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NMHCTUTYTY DHEPTOD®PEKTUBHOCTH
N BOAOPOAHbIX TEXHOJIOTUN HNY MBU — 70 JIET

NHCTUTYT DHEPTOOPPEKTUBHOCTHAU
1 BOAOPOJHBIX TEXHOJOTUN HUY MDU:
N3 ITPOHLIOIO YEPE3 HACTOAIIEE B BYAYIIIEE

DOI: 10.56304/S0040363623100119

B 2023 r. Uuactutyty 5Hepro3d@deKTUBHOCTH U
BOJIOPOIHBIX TexHosoruii HalmoHanbHOTO MCClIeno-
BaTeabcKoro yHusepcuteta MOU ncnomusiercst 70 et!

DakynbTeT MPOMBIIUICHHON TEII03HEPTeTUKU
(BriocnenctBur MHCTUTYT po0IeM 3HEepPreTUIeCKOMn
a¢ddexTUBHOCTH U, HaKOHell, MHCTUTYT 3Heproad-
(GEKTUBHOCTH M BOOOPOMHBIX TEXHOJIOTHIA) OBIII 00-
pa3zoBaH B 1953 1. o UHUIIMATUBE TPYIIbI BbIAAIO-
IMXCAd YYCHBIX-TCIIVIOOHEPIETUKOB 1104 PYKOBOI-
ctBoM I1.JI. JleGeneBa, KOTOpPBIA CTal €ro MepBBIM
JnekaHoM. Ot1o 0bu1 epBhiit B CCCP (akynbTeT Ipo-
MBIIUIEHHOM TEIJIOSHEPIreTUKM, €r0 COTPYIHUKU U
CTYIEHTBI BHECJIM OOJILILION BKJIaJ B CTAHOBJICHUE U
pa3BUTHE SHEPTETUKU U HAYKU HaIlleil CTpaHbI.

HMcTopuio MHCTUTYTa NMUCAIM BbIOAIOIIUECS YUe-
HbIe C MUPOBBIM MMEHEM, UCCIeTOBAHUSI KOTOPBIX
JIETJIX B OCHOBY CO3[aHUSI HAYKOEMKOTO TEILIO9HEP-
reTUYEeCKOTO0 O0OpyIOBaHUsI, pelIeHUs TpodiiemM
aHeprocoOepexkeHusi, pecypcocoepekeHrsl U OXpaHbl
okpyxartoliei cpeapl. CJI0XHO B paMKax OJHOTO KO-
pPOTKOro Matepuaja repeyrcianuTb BCeX TaTaHTIMBbIX
YYEHBIX, Bellb B pa3Hble rofbl B cteHax MHcTUTyTa
paboTanu:

* cosziare/ib HayYHO! IIKOJIbI MO TeIUIopUKaluu 1
LIeHTpaI30BaHHOMY TermtocHabxeHuto E.f1. CokoioB;

* co3jaTesib HAyYHOI IIKOJBI IO IpodiaeMam
MPUCTEHHOUW TYpOYJIEHTHOCTU U BO30OHOBISIEMBIX
WCTOYHUKOB 3Hepruu B.I1. MoTtyneBuy;

* YYEeHBIN-TeIUIO(MU3UK, CTABIIWN NPU KU3HU
KJJACCUKOM TEOpUU TEIUIOOOMEHa, OCHOBOIIOJIOX-
HUK HOBOTO HayYHOIO HallpaBJeHUS B 00JaCTU U3y~
YeHUs HEpaBHOBECHBIX 3(D(HEKTOB HA IpaHUIIE pa3-
nena ripu ¢azoBbix nepexonax [.A. JIaGyHII0B;

* CIIELMAJIUCT MO MpobiieMaM TEPMOJAUHAMUKU U
KPUOTE€HHOMN TEXHUKM, KIIACCUK TEOPUU IKCEPreTH-
yeckoro aHanu3a B.M. bponsiHckui;

* YYEHbI-XMMUK, OJHUM M3 MEPBBIX OTKPHIB-
LU TIePCIIEKTUBBI UCITOJIb30BAHUS TOTLIMBHBIX DJie-
MEHTOB, KPYIMHEUIIINI CrIelIMaJIuCT B 00JaCTH IIEK-
Tpoxumuueckoit sHepretuku H.B. KopoBuH;

* YUYEHBIN-TEIUIOTEXHUK, OCHOBATEe/Ib HAyUYHO-
MeJarornyeckKoii IKoJbl B 00JaCTU MHTEHCUBHOTO
sHeprocbepexeHmns B TeruioTexHomornn A JI. Kirou-

HUKOB, BO3IVIABJISBIIMIA (DaKyJbTET HA MTPOTIKEHUU
24 net (c 1966 o 1989 1.).

Vyennie MHCTHTYTA 3HEProadOEKTUBHOCTA WU
BOIOPOIHBIX TEXHOJIOTHIA BKITFOUEHBI B MUPOBYIO MC-
ClIeI0BaTEIbCKYIO0 MOBeCTKY. OHU SBJISIIOTCSI TOCTO-
SHHBIMM YYaCTHUKaMU HaubOoJyiee 3HAYMMBIX TTPO-
GUNBbHBIX HAYYHO-TEXHWYECKMX KOHMEepeHLUil, ux
paboThl NyOJIMKYIOTCS B BEAYIIUX OTEYECTBEHHBIX U
MUMPOBBIX PELEH3UPYEMbBIX XXypHalax.

Pa3BuTre Haykn M TeXHUKHU, BHEIIHUE U BHYT-
PEHHUE BbI3OBbI, CMCHAIOIIMECA TEXHOJIOTUYECKHNE
YKJIaabl IPUBOANIIN K BOSBHUKHOBCHUIO 1 Pa3BUTUIO
HOBBIX HaHpaBﬂeHl/Iﬁ aKTYyaJIbHBIX VICCHCILOBaHI/lﬁ B
00J1aCTU MPOMBILIVICHHON Terio3HepreTuku. Beaen
3a 3TUMU U3MEHEHUSIMU MEHSUIach U CTpyKTypa MH-
CTUTYTA, ceifuac B €ro COCTaB BXOIST CTapeiIlne Ka-
denpbl, KOTOpbIE Pa3BUBAJIUCh BMECTE C Pa3BUTHUEM
KJTFOUEBBIX HAIlpaBJICHUM HAayKW M TEeXHUKU (IIpO-
MBILUIEHHBIX TeTIOOHEPIeTUYECKNX CUCTEM, TETLI0-
MacCOOOMEHHBIX MPOIIECCOB M YCTAHOBOK, XMUMUU 1
2JIEKTPOXUMMYECKOM SHEPreTUKM), 1 HoBasl Kadem-
pa, co3naHue KOTOPOii IIPOANKTOBAHO COBPEMEHHbI-
MU BbI30BaMU, CTOSIIIIUMMU TIeped SHEPTETUKOMN (MH-
HOBAILIMOHHBIX TEXHOJIOTUH HAYKOEMKUX OTpacJieii),
a Takke HayuHblii ieHTp “M3HOCOCTOMKOCTE”. Cpe-
IW TIepPCIIEKTUBHBIX HAaIllpaBJIeHU HCCeqOBaHU
MOXHO BbIJICJIUTD CIEAYIOIINE:

SJIEKTPOXUMUYECKAsT DHEpPreTuka (JEKTPOJIU3
BO/Ibl, TOTJIMBHBIE 3JIEMEHTHI, TUTUN-UOHHBIC XUMU -
YyecKre UICTOYHUKU TOKa);

nudpoBU3anus TeIJIOCHAOKeHUsT (MHPOpMAaIIn-
OHHO-aHAJIUTUYECKUE CHUCTEMBbI IJISI DHEPTOTEXHO-
JIOTMYECKUX KOMILUIEKCOB U TOPOJCKOTO X03511CTBA);

CUCTEMBbI 9HEeprooodecneueHus 31aHNI C HYJIEBBIM
VIJIEPOOHBIM CJIEIOM M TIPOMUIIMTHBIM >Heproda-
JIJaHCOM (aKTUBHbBIE TOTPEOUTENN);

pa3paboTKa W UCCIEOOBAHUE TEXHOJIOTUHA TTOJIy-
YEeHUS BONOPOJA U3 YIJIIEBOOOPOOHBIX TOTIJIUB U UC-
MOJB30BAHUS €T0 B MTPOU3BOACTBEHHBIX IPOLIECCAX
MPOMBIILLIEHHBIX MTPEANPUITUI U S9HEPIETUKE;

pa3paboTKa BEICOKO3((EKTUBHBIX 9KOJIOTUYECKU
6e30ITaCHBIX SHEPTOYCTAHOBOK CO CHUXKEHHBIMU BbI-
6pocaMy MapHUKOBBIX Fa30B B OKPYKAIOILYIO CPEy;



6 MHCTUTYT DBHEPTOD®®EKTUBHOCTU U BOJIOPOIHBIX TEXHOJIOTUM HUY MBU

W3MEHEeHWEe KJIMMaTa W ToOajdbHBIe MPOOIeMBbI
SHEPreTUKU;

pa3paboTKa M BHEApEeHHE MHHOBAIIMOHHBIX TEX-
HOJIOTUI HAHOYPOBHEBOM MomUMPUKAITM (HYHKIINO-
HaJIBHBIX TIOBEPXHOCTEIA.

Ha npotsckenun cBoeii ucropunt MHCTUTYT TECHO
COTPYAHHUYAET C KIIOYEBBIMU HPEOIPUATUSIMU SHEP-
TETUKH, YHEProMalllMHOCTPOUTEIbHBIMU KOMITAHM-
SIMM, HAy4YHO-MCCJIEIOBATEIbCKMMU WHCTUTYTaMMU,
OTpacJIeBBIMU OOBEIMHEHUSIMU U BEAYIIMMU 3apy-
O€XHBIMM M OTEYECTBEHHBIMU YHMBEPCHUTETAMM.
Cerogns B MHcTUTYyTe padoraror akageMuk PAH,
naypeatbl Tipemuu IlpaBurenbctBa Poccuiickoii
Ddepepanyu B 00JIaCTM HAYKM Y TEXHUKU IS MOJIO-
JIBIX YUEHBIX, JOKTOPa M KAHAUAATHI HAyK, HEIIPEPHIBHO
OCYILIECTBJISIETCS TTOATOTOBKA MOJIOOBIX MCCieIOBaTe-
JIelt Mo MEePCIIEKTUBHBIM HayYHBIM HaIlpaBJICHUSIM.

Pe3ynbraThl McciaenoBaHU peryIsipHO ITyOJIUKY-
I0TCSI Ha cTpaHuLax XypHaja “TeruiosHepreTuka”. B
3TOT HOMEP TakKxKe BOILIUIA CTaTbU, HAITMCAHHBIE CO-
tpynHukamu MO BT, uro moaTBepKaaeT 3HAYMMOCTh
M aKTyaJIbHOCTh IIPOBOJIMMEBIX UMY MCCJICAOBAHUIA.

Mmuorue corpynauku UDBT ymocToeHBI TOCymap-
CTBEHHbBIX 1 BEIOMCTBEHHBIX Harpasmi 3a JOCTVKEHUS
B 00J1aCcTH 0Opa3oBaHus 1 HayKuU. YeTBepo IMTaTHBIX
coTpynHuKoB MHCTUTYTA B pa3HOE BpeMsl ObUIU U3-
Opanel uineHamMu PAH: 3BaHMe 4YJeHOB-KOppe-
CIIOHAEHTOB AkaaemMuu mnojgyuunau B.A. I'puro-
pbeB, E.B. AMeTUCTOB, JeiCTBUTEIbHBIMU YjIeHA-
mu PAH ctanu A.B. Knumenko u B.B. KaiumeHko.
TecHas B3auMOCBsI3b 0Opa3oBaHUS U HayKu, Oe-
pexXHoe OTHOIIEeHMEe K TpaaulusIM M UCIOIb30Ba-
HUE COBPEMEHHBIX TEXHOJIOTMII — OCHOBA YCIIEIITHO-
ro pazpurus UOBT.

HMckpenHe mo3gpasisiio KOJUIEKTHMB MHcTHTyTa
9HEePro3PeKTUBHOCTA U BOOOPOIHBIX TEXHOJIOTUMA
¢ 70-netaum 1o6mneem! CnaBHBIE TPAIUIIMK, HOBBIC
UIEW U CAMOOTBEPXKEHHBIN TPYH TO3BOJISIT BHECTU
CYLIIECTBEHHBbIA BKJIaJ B PAa3BUTUE DHEPreTUKU Ha-
el cTpaHbl, HAYyKM, UHHOBALIUii U 0Opa3oBaHUSI.
Kenaro npolBeTaHUsI, HOBBIX UASH U CBEePILICHUIA!

Hupexmop Uncmumyma snepeosgpgexmusnocmu
U 6000POOHBIX MEXHON02ULL,
Kandudam mexu. Hayk, douenm HU.A. Illepbamos

TEINNIOOHEPTETUKA  Ne 10 2023
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NHCTUTYTY DHEPTOO®O®EKTUBHOCTU

© 2023 r.

1 BOJIOPOJHBIX TEXHOJIOTUI HUY MDH — 70 JET

NCCIEAJOBAHUME TEIUVIOTUAPABJIMYECKHUX ITPOLIECCOB
B OXVTIAXKJAIOIINX KAHAJIAX JIOITATKH
BBICOKOTEMIIEPATYPHON YIJIEKMCJIOTHOW TYPEUHBI!

¢ HayuonanwHotii uccaedosamenvckuii yuugepcumem “Mockosckuii sHepeemuueckuil uncmumym”,
Kpacuoxazapmennas ya., 0. 14, Mockea, 111250 Poccus
*e-mail: pavel.bryzgunov@gmail.com
IToctynuna B penakumio 31.01.2023 r.

ITocne nopadortku 17.04.2023 1.
[MpuHsaTa k nyonukauuu 27.04.2023 r.

IMpuBoaATCS pe3yabTaThl YUCIECHHBIX U 9KCTIEPUMEHTATbHBIX UCCIIEIOBAHWMN TETLTOTMAPABINIECKUX TTPO-
LIECCOB B OXJIaXAAIOIIMX KaHajax JOIMaTKM YIiIeKMCIOTHOI razoBoii TypOuHsl. [1o pesynbratam o630pa
KOHCTPYKTUBHBIX PEIIEHUI W TOITOJOTUI OXJIaXkKIaeMBbIX JIOITATOK Ta30BBIX TYpPOWH TPEmIOXKeHBI KOH-
CTPYKILIMS OXJIAKAAIOIINX KAaHAIOB, KOTOpasl BKJIIOYAET B ce0sl paaualibHble KaHAJIbl KPYTJIOTO CEYeHUS IS
BXOIHOW KPOMKWM JIOMIATKW W IIeJieBble KaHaJIbl ¢ MHTEHCU(UKATOPpAMU TeIJIOOOMEeHa IJIST BBIXOTHOM
KPOMKH TIepa JIONATKM, a TAaK:Ke reoMeTpruuYecKre apaMmeTpbl caMux KaHajioB. C UCMOJb30BaHUEM MPO-
rpammHoro komriekca ANSYS CFEX Obutn mpoBeaeHbI UCCICA0OBAHUS TEIJIOTUAPABINIECKIX XapaKTe-
PUCTHUK B IIeJIEBOM KaHalle CO IIThIpbKaMU BeepOOOpa3HOro ceueHus B Auana3oHe yuces PeiiHonbaca
Re = 9000—27000, B tTaHHOM nuana3oHe ObLIM TaKXe MPOBEAEHBI 3KCIIEPUMEHTAIbHBIE UCCIIeIOBAHUS
TUAPaBIMYECKUX XapaKTePUCTUK U TeTioooMeHa. OTinuue pe3yabTaToB YMCIEHHOTO UCCIeTOBaHUs OT
SKCIIEPUMEHTAIBHBIX TaHHBIX COCTABWIO MeHee 5% 1o pacXomHoU xapakTtepuctuke u meHee 10% mo
yuciy HyccenbTa, 4To MO3BOJIUIIO CeJaTh BBIBO O MPUEMJIEMOM TOYHOCTH BbIOpAHHBIX HACTPOEK pac-
YeTHOM CETKU 1 Mofeseil TypOyaeHTHOCTH. C UCITOJIb30BaHMEM 3TUX HACTPOESK OBLIIY ITPOBEIEHBI NCCIIe-
JIOBaHMS TEIIOTUAPABIMYECKUX MPOIIECCOB B OXJIAXIAIONIUX KaHalaxX JOMaTOK BbICOKOTEMIEpaTypHOM
VIJIEKACIOTHOM ra30Boi TypOMHEI B Auara3oHe uncel PeitHonpaca Re =20000—100000. ByactHOCTH, ITO-
MMMO I1I€JIEBBIX KAaHAJIOB CO IIThIPbKAMU BEEPOOOPA3HOTO CEYEHMSI [IJIsI OXJIAKASHMST BBIXOMHOU KPOMKU
repa JOTaTK! OBIIIM pacCMOTPEHBI 60Jiee TEXHOJIOTUYHbBIE KaHAJbl ¢ KPYIJIILIMU INThIpbKaMu. s oxia-
JKIEHUST BXOTHOM KPOMKH JIOMIATKY MTPUMEHEHbBI KaK aaKue paaraibHble KaHaIbl, TaK M KaHAJIbI C KOJIb-
LIeBBIM opeOpeHneM. Pe3yabTaThl YMCIEHHOTO UCCIIENOBaHUS MOKa3aJu, YTO UCIOJIb30BaHUE IITHIPHKOB
BeepooOpPa3HOTo ceYeHMsI He 0OecreuuBaeT MPUPOCT TETIOOTAAYU 110 CPABHEHUIO C KPYIJIBIMU, a Oped-
peHHbIe KaHaATBI 3 dekTUBHBI 60Jiee yeM Ha 100% 1o cpaBHEHUIO C TJIaIKUMH.

Karuesvie crosa: Terorvapabindeckas 3hGEKTUBHOCTh, OXJIaXKmaeMas JIolaTka, KPYyIJible IITHIPbKU,
IITBIPHKY BEEPOOOPA3ZHOTO CEUYEHMSI, KOJIblIEBOE OpeObpeHre, MHTEHCU(UKALIMS TETIOOOMeHa

DOI: 10.56304/S0040363623100065

A. H. Poranes?, C. K. Ocunos’, 1. B. IIleBuenko“, I1. A. Bpoisrynos* *, A. H. Berepa“



Investigation of Thermohydraulic Processes in Cooling Channels
of a Blade for a High-Temperature Carbon Dioxide Turbine

A. N. Rogalev’, S. K. Osipov®, 1. V. Shevchenko“, P. A. Bryzgunov* *, and A. N. Vegera“
¢ National Research University Moscow Power Engineering Institute (NRU MPEI), Moscow, 111250 Russia
*e-mail: pavel.bryzgunov@gmail.com

Abstract—Results of numerical and experimental investigations into the thermohydraulic processes in cool-
ing channels of a blade in a carbon dioxide gas turbine are presented. Based on the results of a review of design
solutions and geometry of cooled blades of gas turbines, a design of cooling channels, which includes radial
round channels for the leading edge of the blade and slotted channels with heat-transfer intensifiers for the
trailing edge of the airfoil, and the geometric parameters of the channels proper are proposed. The ANSYS
CFEX software package was used to study thermal and hydraulic characteristics of a slotted channel with fan-
shaped pins in the Reynolds number range of Re = 9000—27000; experimental studies of hydraulic charac-
teristics and heat transfer were also carried out in this range. The difference between the predictions and the
experiment was less than 5% for the flow characteristic and less than 10% for the Nusselt number, thereby
demonstrating adequate accuracy of the selected settings of the computational grid and the turbulence mod-
els. These settings were used to study the thermohydraulic processes in the cooling channels of the blades of
a high-temperature carbon dioxide gas turbine in the Reynolds number range of Re = 20000—100000. In par-
ticular, in addition to slotted channels with fan-shaped pins for cooling the trailing edge of the airfoil, ad-
vanced channels with round pins, which are easier to manufacture, were examined. The leading edge of the
blade is cooled using smooth radial channels or channels with ring fins. The predictions have demonstrated
that the use of fan-shaped pins does not enhance heat transfer compared to round ones, and finned channels
are more than 100% efficient compared to smooth channels.

Keywords: thermohydraulic effectiveness, cooled blade, round pins, fan-shaped pins, ring finning, heat-
transfer enhancement
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CHIXeHHe BBIOPOCOB BPEMHBIX BEIIECTB IPU MPOU3BOACTBE JIEKTPOIHEPTMU HA TEIUIOBBIX 3JIEKTpHYEC-
CKMX CTaHIIUSIX SIBJISIETCS] aKTyaJIbHOI 3a/aueil, peliuTh KOTOPYIO BO3MOXHO ITyTeM Mepexojia Ha IoJTy3a-
KPBIThIE IIMKJIBI C KUCJIOPOTHBIM CXKUTaHMEM TOIUIMBA U YIVIEKUCIOTHBIM paboynM TejioM. OCHOBHOE IIpe-
MMYIIECTBO ITePCIIEKTUBHOI TEXHOJOTUH, 3aKJIIOYaloNIeecss B OTCYTCTBUU OITACHOCTU 00pa30BaHUS TOK-
CUYHBIX BEILIECTB U MPOCTOTE cenapalui U30bITOYHOIO JUOKCUIA YIiepoaa, obecneuynBaeTcs 0arogapsi
CKUTaHMIO YIJIEBOAOPOIOB B KMCIIOPOE BHICOKOI YMCTOTHI. B HacTosiIei paGoTe MpeacTaBieHbl pa3pa-
6oTaHHbIE KOHCTPYKIIUM HOBOTO O0OPYAOBAHUSI SHEPreTUUECKOTO KOMILIEKCA: KUCIOPOIHO-TOILUIMBHOM
KaMephbl CropaHusl, YIJIEKMCIOTHOM OXJlaxkaaeMoil TypOMHBI M BBICOKOTEMIIEPATYPHOTO pereHeparopa.
IIpuBeneHbl pe3yabTaThl MATEMATUYECKOTO MOIEIUPOBAHUS (U3UYECKUX MPOLIECCOB, MPOTEKAIOIIUX B
MPOTOYHOM YacTu TypOouHbl. Oco60e BHUMaHUE yAeACHO pacueTaM KUHETUKY TOPEHUSI METaHOKMUCJIOPO/I -
HOIi cMecH B cpelie U30BITOYHOrO TMOKCUIA YIJIepoaa U YMCIEHHOMY aHaJIU3Y MPOLIECCOB B KUCIOPOIHO-
TOIUIMBHOI KaMepe CrOpaHusI C y4eTOM HEeOOXOIUMOCTH OXJIaXKIEHUSI XKapoBoii TpyObl. OTipenesieHO OITH -
MaJbHOE MacCOBOE COOTHOIIIEHHUE AMOKCHUIA YTIepoaa B CMeCH pa30aBUTeIsI C OKUCauTesIeM paBHoe (0.872,
KOTOpPOE TI03BOJISIET TOOUTHCS HAMMEHBIIIETO Heaoxkora TorinBa. [IpoBeieHO MaTeMaTUYeCcKoe MOJIEITH -
poOBaHME TEMIIEPATYPHOTO COCTOSIHUSI COILIOBOM JIOIATKM IEPBOM CTYNEHU YIJIEKUCIOTHON TYpOUHBI,
MOATBEPAMBIIEE BO3MOXHOCTb 00€CIIEUUTh JOCTATOYHYIO CTEIIEHh PABHOMEPHOCTH TEMIIEPATYPHOTIO I1OJISI
6J1arogaps BBIIOJIHEHUIO MHOXKECTBA OXJIAXKIaeMbIX KAHAJIOB MaJIOTO paanyca BOJIU3U HAPYKHOM MOBEPX-
Hoctu npoduis. [TpemioxkeHo HECKOIBKO KOHGUIYpaLMii IOBEPXHOCTEH TeIIo0OMeHa IS TJIaCTUHYA-
TOTrO pereHepaTopa KMCJI0POIHO-TOILUIMBHOM 3HEProycTaHOBKU. Mcroib30Balnch TypOyInM3aTophl HOTOKA
LWJIMHAPUYECKHE U C a3POAMHAMUYECKUM NpoduieM IJIABHUKOBOTO BUIA, a TAKXe 00a BapyaHTa UX UC-
noysiHeHust ¢ peopamu. CoracHO pe3ylabTaTaM MaTeMaTUYEeCKOTO MOAEIMPOBAHUS, HAUOOJIbIICH TEIIO-
ruapaBIndeckoii 3(pHeKTUBHOCTHIO U3 BCEX PACCMOTPEHHBIX KaHAJIOB Mpu uyuciaax PeiiHonbaca no 78000
001a1a10T KaHaJlbl, CHaOXXEeHHBIEe TypOyJn3aTopaMu ¢ peOpamu, a TIpy 00JabIIKMX 3HaYeHUSIX Re — KaHabl
¢ TypOyJn3aTopamu 6e3 pedep.

Karoueswvie crosa: aneproddbEKTUBHOCTD, TMOKCHI YTJIEpOna, TEPMOAMHAMUYECKU I ITUKIT, BBICOKOTEMIIE-
patypHoe 060pynoBaHUe, YIJIEKUCIOTHAS TYpOrHa, KaMepa CropaHust
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Development and Investigation
of the Advanced Oxy-Fuel Power Plants Equipment Preliminary Design

V. O. Kindra® *, 1. I. Komarov®, D. M. Kharlamova“, V. Yu. Naumov4, and I. A. Maksimov*

¢ National Research University Moscow Power Engineering Institute, Moscow, Russia
*e-mail: kindra.viadimir@yandex.ru

Abstract—Reducing emissions of harmful substances in the production of electricity at thermal power plants
is an intensive task, which can be solved by switching to semiclosed cycles with oxygen combination of fuel
and carbon dioxide working fluid. The main advantage of the promising technology, which is the absence of
the danger of the formation of toxic substances and the ease of separation of excess carbon dioxide, is provid-
ed by burning hydrocarbons in high purity oxygen. This paper presents the results of developing the new pow-
er equipment preliminary design: an oxy-fuel combustion chamber, a cooled carbon dioxide turbine, and a
high-temperature regenerator. The results of mathematical simulation of physical processes that occurred in
the main power equipment are presented.

Keywords: energy efficiency, carbon dioxide, thermodynamic cycle, high-temperature equipment, carbon
dioxide turbine, combination chamber
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IMpencraBieHbl pe3yabTaThl HATYPHBIX UCCIEA0BAHUI KOPPO3UOHHON M aOpa3MBHOM CTOMKOCTH MOBEPX-
HOCTeM KCIIEpUMEHTaIbHBIX 00pa31oB TpyOHOI cTaiu 20 ¢ 3aIIUTHBIM HOHHO-TIJIa3MEHHBIM OKPBITUEM
Ha ocHOBe Cr—CrN u 6e3 Hero 3a BpeMs nx skcno3ununu B TedeHre 1000 4 B ToKe KOTJIa HOMUHAJIBHOM
moiHocThio 200 KBT, paboTaloliero Ha rpaHyJIMpOoBaHHOM OuoToriuBe. OOpa3libl BHIISPKMBAIMCH B pa-
6ouem pexxume 220 4, B pexxume rmpoctost 780 4. TemmnepaTypa BHyTpHU 3aaHEil THIMOBOI KOPOOKM, IIe ObI-
JIU pa3MelIeHbl 9KCIIePUMEHTaIbHbIE 00pas31ibl, cocTaBisiia okojio 700°C. XuMuyeckuii aHaanu3 cocTaBa
30J1bl, MOJIYYEHHHOM TTPU CXXUTAaHWM JIy3TM MOACOTHEYHMKA, TToKa3al HaJinuue Kaius, dochopa, cepbl 1
XJIOpa, T.€. TeX JIEMEHTOB, MPUCYTCTBUE KOTOPHIX MOXKET MPUBECTU K 00pa30BaHUIO BHICOKOATPECCUBHBIX
KOPPO3MOHHO-OIMACHBIX COSAMHEHU TTPY KOHIECAIIMU BJIary B TIEPUOIBI TTPOCTOST KOTJA. BBISIBIEHO, 4TO
HccleyeMoe TTOKPBITUE He MOABEPIIIOCh KOPPO3ZMOHHOMY Pa3pyllIeHUI0, ero aare3uoHHast MpOYHOCTh 3a
BpeMsI BBIIEPXKKHU HEe M3MEHUJIACh, UCXOMHAsT TOJNIIMHA MOKPBITHAS CHU3WIACh B cpenHeM Ha 10—15%, 1ie-
POXOBATOCTh MOBEPXHOCTU OCTajach IpexHeil. OTMe4eHO HeOOoJIbIIoe OTKIOHEHUEe MOP(OJOTUY 13-3a
OKVCJIEHUS TIOBEPXHOCTHOTO CJIOSI TIOKPBITHS IMTPY MaKCUMAaJIbHOM BpeMEHU BBIIEPXKKH, OKUCIICHUS MaTe-
puaJia o MOKPHITHEM Ha MOIEePeYHbIX IIIKrdax 00pa3loB ¢ MOKPHITUEM He oOHapykeHo. [IpoBeaeHHbIE
MPH YIJIax aTakKv BO3MYyIIHO-abpa3uBHOro nmotoka 30, 60 1 90° ucribitanus o6pas3ioB ctanu 20 ¢ 3alIUTHBIM
MOHHO-TUJIa3MEHHBIM MTOKpbITUEM Ha ocHOBe Cr—CrN mocie BblIepKKU B TOTIKE OMOTOIUIMBHOTO KOTJIa B
teyeHue 1000 4 rTokaszajiu, 4To abpa3uBHAas CTOMKOCTb IO YCTAaHOBUBIIIEICSI CKOPOCTH IMTOBBICUJIACH HE Me-
Hee 4eM B 2.5 pa3a OTHOCUTEILHO 00pa31ioB 0e3 MoKphITUs. CortacHo pe3ybTaTaM MeTaJulorpapuiecKux,
KOPPO3MOHHBIX U aGpa3suBHBIX UCCIEIOBAHUM, MIOHHO-TUTa3MeHHOE OKpbITHe HAa ocHOBe Cr—CrN sBiIsi-
€TCSI TIEPCIIEKTUBHBIM UISl 3alIMThl TPYOHBIX MOBEPXHOCTEM OMOTOTUIMBHBIX KOTJIOB, MOABEPIralONIUXCS
KOPPO3MOHOMY U aGpa3sBHOMY BO3IEMCTBUIO COJICH IIEJIOYHBIX METAJUIOB Y YACTHIL 30JIbI TIPU BBICOKUX
TeMIepaTypax U epeMeHHON Harpy3Ke.

Knarouesnvie cnoea: OMOTOIUIMBHBIN KOTEJI, JIy3ra MOACOJHEYHUKA, KOPPO3MOHHOE BO3ACiCTBUE, abpa3uB-
HBII U3HOC, TPYOHASsI TOBEPXHOCTh, MOHHO-TJIa3MEHHBIE TEXHOJIOTUU, HATYpHBIE UCCIIETOBAHUS
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Results of Full-Scale Studies of Corrosion and Abrasive Resistance
of Ion-Plasma Coating Formed on Samples of Pipe Heating Surfaces of a Biofuel Boiler

A. V. Ryzhenkov*, A. F. Mednikov®, C. V. Grigoriev’, A. B. Tkhabisimov* *,
G. V. Kachalin?, N. A. Loginova?, and O. Yu. Milovanov*

¢ National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: TkhabisimovA B@mpei.ru

Abstract—The results of full-scale studies of the corrosion and abrasive resistance of the surfaces of experi-
mental samples of tubular steel 20 with a protective ion-plasma coating based on Cr-CrN and without it
during their exposure for 1000 h in the furnace of a boiler with a nominal capacity of 200 kW operating on
granulated biofuels are presented. Samples were held at operating mode for 220 h, and at idle mode for 780 h.
The temperature inside the rear smoke box, where the experimental samples were placed, was approximately
700°C. Chemical analysis of the composition of ash obtained during the burning of sunflower husks showed
the presence of potassium, phosphorus, sulfur and chlorine, i.e., those elements whose presence can lead to
the formation of highly aggressive corrosion-hazardous compounds when moisture is condensed during pe-
riods of boiler downtime. It was revealed that the studied coating was not subjected to corrosion destruction,
its adhesive strength did not change during the holding time, the initial thickness of the coating decreased by
an average of 10—15%, and the surface roughness remained the same. There was a slight deviation in the mor-
phology due to oxidation of the surface layer of the coating at the maximum holding time, no oxidation of the
material under the coating on the transverse splines of the coated samples was detected. Tests conducted at
the angles of attack of the air-abrasive flow of 30, 60 and 90° tests of steel samples 20 with a protective ion-
plasma coating based on Cr-CrN after holding in the furnace of a biofuel boiler for 1000 h showed that the
abrasive resistance at a steady speed increased by at least 2.5 times compared to samples without coating.
According to the results of metallographic, corrosion, and abrasive studies, Cr-CrN-based ion-plasma coat-
ing is promising for the protection of pipe surfaces of biofuel boilers exposed to corrosion and abrasive effects
of alkali metal salts and ash particles at high temperatures and variable load.

Keywords: Biofuel boiler, sunflower husk, corrosion, abrasive wear, pipe surface, ion-plasma technologies,
full-scale research
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DHepromnepexon Ha “3eJeHBIN” BOMOPON IJIAHUPYETCS OCYIIECTBUTh ITyTEeM IIMPOKOMACIITAOHOIO MC-
M0JIb30BaHUSI SHEPTrum BeTpa. TpebGyemast 111 3TOro ILIOLIAaAb BETPOIIApPKOB MOXET JocturaThb 38.5% Tep-
putopuu EBporneiickoro coro3a. B HayuHoi1 1uTepaType oTMedaeTcs, YTO MpUMEeHEHUe BETPOBBIX TYPOUH
IJ1s1 ynosiieTBopeHust 10% mupoBoro cripoca Ha 3Hepruio K 2100 I. MOXET MPUBECTH K MOTEIUIEHUIO TT0-
BEPXHOCTH cyIu 6ojee yeM Ha 1°C. MI3MeHeHue TeMIiepaTyphbl HabJIromaeTcsl cpasy mociie BBoJa BETPO-
IMapKOB B 3KCIUTyaTalllio, B TO BpeMsl KaK KJIMMaTU4ecKasl BbIToa OT CHYDKEHUSI BHIOPOCOB MapHUKOBBIX
ra3oB sIBJIIeTCSl BOMPOcoM Oyayiero. B HacTosiiee Bpemsi He MpMHUMAETCsl BO BHUMaHUE BAUSIHUE BET-
POBBIX U cOTHeUHBIX ayieKTpocTaHLMi (BOC u COC) Ha pocT BLIOPOCOB IMapHUKOBBIX TA30B B PE3YJIbTATE
U3MEHEHUST CTPYKTYPBI U PEXXUMOB 3aTpy3KH TeHEepUPYIOIIMX MOIIIHOCTEM B dHeprocucreme. Llenb Ha-
CTOSIIIEH paboThl — OMPEACTUTh BO3MOXHOCTb CHUXXKEHMST KOJIMYECTBAa BHIOPOCOB IMAapHUKOBBIX Ta30B B
9HEProcrucTeMe MyTeM U3MEeHEeHUSI CTPYKTYPbl TOIUIMBHOTO 6ajlaHca, MOBbIIeHUS 3(h(HEeKTUBHOCTH MTPO-
MU3BOJICTBA 2JIEKTpUYecKoit aHepruu, pa3Butusg BOC u COC u paccMOTpeTh CITOCOOBI e pealn3aluu.
IMpuBeneHbI OLIEHKU CHVKEHUS ITAPHUKOBBIX Ta30B 3JIEKTPOCTAHIIMSMU TTPU U3MEHEHUM CTPYKTYPHI Te-
HEePUPYIOLINX MOILITHOCTEH, a TAaKXKe IIPU 3aMeHe OMHOTO BUIa TOTUIMBA Ha Apyroii. [TokazaHo, YTO B HACTO-
siiee BpeMsl OajaHC crpoca M MpemIoXeHUsT B 9HEprocucTeMe, Hanpumep, [epmaHnu obecrieunBaeTcs
Garomaps dKCIIOpTy anekTposHepruu. 3a nepuoxn ¢ 2000 mo 2018 r. BeipadboTka BOC 1 CHC Bo3pocia Ha
146 TBT - 4, a BBIpa6oTka ADC cHusmiach Ha 94 TBT - 4, Mpu 3TOM 5KCMOPT 3JIEKTPOIHEPTUHU B SHEPTOCH -
CTEMBI COCETHUX cTpaH yBeauumics Ha 52 TBT - 4. CHrXeH1e TpOor3BOACTBA JIEKTPOIHEPTUM YTOJbHBIMU
TOC Ha 69 TBT - 4 GbUTIO KOMITEHCUPOBAHO MOBBIIIEHUEM BbIpaOOTKM Ha 34 TBT - 4 TEeIJIOBBIMU 3JIEKTPO-
CTaHUMSMU, PaOOTAIOLIMMU Ha TIPUPOTHOM rasde, v Ha 47 TBT - 4 oJIeKTpOCTaHIUSIMU, UCTIOIB3YIOIIUMHU B
KadyecTBe TOIUIMBa 61ora3, TBEpIOe U KUIKOe OMOTOTUTMBO, TBEPAble KOMMYHaTbHBIE OTXOIbI. Pe3ymbTaThl
HCCIIEIOBAHUM TTOKA3aJIv, YTO PA3BUTHE BETPOBBIX U COTHEYHBIX 3JIEKTPOCTAHIINI B OTCYTCTBUE HAKOITH -
TeJIeli PHEPIUM HEe MOXKET CUUTAThCS 9(PhEeKTUBHBIM CIIOCOOOM CHIKEHMSI BHIOPOCOB MAapHUKOBBIX Ta30B B
sHeprocucteMe, TeM 6osiee uTo BOC u CHC 3HaUUTEILHO IPOUTPHIBAIOT PAa3IMYHBIM BapUaHTaM KOMOM-
HUPOBaHHOM BEIPAOOTKM SJIEKTPOIHEPTUH U TETLIA.

Kntoueswie croea: TTapHUKOBEIE Ta3bl, YIJIEKUCIBINA Ta3, BO30OHOBISIEMbIe UCTOYHUKN SHEPTUU, BETPOBBIE
SJIEKTPOCTAHIIMU, COTHEYHBIE DJIEKTPOCTAHIIMK, KOTeHepallKsl, Tapora3oBble YCTAHOBKU, PEKUMBI dJIeK-
TPUYECKOI HAarpy3KH, SHeprocucTeMa, yriaepoaHast HeMTpalbHOCTh
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Evaluating the Influence of Wind and Solar Power Plants, Cogeneration, and Coal Share
in the Fuel Balance on the Reduction of Greenhouse Gas Emissions

S. S. Beloborodov* * and E. G. Gasho?* **
¢ NP Energy Efficient City, Moscow, 195094 Russia
b National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: enefgorod @gmail.com
**e-mail: gashoyg@mpei.ru

Abstract—The energy transition for “green” hydrogen is supposed to be carried out through a widescale use
of wind energy. The area of wind farms required for this purpose may reach 38.5% of the European Union’s
territory. In the scientific literature, it is pointed out that the use of wind turbines for meeting 10% of the world
demand for energy can result in that the land surface temperature will increase by more than 1°C by 2100.
A change in the temperature is observed immediately after commissioning of wind farms, whereas the climat-
ic gain from reduction of greenhouse gas emissions is a matter of the future. Currently, no attention is paid to
the influence of wind and solar power plants (WPPs and SPPs) on the growth of greenhouse gas emissions as
a consequence of changes in the structure and loading conditions of generating capacities in the power sys-
tem. The aim of this work is to determine the possibility of reducing the amount of greenhouse gas emissions
in the power system by changing the fuel-balance structure, achieving more efficient generation of electricity,
developing WPPs and SPPs, and consider methods for implementing it. Assessments of the reduction of
greenhouse gas emissions by power plants in changing the structure of generating capacities and also in re-
placing one fuel kind by another are given. It is shown that nowadays, the balance of demand and offer in the
power system, e.g., of Germany, is maintained owing to electric energy export. For the period from 2000 to
2018, the amount of electricity generated by WPPs and SPPs increased by 146 TW h, whereas that by nuclear
power plants (NPPs) dropped by 94 TW h, while the export of electric energy to the power systems of neigh-
boring countries increased by 52 TW h. The decrease in the amount of electricity generated by coal-fired ther-
mal power plants (TPPs) by 69 TW h was compensated by increasing the amount of electricity generated by
natural gas fired thermal power plants by 34 TW h, and by 47 TW h owing to power plants that use biogas,
solid and liquid biofuel, and solid municipal waste as fuel. Study results have shown that, in the absence of
energy storage devices, the development of wind and solar power plants cannot be regarded as an efficient way
of reducing greenhouse gas emissions in the power system, the more so that WPPs and SPPs are significantly
inferior to various combined electricity- and heat-generation versions.

Keywords: greenhouse gases, carbon dioxide, renewable energy sources, wind power plants, solar power
plants, cogeneration, combined-cycle power plants, electric load modes, power system, carbon neutrality
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Lentpbl 00paboTku naHHbIX (LIO/), sIBJISIACh OMHMMU 13 NIABHBIX ITOTpEeOUTEeil SHEPruu, 3aCIy>K1UBa-
IOT BHUMaHMUS 1 KaK 00BbEKTHI, Ha KOTOPBIX IIPOUCXOIST CYIIECTBEHHBIC IIOTEPY SHEPTUU B BUIE TeIlIa,
orBogumMoro oT IT-o6opynoBanus u cOpackIBaeMOIo B OKpyXKalolllylo cpeny. B HacTosiiee BpeMs B
Poccuu moreHuman sHeprocoepexxeHus: MyTeM MOJIE3HOTO MCIIOJb30BaHUs cOpocHoro Teruia 11O/
ouenunpaercs B 2.1 X 10° MBT - u/rox, a x 2030 r. oH MoXeT cocTaBuThb 6.3 X 10 MBT - u/ron. B oTHO-
meHuun copocHoro Teria [{OJ] BO3HMKAIOT BOIIPOCHI: HACKOJBKO BEJIMKHU 3THU ITOTEPU U KaK UX UCITOJIb-
30BaTh, €CJIM pacCMaTpUBaTh COPOCHOE TEIUIO KaK BTOPUYHBIN 9HePTreTUIECKUIA pecypcC, ¥ HACKOJIBLKO dHEp-
retuyecku 3¢pPEKTUBHBI YTUIN3aLMs U IpUMEHEeHHe 3Toro teria? B padbote paccMaTpuBalOTCs BO3MOXKHO-
CTH OlleHKHU KonmdecTtBa copocHoro Teruia IO, koTopoe MOKHO HAIIpaBUTh Ha COOCTBEHHBIC HYXKIBI U
BHelHee npuMeHeHue. OueHku npousBonsatcs 1 IO, npuMeHSIIouX 111 OXJIaKASHUsI 000pyIoBa-
HUSI BEHTWISILIMOHHBINA BO3myX ((DPUKYIMHT), C YIETOM KIMMATHMYECKMX YCJIOBUII MeCTa PacIIOIOKEHUS
IO/, tmana3oHa ONTUMAaJILHBIX TeMITepaTyp padOoThl OXJIAXKIAEMOT0 000PYIOBaHMSI, XapaKTePUCTUK YT -
3alMOHHOI0 000PYIOBaHMSI, B COCTaB KOTOPOIO BXOISAT TEIZIOOOMEHHMK-YTWIM3AaTOpP U TEILIOBOI HAacoc,
HOBBIIIAIONINI MOTEHLIMA YTUIN3UPYEMOTO Terula. AHAIM3UPYIOTCS (aKTOPHI, BIMSIOIINE Ha KOJIIe-
CTBEHHBIE OLIEHKU YTWIM3UPYeMOro u ucnoiibdyemoro teruia LIOJI. PacueTHast Moneib BEHTWISILIMU TTOME-
menuii I1O/I ocHoBaHa Ha 6aTaHCOBBIX YPaBHEHUSIX COXPAaHEHMSI SHEPTMU U MAaCCHl, 3alIMCAaHHBIX UIST 00-
CIIy)KMBAaE€MOTO TTOMEIIEHUSI U OTACIbHBIX 3JIEMEHTOB YTUJIM3AIIMOHHON YCTAaHOBKU. DHepreTuyeckas
3¢ HEeKTUBHOCTD YTUIN3ALMU U IIPUMEHEHUSI COPOCHOrO TeIlla IIpeAcTaBieHa B BUAE 10JIe KOJIMYeCcTBa
HCITOJIb3YEMOTO TeIIa OTHOCUTEIBHO 6a30BOro 3HAUYESHMUSI 3KOHOMUM YCJIIOBHOIO TOIUIMBA HA NCTOYHUKE
TeIula C y4eTOM 3aTpat 2JeKTPUUECKOU SIHEPTrUU Ha pabOTy TEILIOBOIO Hacoca. AHAJIM3UPYIOTCS 3aBUCH -
MOCTH YIIeJIbHOM 5KOHOMWM TOIUIMBA Ha NCTOYHMKE TEIUIOBOM SHEPIMHU OT KIIMMATUICCKMX YCIIOBHUI, COOT-
HOLIEHUS YAEJIbHBIX PACXOIOB TOIUIMBA Ha BEIPAOOTKY TEIJIOBOI U 3IEKTPUYECKOI SHEPTUU bp / by, cTene-
HU IIPUOJIMEKEHUS TepMOINHAMIYECKOTO ITapOKOMIIPECCUOHHOTO LIMKJIA TEIJIOBOIO Hacoca K UaeaTbHOMY
LUKy, TEIUIOBOH 3(p¢hEeKTUBHOCTU TEILJIOOOMEHHMKA-YTWIM3aTopa M TeMIlepaTyphbl IIPOMEXYTOUHOTO
TETIJIOHOCUTEJIS.

Knroueswie crosa: 1IeHTp 00pabOTKM JaHHBIX, oxJaxaeHue I T-obopynoBaHus, yTuianM3alLysi COpPOCHOIO Teria,
3((peKTUBHOCTh BHEIIIHETO IIPUMEHEHMSI TeIlia
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Efficient Use of Waste Heat from Data Centers
I. V. Yakovlev* * and N. V. Avdokunin®

¢ National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: YakovilevIV@mpei.ru

Abstract—Data centers, being one of the main consumers of energy, deserve attention as objects in which
there is a significant loss of energy in the form of heat, discharged from its equipment and discharged into the
environment. Currently in Russia, the potential for energy saving through the efficient use of waste heat of

data centers is estimated at 2 X 10 MW - h/year and it can reach 6.3 x 10° MW - h/year by 2030. With regard
to the waste heat of the data center, questions arise: how large are these losses and how to use them, if we con-
sider waste heat as a secondary energy resource, and how energy efficient are the utilization and application
of this heat? The paper discusses the possibilities of estimating the amount of waste heat of the data center,
which can be directed to its own needs and external applications. Estimates are made for data centers that use
ventilation air for cooling equipment, taking into account the climatic conditions of the location of the data
center, the range of optimal operating temperatures of the cooled equipment, and the characteristics of the
utilization equipment, which includes a heat exchanger and a heat pump that increases the potential of the
heat used. The factors affecting the quantitative estimates of the utilized and used heat of the data center are
analyzed. The calculated ventilation model of the data center premises is based on the balance equations of
energy and mass preservation recorded for the serviced room and individual elements of the utilization plant.
The energy efficiency of utilization and application of waste heat is represented as a share of the amount of
heat used relative to the basic value of the savings of the conventional fuel at the heat source taking into ac-
count the costs of electrical energy for the operation of the heat pump. The dependence of specific fuel econ-
omy at the source of thermal energy on climatic conditions, the ratio of specific fuel costs for the production

of thermal and electrical energy b, / bQ, the degree of approximation of the thermodynamic vapor-compres-

sion cycle of the heat pump to the ideal cycle, heat efficiency of heat exchanger-recovery, and temperature of
intermediate heat carrier are analyzed.

Keywords: data center, I'T equipment cooling, waste heat recovery, external heat efficiency
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M3yuyeHo BIMsIHUE MEpeHOCca TeTljla B CTEHKE 10 HaIPaBJIEHUIO IBMXKEHUS TeTIJIoHocuTe et Ha 3¢ eKTuB-
HOCTb TeILUI000OMeHHbIX anmapatoB (TA), Korga TOpLbI CTEHKM HE SIBJISIIOTCSI TEIIOU30IMPOBaHHBIMU OT
okpyxatolieit ux cpeanl. [I[poBeaeHo aHAIMTUYECKOE PEllIeHUE 3a/1a4 TS TIPSIMOTOKA TIPY PABEHCTBE OT-
HOIIIEHU TETIOBBIX SKBUBAJICHTOB TeILUTIOHOCUTEEH 3 1 KO3 dULIMEHTOB TEIIOOTAAYU O, C 06X CTOPOH
CTEHKU, pa3esiiolieil Topsiunii U XOJIOMHBIN TETNIOHOCUTENH, U JUTS TPOTUBOTOKA MpU ycioBuu 3 = o = 1.
PeiieHue 3amaun 3aBUCUT TaKKe OT YMCJIa TETJIOBBIX €IUHULL IepeHoca Nfu , TTapaMeTpa, XapaKTepu3ylolle-
ro aKCHaJIbHYIO TETLIONPOBOIHOCTD cTeHKU C 4, uncia buo Bi, onpenensioniero oTHOCUTENBHYIO TETUIOOT-
J1ayy OT TOPIIOB CTEHKU B OKPYXKAIOIIYIO Cpely, TeMIIepaTyp KOHTAKTUPYIOUIEH ¢ TOPLIAMU CTEHKU CPEIlbl.
BausiHue akcuaibHOM TENMIONPOBOLHOCTH CTEHKU BO3pacTaeT ¢ yMeHblueHreM napamerpa C 4. Paccmorpe-
HbI IBa CJIy4yasi, [IPY KOTOPBIX TEMIIEPATYPhl OKPYXKAIOLLEH Cpenbl IPUHUMAIOTCS paBHBIMU TEMIIEpaTypaM Ha
BXOJIE Y BBIXOZIE TOPSTYETO TeIUIOHOCUTeIs (citydait [) u 311 ke TeMrepaTypbl paBHSIIOTCSI TeMIIepaTypam Ha
BXOJIE U BBIXOJIE XOJIOTHOTO TerutoHocuTerts (cydait 11). [onydeHo, 4to mpu Mabix unciax buo (Bi < 1073)
3¢ (EeKTUBHOCTb TETUIOOOMEHHOTO arrapara € WIS IoObIX 3HaueHui C 4 B IPIMOTOYHOM TA npakTh4ecKu He
otimyaercst ot 3¢ dexTuBHOCTH TA B OTCYTCTBUE BIMSIHUSI aKCUAJIBHOM TEIUIONPOBOAHOCTY CTEHKH &g, a LISt
NpoTUBOTOKA NP MaIbIX C 4, 3(pdeKTUBHOCT TA 3aMETHO MEHBILLIE £y M CHYXKAeTcs1 B 2 pazanpu Ntu >> 1. [1pu
6onpiux ynciiax buo (Bi > 1) u3-3a BAMsiHUS aKCHaJIbHOM TETUIONPOBOIHOCTU CTEHKU MOXKHO MOBBICUTH
3(HEKTUBHOCTH UCTIONIBL30BAHUST OJHOTO M3 TEIUIOHOCUTENEN, TIPU 3TOM TeMIlepaTypa APYyroro TerjaoHO-
CUTEJISI TIPU €r0 JIBUKEHUU B TEIJIOOOMEHHOM armapaTe U3MEHUTCS He3HauUuTeNbHO. PedynbTaThl pacue-
TOB CBUIETEIBCTBYIOT O TOM, UTO JIJIsI MOBBILIeHUST 3 deKTUBHOCTH TA HanboJiee ONTUMAaJIbHBIM SIBJISIETCSI
UCIIOJIb30BaHUE OMMHAKOBBIX TETUIOBBIX 9KBUBAJIEHTOB JABYX TETIJIOHOCUTEJeN U KO3(h(HUIIMEHTOB TEIIO-
oTHauu ¢ 00eUX CTOPOH CTEHKHU, pa3iesIoleil ropsiunii u xononHblit notoku (f = o = 1).

Karouesvie caosa: TeTIIOOOMEHHBINA alrimapar, 3(1)(136KTI/IBHOCTI), aKCHaJlbHasd TCILIOIIPOBOOHOCTL CTCHKMU,
YUCJIO TECIUIOBLIX CAMHMUIL IIEPEHOCA, TCII00TAa4Ya, Y1cCJjIo buo
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The Effect of Boundary Conditions on the Wall Ends on Temperature Conditions
and Effectiveness of Heat Exchangers with Parallel Flow of Heat Carriers

E. P. Valueva*

National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: ep.valueva@gmail.com

Abstract—The effect of heat conduction through the wall along the flow of heat carriers on the effectiveness
of heat exchangers (HEs) when the wall ends are not thermally insulated from the environment has been in-
vestigated. An analytical solution of the problem for cocurrent flow of heat carriers was obtained for the same
ratios of thermal equivalents of the heat carriers B and heat-transfer coefficients o. on both sides of the wall
separating hot and cold heat carriers and for a counter flow at f = o, = 1. The solution to the problem depends
on the number of heat-transfer units Nfu, parameter C, describing the axial wall heat conduction, the Biot
number Bi, which determines relative heat transfer from the wall ends to the environment, and temperatures
of the fluid in contact with the wall ends. The effect of axial wall heat conduction becomes more pronounced
with decreasing parameter C ,. Two cases are examined: case | with surrounding fluid temperatures assumed
as equal to the inlet and outlet temperatures of the hot heat carrier and case 11 with surrounding fluid tem-
peratures assumed as equal to the inlet and outlet temperatures of the cold heat carrier. The results obtained
demonstrate that, at low Biot numbers (Bi < 10—3), the effectiveness of a heat exchanger € for any values of
C, in a cocurrent HE hardly differs at all from the effectiveness of the HE in the absence of the axial wall heat
conduction effect, €, and for a counter flow at low C , the HE effectiveness is noticeably less than €, and de-
creases by two times at Nfu >> 1. At high Biot numbers (Bi > 1), the effect of axial wall conduction can in-
crease the effectiveness of either heat carrier, while the temperature of the other heat carrier will change
slightly during its flow through the heat exchanger. The predictions indicate that the best way for increasing
the HE effectiveness is to employ the same thermal equivalents of two heat carriers and heat-transfer coeffi-
cients on both sides of the wall separating the hot and the heat carriers (B = o = 1).

Keywords: heat exchanger, effectiveness, wall axial heat conduction, number of heat-transfer units, heat
transfer, Biot number
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IIpencraBieH KOMILUIEKC I UCCISIOBAHMS CTPYKTYPHI BIaXKHO-IIApOBOTO MOTOKA UISI CTEHOA C MOJIEIIhb-
Hoit Typounoiit HITO LIKTHU. Ha crenae 6onee 20 1eT NMPOBOASITCS UCIBITAHUS ITPOTOYHBIX YacTel mapo-
BBIX TypOUH. DKCIIepMMeHTalIbHAas TypOWHA SIBJISIETCSI MOAEIBIO IIPOTOYHOI YacTU LWJIMHApA HU3KOTO
napiaeHus B MaciuTade 1 : 3. OHa ocHalleHa OOIIMPHOIT UBMEPUTEIBHOM CUCTEMOM IJIsl UCCIeIOBAaHUSI BUO-
paLMOHHONM HAAEXKXHOCTH 3JI€MEHTOB IIPOTOYHOI YaCTU U CTPYKTYPHO-KMHEMATUICCKUX XapaKTSPUCTUK
notoka. OnHOM U3 BaxKHEHNIIMX YacTeit U3BMEePUTEJIbHOI CUCTEMBI SIBJISIETCSI KOMILIEKC JJIsl UCCeIOBaHMS
IUCIIEPCHOM CTPYKTYPHI BIAXKHO-IIAPOBOTO IIOTOKA, ITO3BOJISIONINI IPOBOAUTH N3MEPEHUS OTHOBPEMEH -
HO B TPeX KOHTPOJIbHBIX CEUEHUSIX IPOTOYHOM YaCTU U B ABYX TpyOax oToopoB. OH BKIIOYaET B ce0s ONTH-
YeCcKHe 30HIbI, 0JIOKM BTOPUYHOI aniapaTyphbl, CUCTEMY TPaBEpPCUPOBAHUS 1 IIPOrpaMMHOE 00eCIICUeHHE.
M3MmepeHust, BBITIOJHSIEMbIE C TIOMOIIBIO ONTUYECKOTO METOIa CEKTPalbHOI MPO3payHOCTU, NalOT BO3-
MOXHOCTh YCTAaHOBUTH pPa3Mep M 00beMHYIO KOHIICHTPAIIMIO KalleJIb BO BIAXKHO-ITapOBOM IToToKe. OrmmcaH
HOBBIII METO/I OIIpeAesIeHUs pacIipeaeeHUs Karesb 110 pa3MepaM Ha OCHOBAHUU ONTUYECKUX U3MEPEHUIA.
[IpencraBneHEI pacnpeneleHUS Kameiab II0 pa3MepaM, HOJydeHHbIE STUM METOIOM B IBYX KOHTPOJIBHBIX
cedyeHusx. [lokazaHo, YTO pacueT CTeIeHU BIAaXXHOCTHU I10 TaHHBIM ONTUYECKUX U3MEPEHUIT BOZMOXEH C
MIpUBJICUeHNEM pe3yIbTaTOB He3aBUCHUMBIX U3MEPEHUIT KaK OaBJICHU I1apa, TaK 1 ero TeMIepaTyphl, pe-
TUCTPUpPYEMOM onTuYecKUM 30HIoM. [IpoBeneHo cpaBHEHHE pacyeTOB CTENEHM BJIAXXHOCTHU IO JaHHBIM
M3MepeHUI JaBJIeHUSI U TeMIIepaTyphl IJII MOIEIBHOI 1 HAaTypHOU TypOuH. Pe3yinbraToM paboThl KOM-
IUIeKca SIBJISIIOTCS pacIipeeieHUs] CTENeHY BIaXKHOCTH, pa3MepOB KarleJIb U TEMIIepaTyphbl IIOTOKA 110 BbI-
cote jomnaTtku. [IpuBeneHbI pacipeneaeHNs ITapaMeTPOB BJIaTH 110 BBICOTE JIOTIATKU B TPeX KOHTPOJIBHBIX
CEUYECHUSIX.

Karoueswie crosa: MonenbHas mmapoBasi TypOMHA, U3MEPEHUsI BIAXXHOCTH, IPOLIECCHAS Bjlara, CTpyKTypa
BJIAXKHO-ITAPOBOTO MTOTOKA, ONITUYECKNE METOIBI U3MEPEHU, CIIEKTP OCIA0IEHUS U3TyYEHUS
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Study of Wet Steam Flow in Model Steam Turbines
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Abstract—A complex for studying the structure of the wet-steam flow for a stand with a model turbine of the
NPO TsKTI is presented. On the stand, the flow parts of steam turbines have been tested for more than
20 years. The experimental turbine is a model of the flow part of a low-pressure cylinder at a scale of 1 : 3. It
is equipped with an extensive measuring system for the study of the vibration reliability of the elements of the
flow part and the structural and kinematic characteristics of the flow. One of the most important parts of the
measuring system is a complex for studying the dispersed structure of the wet-steam flow, which allows mea-
surements to be carried out simultaneously in three control sections of the flow part and in two sampling
pipes. It includes optical probes, secondary hardware units, a traversion system, and software. Measurements
made using the optical spectral transparency method allow one to set the size and volume concentration of
droplets in the wet-steam stream. A new method for determining droplet size distribution based on optical
measurements is described. The droplet size distributions obtained by this method in two control sections are
presented. It is shown that the calculation of the degree of humidity according to optical measurements is pos-
sible with the involvement of the results of independent measurements of both the vapor pressure and its tem-
perature recorded by the optical probe. A comparison of the calculations of the degree of humidity based on
pressure and temperature measurements for model and full-scale turbines was made. The result of the com-
plex is the distribution of the degree of humidity, the size of the droplets, and the temperature of the flow
along the height of the blade. The distribution of moisture parameters by the height of the blade in three con-
trol sections is given.

Keywords: model steam turbine, humidity measurements, process moisture, wet-steam flow structure, opti-
cal measurement methods, attenuation spectrum
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ITpoBeneHo ynciIieHHOE UCCeN0BaHME TIPOIIECCOB CMEIIEHUSI MHOTOKOMITOHEHTHBIX Ta30BbIX TIOTOKOB C
MOMOLLIbIO CTATUYECKUX CMECHUTEJICH 111 CHUXKEHUSI HEOMHOPONHOCTE TeMIiepaTypbl U COCTaBa ra30BOM
CMECH B TOTUIMBHOM TpyOoripoBoe. [IpoaHanin3npoBaHbl IUTEpAaTypHbIe UCTOUHUKM, TIPEICTABJISIONINE
WHTEepeC 1151 JaHHOM paboThl. BeIOpaHbI 1Ba TUMA CTATUYECKOTO CMECUTEIIST — MOCAe10BaTe/bHas LIeroyKa
3JIEMEHTOB U3 3aKPYyUYEeHHOM JICHTBI 1 JIETIECTKOBBI cMecuTeb. J1Jsi yKa3aHHBIX KOHCTPYKIIUT BBITTOJTHEHBI
Y CJIEHHbIE PACUETHI MPU 3aJaHHBIX PEXXMMHBIX [TapaMeTpaxX CMEILIEHUS Ta30BbIX TOTOKOB, COAEPXKAIIIUX Me-
TaH, BOIOPO 1 a30T. TypOyJieHTHbIE TE€UEHUsI CMECU MOJETMPOBAINCH B CTALIMOHAPHOI MOCTAaHOBKE C UC-
MOJIb30BAHUEM YPAaBHEHUI COXpPAaHEHUSI MAacChl, UMITYJIbCa U BHEPTUU, OCPEOIHEHHBIX 1o PeiiHonbacy. s
orpeiesieHUsI TYpOYJIEHTHOM BSI3KOCTU MPUMEHSUIMChH IByXMapaMeTpUUeCcKrue MOIEIU C MPUCTEHOYHBIMU
¢yHkuusiMu. B kauecTBe rpaHUYHBIX YCJIOBUIA Ha BXOE B CTATUYECKUIT CMECUTENb 3aAaBAJIUCH TTOJIS1 UCKO-
MBbIX TIEPEMEHHBIX, TTOJTYYeHHbIE paHee aBTOpaMU HACTOSIIIEN CTaTbU Ha Bbixoe 13 T-00pa3HOTo cMecuTest
npu uynciax PeitHonbaca (4—6) X 10° B OCHOBHOI1 U TIPUMBIKAIOLLEH TPYGax TSl [IOIAYH COCTABIISTIOLIMX TOM-
nuBHOI cmecu. [IpoBeneH aHanu3 a(hheKTHBHOCTH Mpoliecca CMEIIeHUSI C TOMOIIBIO CTAllMOHAPHBIX CMe-
cuTesieid pa3nnyHbiX Moaudukauuii. [TonydyeHsbl 011 KOMIOHEHTOB CKOPOCTU, TEMIIEPATYPBI U MACCOBBIX
IIOJIei COCTaBJISIIOLIMX CMECH Ha BBIXOJIAaX U3 CTaTUUECKUX CMECHUTEJIei, onpeeieHbl TIOTepyu AaBJICHUS B
KOHCTpyKLMsX. [IpemyioxkeHa onTManbHast KOHCTPYKLIMSI CMECUTEJISI, COCTOSIILAsI U3 YEThIPEX BJIEMEHTOB,
B BUIIe 3aKpy4eHHOM Ha 180° maacTUHBI, KaXXABINA 3JIEMEHT KOTOPOI UMeeT IINHY (ITOJTyIIepUOLI 3aKPyTKH )
paBHYIO AByM nuaMmeTpaM TpyObl. CocenHue 3J1eMeHThI 3aKPYyUeHbl B TIPOTUBOIOIOXHbBIX HAMPAaBJIEHUSIX U
MPUMBIKAIOT OIWH K npyromMy rof yriiom 90°. I[TokazaHo, 4To BO (pparMeHTe TOTUIMBHOTO TPYOOIIpOBOJA,
BKJIIOYAIOIIIETO B ce0sl CTaTUUECKUIA CMECUTEJIb U IPSIMOJIMHEHHBIN y4acTOK TPYObl IJIMHOI He 6oJiee ISITU
IIMaMETPOB, YIAETCs TOCTUYb TPeOyeMbIX OMHOPOIHOCTH COCTaBa U TEMIIEPaTyphbl TOTUIMBHOM CMECU B BbI-
XOIHOM CEYEHUU YKa3aHHOTO hparMeHTa.
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Analysis of the Efficiency of Static Mixers from Fragments of Twisted Tape
and with Leaf Elements for Mixing Fuel Gas Components
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Abstract—A numerical study of the mixing processes of multicomponent gas flows with the help of static mix-
ers was carried out to reduce the temperature and gas mixture composition inhomogeneities in the fuel pipe-
line. The literary sources of interest for this work are analyzed. Two types of static mixer are selected: a series
of elements from a twisted band and a leaf mixer. For these designs, numerical calculations are made at the
specified parameters of mixing gas flows containing methane, hydrogen, and nitrogen. Turbulent flows of the
mixture were modeled in a stationary formulation using the equations of conservation of mass, momentum,
and energy averaged by Reynolds. Two-parameter models with wall-side functions were used to determine
turbulent viscosity. As boundary conditions at the entrance to the static mixer, the fields of the desired vari-
ables, obtained earlier by the authors of this article at the exit from the T-shaped mixer with Reynolds num-
bers (4—6) % 10° in the main and adjacent pipes for the supply of fuel mixture components, were set. The
analysis of the efficiency of the mixing process using stationary mixers of various modifications was carried
out. The fields of the components of speed, temperature, and mass fractions of the mixture at the exits from
static mixers were obtained and pressure losses in the structures were determined. The optimal design of the
mixer is proposed, which consists of four elements in the form of a 180° plate, each element of which has a
length (half-spin period) equal to two diameters of the pipe. Adjacent elements are twisted in opposite direc-
tions and adjoin each other at an angle of 90°. It is shown that it is possible in a fragment of the fuel pipeline,
including a static mixer and a straight section of the pipe with a length of not more than five diameters, to
achieve the required uniformity of the composition and temperature of the fuel mixture in the outlet section
of the said fragment.
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ITpoBeneHbI McCIIeqOBaHUS TETJI00OMEHA ITPH BHIHYKACHHOM ITOIbEMHOM TeYeHUU PTYTH B TpyOE, BCTaB-
JICHHOi1 B 000rpeBaeMblii KaHaJI KBaApaTHOTO CEUYEHMsI, B IOMEPEYHOM MAarHUTHOM MoJie. BHelHuit kaHa
3aITOJTHEH PTYTHIO M MOAKITIOUEH K TIETJIe €CTECTBEHHOM IMPKYIAIIMNA. MoneampyeTcs TEII000MeH XUIKOTO
MeTaljla B iYeiiKe CUCTEMbI OXJIAKIEHUSI KAHAIbHOTO XXUIKOMETAITTNYECKOTo OJ1aHKeTa TePMOSIIEPHOTO pe-
aKTopa Tvra Tokamak. OTIBITHbIC JaHHbBIE TT0 TeMITEpaTyPHBIM ITOJISIM U XapaKTepUCTUKAM TEIUIOOTIauYH BO
BHYTpEHHEil TpyOe M MeXKaHaJbHOM MPOCTPAHCTBE IMOJYYEHBI C MCIOJIb30BAHUEM MMKPOTEPMOMAPHBIX
30HIOB HAa PTYTHOM MarHUTOTUAPOAMHAMHUYECKOM CTeHIe. PaccMaTpuBaloTCsT pa3IMIHbIe PEXXKUMBI pabo-
Thl KOHTYpPa €CTeCTBEHHOM HMPKYIALIMU: | — KOHTYp OTKJIFOYEH, KOHBEKTUBHOE TEUEHHUE BO3MOXKHO TOJIb-
KO BHYTPM TIPOCTPAHCTBA MEXIy TpyOoit 1 kKaHasioM; Il — KOHTYp OTKPHIT B amnabaTUIeCcKOM pPEXHUME;
IIT — KOHTYp OTKPHIT, BKIIIOYEHO BOASTHOE OXJaxaeHue. JlaHHble U3BMepeHUil BO BHYTPEHHEH TpyOe rmoka-
3BIBAIOT, YTO TETJIOOTAAYa B CUCTeMe “Tpyba B KaHajle” yIydIlIaeTcs 110 CPaBHEHUIO C TEILIOOTIAYEH B OT-
NeJIbHOI TpyOe KakK B OTCYTCTBME MAarHMTHOTO T10JIsI, TaK W MPU €ro Haluduu. B MeXkaHalbHOM 3a30pe
B YCJIOBMSX 9KCITIEpUMEHTa BO3HMKAET €CTeCTBEHHAsI KOHBEKIIMS B pe3yIbTaTe IeMCTBUS CHUII TIJIaByde-
CTH Y BJIEKTPOMArHUTHbIX cuJi. KoHdurypamus TedeHus 1 ero CTpyKTypa B 3a30pe CyIIeCTBEHHO MEHSI-
JOTCSI B TIOTIEPEYHOM MarHMTHOM IT0Jie, a ”HTEHCUBHOCTD TEITUIOOOMEHA 3aBUCUT OT pexkrMa pabOoTHI MeT-
JIV €CTeCTBEHHOM LIMPKY/ISIK. BenencTBue KOHBEKLIMY TeMIlepaTypHbIe HEOTHOPOIHOCTH B 3a30p€ CHMXKA-
IOTCS, a TEIJIOOTAAa4Ya B MCCIeIyeMOoil cucTeMe “TpyOa B KaHajle” YCHMJIMBAETCS B OOIbIIEi CTEeHU P
BKJIIOUEHHOI TeTJIe eCTeCTBEHHOMN HUPKYJISILUU U OCOOEHHO IPU €€ NOMOJHUTEIBbHOM OXJaXKIeHUU.
B MexXTpyOHOM MPOCTpaHCTBE HAOJIOMAIOTCS HU3KOYACTOTHBIE BHICOKOAMIUIMTYIHBIC MYyTbCAIlUM, BbI-
3BaHHbIE HEYCTOMUYMBOCTbIO CBOOOTHO-KOHBEKTUBHOIO U MAarHUTOTUIPOIMHAMUYECKOTO TEYSHUIA.

Knrouegvle crosa: xunkue MeTayuibl, MarHUTHAsI TUAPOJUHAMUKA, TEPMOTpaBUTAlIMOHHAsT KOHBEKIIMSI,
TEIUIOOOMEH, 30HIOBbIE M3MEPEHMUS, IIyJIbCAlIMM TeMIepaTyphl, cUcTeMa “Tpy0a B KaHajie”, CMeIIaHHAas
KOHBEKIIMS
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Heat Transfer in a “Tube-in-Channel” Combined System with an Upward Flow
of Liquid Metal in a Transverse Magnetic Field

N. A. Luchinkin® % *, N. G. Razuvanov* ?, and O. N. Polyanskaya* ®
¢ National Research University Moscow Power Engineering Institute (NRU MPEI), Moscow, 111250 Russia
b Joint Institute for High Temperatures, Russian Academy of Sciences (JIHT RAS), Moscow, 125412 Russia
*e-mail: Luchinkin NA@yandex.ru

Abstract—Investigations were performed of heat transfer to a forced upward flow of mercury in a tube inserted
into a heated channel with a rectangular cross-section under the effect of a transverse magnetic field. The out-
er channel is filled with mercury and connected to a natural circulation loop. Liquid metal heat transfer is
simulated in a cell of the cooling system of the channel-type liquid metal blanket for a Tokamak fusion reac-
tor. Experimental data on temperature fields and heat-transfer performance in the inner tube and the outer
channel were obtained in the mercury magnetohydrodynamic test rig using microthermocouple probes.
Three different cases of natural circulation loop operation are examined: (I) the loop is off, convective flow
can occur only in the space between the tube and the channel wall; (I1I) the loop is open and operates under
adiabatic conditions; (III) the loop is open, water cooling is on. The results of measurement in the inner tube
demonstrate that heat transfer in the tube-in-channel system is enhanced compared to the heat transfer in a
separate tube both with and without a magnetic field. Under the experimental conditions, natural convection
is induced by the buoyancy and electromagnetic forces in the gap between the tube and the channel wall. The
configuration and structure of the flow in the gap change drastically in a transverse magnetic field, and the
heat-transfer rate depends on the operating conditions in the natural circulation loop. Convection reduces
temperature nonuniformities in the gap, and the heat transfer in the investigated “tube-in-channel” enhances
greater when the natural circulation loop is activated and, especially, when it is additionally cooled. Low-fre-
quency high-amplitude fluctuations induced by the instability of the natural convection and magnetohydro-
dynamic flows are observed in the gap.

Keywords: liquid metal, magnetohydrodynamics, natural convection, heat transfer, probe measurements,
temperature fluctuations, “tube-in-channel” system, mixed convection
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PaccMmoTpeHs! Ipo6aeMbl CHIDKEHMSI BEIOPOCOB 3arps3HSIONIMX BemecTB Ha poccuiickux TOC B cBSI3U €
BBEIICHUEM HOBBIX TEXHOJIOTMUECKUX TTOKa3aTeieid, peaIoXXeHHbIX B HOBOM peaaKIuy WH(GOPMALIMOHHO-
TexHuueckoro crpaBouHuka MUTC 38-2022. [IpuBeneHbl uTorn aHkeTupoBaHus 6ojiee 40% neiicTBYIOIINX
Ha poccuiickux TOC KoTebHBIX YCTAHOBOK 10 TEXHUYECKMM M 9KOJIOTUYECKHM XapakTepucTukaM. [Toka-
3aHO, YTO IIaBHYIO Mpo6JieMy npH anantanuu aeiictyomux TOC K HOBBIM TEXHOJIOTUYECKUM ITOKa3aTesIM
MPEICTABIISIIOT KOTJIBI, BBeIEHHbIE B 9KcILTyaTaluio 10 31.12.2000, MocKOoNIbKY TIpU UX MPOEKTUPOBAHUM HE
MpeayCMaTPUBAIUCH BO3MYXOOXPAHHBIE MEPOIIPUITUS U TEXHOJOTHH, 32 MCKITIOUEHNEM 30JI0YJIOBUTEIICH.
[TpoBeneHa olieHKa MaclITabOB 3aMEHbl U MOIEPHU3AIIMU OCHOBHOTO U BCIIOMOTaTe/IbHOTO 000PYA0BaHUS
TaK1X POCCUICKMX KPYITHBIX TOIUIMBOCKUTAIOIINX SHEPreTHIeCKNX ycTaHOBOK (KTDY) mist cHIKeHUS BbI-
OpPOCOB MapKEePHBIX 3aTrPS3HSIIOLINX BELIECTB A0 YPOBHSI HE BbIIIE YCTAHOBJICHHBIX IJIS1 3TOM TPYITIBI TEXHO-
JIOTMYECKUX TToKa3aresieil. BBeneHre HOBBIX TEXHOJIOTHYECKUX TToKa3aTeliei o BEIOpocaM 30JIbl TBEPAOTO
TOIUIMBA MOTPEOyeT Cephe3HOr0 U3MEHEHUS CYIIECTBYIOIICH CTPYKTYPhI 30JI0Y/IaBJIMBAIOIIMX YCTAHOBOK
IyTeM UX 3aMeHBbl WK MolepHu3aluu. B Hacrosiiee BpeMst poccuiickue TOC He ocHalIeHbI 1eiiCTBYIO-
UMM CUCTEMaMU CEPOOYMCTKU Ta30B, B pe3yJibTaTe BHIOPOCHI AMOKCHUAA cepbl Ha Gojiee yeM 40 mblie-
VTOJIBHBIX KOTJIaX HE YIOBJIETBOPSIOT YCTAHOBJICHHBIM TEXHOJIOTUYECKUM TTOKa3aTessiM. BEIGpOCH oKCH-
JIOB a30Ta U3 Ta30Ma3yTHBIX KOTJIOB B OCHOBHOM COOTBETCTBYIOT 3KOJIOTMYECKUM TPEOOBAHUSIM, B OTJIUUME
oT 25% TBUIEYTOIBLHBIX KOTJIOB, Ha KOTOPBIX 3TH TPEOOBAaHUS He BHITIOMHSIOTCS. JIJIsl caMoii BO3pacTHOM 1
MHOTOYMCJICHHON I'PYIIbI KOTJIOB, BBEICHHBIX B 9KCILTyaTaluio 1o 31.12.2000, paccMOTpeHBI TTyTH BHE/ -
PEeHUS HAMJTYJIINX JOCTYITHBIX TeXHOIOTni, pekoMeHnoBaHHBIX B UTC 38-2022, 1 mpemiokeHbI KOHKPET-
HbIe Majio3aTpaTHbIe U OBICTPO BHEAPSIEMbIE BO3AYXOOXpaHHbIE MEPOMPUSITUS TSI CHUKEHUSI BBIOPOCOB
MapKEePHBIX 3arpsI3HSIONIMX BEIIECTB B aTMOC(hEPHBIN BO3AYX 10 YPOBHSI HE BBIIIIE TEXHOJIOTMIECKUX MO~
KasareJieil ¢ y4eTOM UMEIOIINXCS TEXHUYECKUX U SKOHOMMUYECKUX OTPaHUYCHUIA.

Katouegoie croea: mapKepHbIe 3arpsi3HSIIOLINE BEIIECTBA, TEXHOJIOTMUYECKME MTOKa3aTeu BbIOPOCOB, HaU-
JIy4IIve TOCTYIHBIe TexHoaoTuM, TOC, KpyITHbIe TOTTMBOCKUTAIONINE SHEPTeTUIECKIE YCTAHOBKY, 30-
JIOYJIOBUTEJIU, TIPOTPAMMa MOBBIIIEHUS 9KOJIOTUYECKOi 3((HEKTUBHOCTH
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Problems of Adapting the Operating Thermal Power Plant Equipment
to the Technological Emission Indicators Stipulated
by the Information-Technical Reference Book 38-2022
“Fuel Combustion at Large Facilities for Energy Production Purposes”

P. V. Roslyakov* *, O. E. Kondrat’eva®, and T. V. Guseva®

¢ National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
b Research Institute Environmental Industrial Policy Center, Moscow, 115054 Russia
*e-mail: RoslyakovPV@mpei.ru

Abstract—The article considers problems relating to reduction of pollutant emissions at Russian thermal
power plants (TPPs) in connection with the introduction of new technological indicators proposed in the new
edition of the information technical reference book ITS 38-2022. The results obtained from investigating
more than 40% of boiler units that operate at Russian TPPs in regard to technical and environmental charac-
teristics are summarized. It is shown that boilers commissioned before December 31, 2000, pose the main
problem in adapting the existing TPPs to the new technological indicators, because they were designed with-
out the use of air-protection measures and technologies except for ash collectors. The article estimates the
scales of replacing and modernizing the main and auxiliary equipment of these Russian large fuel combustion
power facilities (LFCPFs) for reducing the emissions of marker pollutants to a level not higher than the tech-
nological indicators specified for this group. The introduction of new technological indicators for solid fuel
ash emissions will require a serious change in the existing structure of ash-collecting plants by replacing or
modernizing them. Currently, Russian TPPs are not equipped with operating flue gas desulfurization sys-
tems, as a result of which the sulfur dioxide emissions from more than 40 coal-fired boilers do not comply
with the established technological indicators. The nitrogen oxide emissions from gas-and-fuel oil fired boilers
are in the main in compliance with the environmental requirements in contrast to 25% of coal-fired boilers,
at which these requirements are not complied with. For the oldest and numerous group of boilers that were
commissioned before December 31, 2000, the article considers ways of introducing the best available tech-
nologies recommended in the document I'TS 38-2022 and proposes specific low-cost and quickly introduced
air-protection measures for reducing the marker pollutant emissions into atmospheric air to a level not higher
than the technological indicators with taking into account the existing technical and economic constraints.

Keywords: marker pollutants, technological emission indicators, best available technologies, TPPs, large fuel
combustion power facilities, ash collectors, environmental efficiency improvement program
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B HacTosi1iee BpeMsi OCHOBHAs 10151 SJIEKTPUYECKON PHEPTUU BhIpaOaThIBAETCs TETJIOBBIMU BJIEKTPUYEC-
CKMMMU CTaHIUSIMU, pabOTAIOIIMMI Ha OpTaHUYECKOM TOTUTMBE Mo LMKy PeHkuHa. B mocinenHue necsatu-
JieTus Bce OoJiee TIPUBJIEKATEIbHBIMU CTAHOBSTCSI 9HEPreTUUYECKME TEXHOJOTUM Ha 0a3e COJTHEYHBIX
KoHLeHTpuUpylomux ycraHoBoK (CKY). B craTbe mokazaHa BO3MOXHOCTh UCHIOJIb30BaHUS TEILIA, TOJTy-
YEeHHOTO M3 COJTHEYHOU 3HEeprum (najiee — TEIUIO COJIHEUHOUM 3HEepPTUHr), Ha CYIIECTBYIOIIMX MapoOTyp-
ounHbIXx TOC. Pa3zpaborana cxema nmoakiwodeHus CKY kK mapoTypOMHHOMY 3HEpPreTU4eCKOMy OJIOKY
IBK-150 Tamkentckoit TOC, 61arogapsi yemMy TEIUIO COJTHEYHON 9HEPTUY MOXHO UCTIOIb30BaTh BMECTO
TeIlIa, MOJy4YaeMoro B pereHepaTuBHBIX mogorpeBaresix Huskoro (ITH/I) u Beicokoro (I1B/1) naBneHwus,
a TakKe JUIS1 YaCTUYHOM 3aMeHBI TeTljla OT 3KOHOMai3epa U UcapuTeIbHbBIX TOBEPXHOCTE HarpeBa cyllie-
CTBYIOIIIETO MaporeHeparopa. PacyeTsl npoBeneHbl TpU pa3InyHbIX 3HAUEHUSIX JOJIM TEIia COJTHEYHOM
sHepruu — B auanasoHe ot 20 1o 80%. B kauectBe CKY UCMONB3YIOTCS MapaboIONMINHIPUISCKIE KOH -
ueHtpatopsl (ITLK). IMpennoxena dopmyna nis Berauciaenus KIT npeodbpa3oBaHMsI COTHEYHOI SHEP-
THM B DJIEKTPUYECKYIO Ha COJTHEYHO-TOIUIMBHBIX TMOpUAHBIX TOC, co3naBaeMbIX HA OCHOBE CYIIECTBYIOIINX
napotypouHHbix TOC. [pencraBieHbl pe3yabTaThl MOJAEPHU3ALIMU 9HepreTudeckoro 6joka [TBK-150 mo-
cpenctBoM nonkioueHus K Hemy CKY. B xone npoBeneHust uccienoBaHuii BBISIBIIEHO, UTO MPU UCIOJIb-
30BaHMU TeIUIa COJTHEYHOM sHepruu Ha sHeprooiaoke ITBK-150 my1s1 3aMeHEBI TeTia, IoJIy4aeMoTo B pere-
HEpaTUBHBIX MOIOTpeBaTeNsIX nuTareabHoi Boabl, KIT/] mpeoOpazoBaHUst COTHEUHOUN SHEPTUHU B DJIEKTPU-
yeckywo mocturaet 27.06%, a Mpu 4aCTUYHOI 3aMeHe DKOHOMaii3epa M MCIapUTETbHBIX ITOBEPXHOCTEM
HarpeBa CyIIeCTBYIOIIETo ITapoTeHepaTopa ¢ COTHEYHBIM ITaporeHepatopoM — 34.4%.

Karouesvie crosa: comHeuHble KOHIIEHTPUPYIOIIME YCTAHOBKM, COJTHEYHO-TOTUIMBHAs rubpumHas TOC,
KIIJI mpeoGpa3zoBaHus COJIHEUHOM SHEPIUU B JIEKTPUUECKYIO, MoAepHM3aus neiictytomux TOC, mo-
BhIIIIEHME 9Hepro3hGEKTUBHOCTH, MOAOTPEBATEIM HU3KOTO M BHICOKOTO aBieHUs, MK PeHknHa
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Modernization of Existing Thermal Power Plants
into Hybrid Solar and Fuel-Fired Plants

E. K. Matjanov» * and Z. M. Akhrorkhujaeva®
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Abstract—The major part of electric energy is presently generated by fossil fuel-fired thermal power plants
operating according to the Rankine cycle. In the last decades, power technologies on the basis of solar con-
centrators (SCs) are becoming increasingly more attractive. The article shows the possibility of using heat ob-
tained from solar energy (referred to henceforth as solar energy heat) at existing steam turbine thermal power
plants (TPPs). A scheme for connecting an SC to the PVK-150 steam turbine power unit at the Tashkent TPP
has been developed, due to which solar energy heat can be used instead of the heat obtained in the low- and
high-pressure regenerative heaters (LPH and HPH) and also for partially replacing the heat from the econo-
mizer and evaporative heating surfaces of the existing steam generator. Calculations were carried out for dif-
ferent values of the solar energy heat share: in the range from 20 to 80%. Parabolocylindrical concentrators
(PCCs) are used as SCs. A relationship is proposed for calculating the solar energy into electricity conversion
efficiency at hybrid solar and fossil fuel-fired TPPs constructed on the basis of existing steam turbine TPPs.
The results obtained from modernizing the PVK-150 power unit by connecting an SC to it are presented. It
has been determined in the course of investigations that, in using solar energy heat in the PVK-150 power unit
for replacing the heat obtained in the regenerative feed water heaters, the solar energy into electricity conver-
sion efficiency reaches 27.06 and 34.4% in the case of partial replacement of the economizer and evaporative
surfaces of the existing steam generator with a solar steam generator.

Keywords: solar concentrators, hybrid solar and fossil fuel-fired TPP, solar energy into electricity conversion
efficiency, modernization of existing TPPs, improvement of energy efficiency, low- and high-pressure heat-
ers, Rankine cycle
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