHOBE.

Knrouesoie crosa: BOOOPOAHAA SHEPIreTUKaA, BOOOPOJHOC MaTCprnaJlOBEACHUE, XpaHEHUE BoAOpoda, TMApH-
Obl METAJIJIOB, CIIJIaBbl TUTAHA C XKEJIE€30M, MHTCPMECTAJLJINDBI, BO,[[OpOI[COp6L[I/IOHHI)I€ CBOfICTBa, METaJllIo-
TUAPUIHBIC TCXHOJIOTNU
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Hydrogen-Accumulating Materials Based on Titanium and Iron Alloys (Review)
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b HySA Systems Center of Competence, University of the Western Cape, Bellville, 7535 South Africa
¢ National Research University Higher School of Economics, Moscow, 101000 Russia
4 Moscow State University, Moscow, 119991 Russia
*e-mail: tarasov@icp.ac.ru

Abstract—The development of compact, safe, and efficient methods for storing hydrogen is one of the key
problems of hydrogen energy. Currently used technologies for storing hydrogen in the form of compressed gas
or cryogenic liquid require significant capital investments and maintenance costs for compressor and cryo-
genic equipment, are characterized by high energy costs, and their implementation requires special safety
measures as well as the use of hydrogen-neutral structural materials. A promising way to solve these problems
for medium-scale storage systems is the use of metal hydrides, which provide the simplest, most compact,
and safe hydrogen storage compared to traditional methods. However, the high cost of hydride-forming ma-
terials hinders the implementation of this approach. The use of alloys based on the TiFe intermetallic com-
pound would reduce the costs of metal hydride hydrogen storage by more than five times. This circumstance
is the reason for the growing interest of specialists in the field of hydrogen energy technologies in hydrogen-
storage materials based on titanium-iron alloys. Although hydrogen systems with the TiFe intermetallic com-
pound and its derivatives have been studied for more than 50 years, the search for ways to increase the resis-
tance of their hydrogen sorption characteristics to poisoning by oxygen-containing impurities in the gas and
solid phases has become particularly relevant in recent years. This article provides an overview of research and
development aimed at obtaining, studying the properties, and using titanium-iron alloys with improved hy-
drogen sorption characteristics. An analysis of the data presented in the scientific literature is presented, and
approaches to the development of highly efficient hydride-forming materials based on the TiFe intermetallic
compound and hydrogen-storage systems based on them are formulated.

Keywords: hydrogen energy, hydrogen materials science, hydrogen storage, metal hydrides, titanium-iron
alloys, intermetallic compounds, hydrogen sorption properties, metal hydride technologies
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HccnenoBanbl aHMOHOAE(ULUTHBIE CTPYKTYPBI Ha OCHOBE St sBa sCo;_, Fe O3_g, cuHTE3upOBaHHbIE U3
pacIUIaBa B IOTOKE KOHLIEHTPUPOBAHHOTO COMHEUHOTO U3JIy4eHUsI INIOTHOCThIo 100—200 Br/cM?2, cosnaH-
Horo B 6oblioii conmHeuyHoil neun (BCII). bpukers! B Buie Tab1eTOK, M3rOTOBJIEHHbIE HA OCHOBE CTEXMO-
METpUYECKOit cMecu KapOoHaToB U okcuaoB MeTaiuioB (SrCO; + BaCO; + Co,0; + Fe,0;3), pacmiasius-
JIUCh HAa BOJOOXJIaXKIaeMOM IIaBUJIbHOM arperare B ¢hokanbHoit 3o0He BCII. Karnnu pacnnaBa crekanu B
BOLY B Tape, HaxomuBIeiics Ha 40 cM HIKe IJIaBUJILHOTO arperara. Takue yCcaoBHUsI CITOCOOCTBOBAIM OXJIa-
KIEHUIO paciuiaBa co ckopoctbio 103 K/c. OTIMBKY U3METbUATH 1O TOHUHBI ITOMOJIA 63 MKM, CYLLIMIN IPU
673 K 1 13 1TOJTly4eHHOTO MTOPOoIIIKa METOIOM MOJIYCyX0ro rnpeccoBanus (rpu gasieHuun 100 MITa) popmo-
Basin 00pa3upbl B Buje TabaeTok nuamerpoM 20 MM U BbicoToii 10 MM. TabieTKu crieKayiv B BO3AYLIHOM cpe-
ne nipu temneparype 1050—1250°C. bbutn M3ydeHbl CTPYKTYpa, BOAOIIOIIOLIEHHE, a TAKKE DJIEKTPUUYECKUE
CBOI1CTBa rOTOBBIX 00pa3ioB. Kpucraminyeckas penieTka MaTepraia uMesa CTpyKTypy EpOBCKUTA C Ta-

paMeTpoM 3jIeMeHTapHOoM sueliku a = 4.04 % 10710 M npocTpaHCTBeHHOH rpymnbel Pm3m. O61acts romo-
TEHHOCTU cOCTaBoB St sBa, sCo,_ Fe O;_5 coorBercTBOBaa uHTEpBaly x = [0; 0.7], rae x — KOJIMYECTBO
3JIEMEHTA, BBOIMMOIO B3aMeH OCHOBHOro. Hambosiee ONTUMaIbHBIM IO CTaOMIBHOCTU CTPYKTYPBI U
CBOICTB OBLI cocTaB Sty sBaj sCoq gFeg 20, 75. CpenHmnii pasMep KpUCTAJUIUTOB MOJyYEHHBIX MaTEpUAaIOB
paBeH 30—40 MkM. 3epHa MIPEUMYIIIECTBEHHO UMEIOT (hopMy CHEPOIUTOB U UCKPUBIEHHBIX LIWJIMHIPOB.
OO6pas31pl MaTepraa NoKa3aiu BICOKYIO CTOMKOCTD K BO3AEICTBUIO MApOB BOJbl. 3HAYEHUS CTPYKTYPHBIX
TapaMeTpOB CBUAETENBCTBYIOT O TOM, YTO MaTepuan u3 St sBay sCoq gFeg ,0, 73 MOXET OBITh UCTIOTIB30BaH
B Ka4eCTBe KaTaJIn3aTopa MPU TreHepalyuy BOLOPOAa U CUHTE3-ra3a MOCPENCTBOM pU(GOPMUHTa U OKUCIIE-
HUSA METaHa.

Knrouesbvie croea: conHeuHas 1eub, CHHTE3 U3 pacijlaBa, KOHIIEHTPUPOBAHHbIN IMOTOK, FeHepalvsi BOOIOPO-
Ila, KaTaJu3aTop, CAHTE3-Ta3, IePOBCKUTHBIEC KAaTATUTUIECKHE CTPYKTYPhI
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Studying the Possibility of Applying Barium-Strontium Cobaltite in Hydrogen Energy
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Abstract—Anion-deficient structures based on Sy, sBa, sCo,_,Fe O;_5 synthesized from a melt in a stream
of concentrated solar radiation with a density of 100—200 W/cm? created in a large solar furnace (LSF) were
studied. Briquettes in the form of tablets made on the basis of a stoichiometric mixture of carbonates and met-
al oxides (SrCO; + BaCO; + Co0,0; + Fe,03) were melted in a water-cooled melting unit in the LSF focal
zone. Drops of the melt flowed into the water in a container located 40 cm below the melting unit. Such con-
ditions contributed to the cooling of the melt at a rate of 103 C/s. The castings were ground to a grinding fine-
ness of 63 microns, dried at 673 K, and samples were molded from the resulting powder using semidry press-
ing (at a pressure of 100 MPa) in the form of tablets with a diameter of 20 mm and a height of 10 mm. The
tablets were sintered in air at a temperature of 1050—1250°C. The structure, water absorption, and electrical
properties of the finished samples were studied. The crystal lattice of the material had a perovskite structure
with a unit cell parameter A = 4.04 x 10~ m of space group Pm3m. The area of homogeneity of compositions
Sty sBay sCo,_, Fe, O;5_s corresponded to the interval x = [0; 0.7], where x is the amount of element intro-
duced instead of the main one. The most optimal composition in terms of stability of structure and properties
was Sty sBa sCo sFeg ,0, 75. The average crystallite size of the obtained materials is 30—40 um. The grains
are predominantly in the form of spherulites and curved cylinders. Samples of the material showed high re-
sistance to water vapor. The values of structural parameters indicate that the material made from
Sty sBag sCoq sFeg ,0, 75 can be used as a catalyst in the generation of hydrogen and synthesis gas through re-
forming and oxidation of methane.

Keywords: solar oven, melt synthesis, concentrated flow, hydrogen generation, catalyst, synthesis gas, per-
ovskite catalytic structures
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BBIIJISIIETD TaK:

Puc. 5. [ToTtok ucnapeHus 1 oxJIaxIeHre MOBEPXHOCTU BoAssHOro oobeMa (p = 0.1 MI1a).
1 — pe3ynbTarhl pacyeTa IMOoTOKa McnapeHust; 2 — OXJIaKIeHUEe TTOBEPXHOCTH; 3 — 3KCIIepUMEHTaIbHbIC TaHHbIE
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