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KOHKYpPeHTOCTIOCOOHOCTH COJTHEYHBIX ,
¥ BETPOBBIX JJIeKTpocTaHuui B crpanax CHIT

0. B. Mapuenxko", C. B. Cosiomun"

DHucruryT cucrem sueprernxn umenn JI. A. MenenTtbesa CHOMPCKOr0 OTACTCHHS
Poccuiickoii akanemun Hayk (Mpkyrck, Poccuiickas ®enepanns)

© benopycckuil HallMOHANBHBIN TeXHUYECKUH yHUBepcurer, 2020
Belarusian National Technical University, 2020

Pedepar. CucreMaTn3upoBaHBl TEXHHKO-I)KOHOMUYECKHE IIOKa3aTeM BO30OHOBISIEMBIX (COJI-
HEYHBIX M BETPOBBIX) M HEBO30OHOBISIEMBIX HCTOYHUKOB SHEPTHU C Y4ETOM HHTEpBaja MX He-
onpeneneHHocty i ycnoBuid ctpan CHI'. OcHoBHOe BHHMMaHue yzaeneHo Poccum u rocymap-
crBaM LlenrpansHoit A3un — Kasaxcrany, Kuprusuu, Tamxukucrany, Typkmenun, Y30ekucrany,
rje UMeloTcsl Haubosee OlaronpHATHBIC YCIOBHS UL PA3BUTHS COJIHEYHOH M BETPOBOH 3Hepre-
Tukd. IIpoBeneHO cpaBHEHHE BO30OHOBISIEMBIX M HEBO30OHOBIISIEMBIX HCTOYHHKOB SHEPIHU
10 KPUTEPUIO CTOMMOCTH BBIpa0aThIBaeMOM 3IeKTposHeprud. [lokazaHo, 4To IIIaTa 3a BEIOpO-
CBHl ITAPHUKOBBIX T'a30B ITOBHIIIAET KOHKYPEHTOCIIOCOOHOCTh COJHEYHBIX M BETPOBEIX JJIEKTPO-
CTAHIMI HA SHEPreTHYECKUX PBIHKAX. B cilydae G1aronpusTHBIX 1718 BO3OOHOBIISEMOIT SHEPreTH-
KH yCJIOBHI COJIHEUHbIE U BETPOBBIE YCTAHOBKHU B psifie PailoHOB MOTYT BBIPaOaTHIBATH ACIIEBYIO
IEKTPOIHEPTUIO CTOUMOCTBIO 3—5 1eHT./(kBT1-u). [Ipn Takux mokazaressix OHH MOTYT ObITh KOH-
KypPEHTOCIIOCOOHBIMH 0€3 JOIOIHHUTEIBHBIX MEp CTUMYJINPOBaHHS MX BHeApeHHs . C MOMOIIBIO
MateMatmdeckoir Mogean REM-2 (Renewable Energy Model) mpoBeneHo cpaBHEHHE 3HEPIro-
HCTOYHUKOB PA3HBIX THIIOB C YUETOM CHCTEMHBIX 3 dexToB. CrcremMa 351eKTpoCHA0KEH s BKIIIO-
qaeT (OTOINIEKTPUUECKHE NMPeoOpa3oBaTeld, BETPONICKTPHYECKHE YCTAHOBKH C BO3MOXKHOCTBIO
KPaTKOCPOYHOTO aKKyMYJIHPOBAHHS U MOTPEOTEHHS 3IEKTPOSHEPTUH OT AyONUPYIOIIETO 3HEPro-
HCTOYHHKA. BhINomHeHO MopenupoBaHue pexXnMoB pabOThl (POTOIIEKTPUIECKUX MpeodpaszoBaTe-
Jel ¥ BeTPOTYpOUH IO BpeMEHH (JacaMm) A Pa3HBIX 3HAYCHUH MPUXOJAa COJHEYHOH pajuaIiin
u ckopoctd Berpa. OmpeseNieHs! ONTHMAIBHBIE COOTHOIICHUS MEX/Yy HMPOU3BOJCTBOM 3JIEKTPO-
9Heprun (HOTOAIEKTPUUSCKUMH IpeoOpa3oBaTeNsIMA U BETPOTypOMHAMH, a TakkKe MPEIIOouTH-
TEJILHBI YPOBEHB ITOTPEOJICHHS MIEKTPOIHEPTUH U3 CETH NPH PA3INYHBIX KIMMATHYECKUX U 9KO-
HOMHMYECKHX YCIIOBHsX. [Ioka3aHa skoHOMUYecKash 3G (HEKTHBHOCTh COBMECTHOTO MCIIOJIb30BaHHS
COJIHEYHOH M BeTpoBoii sHepruu B ctpanax CHI', B mepByto ouepens B Poccun (3a HckiIroueHnEM
CeBepHBIX PalloHOB) U rocyaapcTBax LlenTpansHoit A3nu.

KnroueBble cioBa: (oTOdNIEKTpHUUECKHE IPeoOpa3oBaTeNH, BETPOIICKTPUYECKHE YCTaHOBKH,
CHTI, Poccus, Llentpanbrast A3us, sxoHoMHI4ecKas 3 (heKTHBHOCTB, KOHKYPEHTOCIOCOOHOCTD

Jst nurupoBanus: Mapuenko, O. B. KoHKypeHTOCTIOCOOHOCTh COJTHEUHBIX M BETPOBBIX DJIEK-
tpocranuii B crpanax CHI™ / O. B. Mapuenko, C. B. Conomut // Duepeemuxa. H3s. svicut. yueb.
3asedenuii u snepe. ooveounenuit CHI". 2020. T. 63, Ne 4. C. 301-311. https://doi.org/10.21122/
1029-7448-2020-63-4-301-311
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Competitiveness of Solar and Wind Power Plants
in the Countries of the Commonwealth of Independent States

0. V. Marchenko", S. V. Solomin”

YMelentiev Energy Systems Institute of the Siberian Branch of the Russian Academy of Sciences
(Irkutsk, Russian Federation)

Abstract. Techno-economic indicators of renewable (solar and wind) and non-renewable energy
sources are systematized, taking into account the interval of their uncertainty for the conditions
of the countries of the Commonwealth of Independent States (CIS). The main attention was paid
to Russia and the countries of Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan
and Uzbekistan), where there are the most favorable conditions for the development of solar and
wind energy. A comparison of renewable and non-renewable energy sources by the criterion of the
cost of generated electricity has been made. It is shown that the payment for greenhouse gas emis-
sions increases the competitiveness of solar and wind power plants in the energy markets. Under
favorable conditions for renewable energy, solar and wind installations in some areas can produce
cheap electricity at a cost of 3—5 cents/(kW-h). With such values, they can be competitive without
additional measures to stimulate their implementation. Using the mathematical model REM-2
(Renewable Energy Model), energy sources of different types were compared taking into account sys-
tem effects. The power supply system consists of photovoltaic converters, wind turbines that enable the
possibility of short-term accumulation of electricity and power consumption from a backup power
source. Modeling of photoelectric converters and wind turbines operating modes was performed by time
(hours) for different values of solar radiation arrival and wind speed. The optimal ratios between elec-
tricity production by photovoltaic converters and wind turbines, as well as the optimal level of electricity
consumption from the network under different climatic and economic conditions, were determined.
The economic efficiency of joint use of solar and wind energy in the CIS countries, primarily in Russia
(with the exception of the northern regions) and the countries of Central Asia, is shown.

Keywords: photovoltaic converters, wind turbines, CIS, Russia, Central Asia, economic effici-
ency, competitiveness

For citation: Marchenko O. V., Solomin S. V. (2020) Competitiveness of Solar and Wind Power
Plants in the Countries of the Commonwealth of Independent States. Energetika. Proc. CIS Higher
Educ. Inst. and Power Eng. Assoc. 63 (4), 301-311. https://doi.org/10.21122/1029-7448-2020-63-
4-301-311 (in Russian)

BBenenne

C 1enpio mpeoTBpAIeHUs] HETATUBHOTO BIWSHUS SHEPTeTHKH HA KIIMMaTH-
YECKYI0 CHCTEMY BO MHOTHX CTpaHaX MHUpa MPEANPUHUMAIOTCS MEpPbI, HalpaB-
JIeHHBIE HAa YMEHBIIEHHE BHIOPOCOB B aTMOC(hepy MapHUKOBBIX Ta30B, B MEPBYIO
ouepenp auokcuaa yriepoga CO, [1]. Ocoboe 3HaueHHE B CBSA3M C 3TUM IpUa-
€TCS Pa3BUTHIO BO30OHOBIIIEMBIX UCTOYHHUKOB 3Hepruu (BUJ) [2—4].

Jst ctumynupoBanus BHeApeHUs BUD MCHonb3yroTes pa3indHble METOIBI:
BBeZIcHHE (DMKCHMPOBAaHHBIX Tapr(OB HA TPOAAXKY DIEKTPOIHEPTHH OT IHEPro-
HCTOYHUKOB Ha BO30OHOBISIEMBIX 3HEPropecypcax, CyOCHAMU WHBECTOpaM (KOM-
TICHCAIWA KalNTAIOBIOKEHHUI), TapaHTUH BO3BpaTa WHBECTUIMH, YCTAHOBJICHHE
KBOT C BBEJICHHWEM <3eNeHBIX cepThudukatoB» u ap. Kpome srtoro, mis sHepro-
MCTOYHUKOB Ha OpPraHMYEeCKOM TOIUIMBE BBOZSATCS HaIOrd Ha BeIOpockl CO, (car-
bon tax) u cuctemsl Toprosiu kBotamu (Emissions Trading Systems, ETS). Benm-
YHHA HaJora B pa3HBIX TrocyaapcTBax coctaBisteT oT 1 go 127 mom./t CO, [5].
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B crpanax CHI" BBeneHME 2KOJIOTMYECKOr0 Hajora B HACTOSIIES BPeMs HE pac-
CMaTpPUBAETCs, HO 3TO BO3MOKHO B 00Jiee OTHAJICHHOM MTePCIIEKTHBE.

B crarbe aHanM3upyIOTCS KOHKYPEHTOCIIOCOOHOCTD M YCIIOBHSI IS Pa3BUTHUS
COJTHEYHBIX W BETPOBBIX JIIEKTPOCTaHIMA B Poccum m compenenbHBIX CTpa-
Hax (puc. 1). Oxumaercs, 9T0 MEeXTy HAMH OyAyT pa3BUBATHCSI MEXToCyaap-
CTBEHHBIC DJIEKTPUYECKHE CBS3HM, KOTOPHIE NaAyT KaK SKOHOMHUYECKHH, TaK M
skonorndeckuii apdexr [6], B ToM ymcime Omaromaps MIMPOKOMACIITAOHOMY
BHeApeHuio BUD.

Finland Russia

Belarus

Ukraine
Kazakhstan

Mangal
Romania g

Uzbekistan oy resan
Greece Turkey Turkmenistan
A China SouthKorea  J2P2N

Puc. 1. Kapra Poccun u conpenenbHbix crpan (Google Maps)

Fig. 1. The map of Russia and neighboring countries (Google Maps)

Hambonee mepcnekTHBHOE HANpaBICHHWE PA3BUTHS MEXIOCYIapCTBEHHBIX
ANIEKTPUYECKHX CBSI3EH — I0)KHOE, MPEeNyCMaTPUBAIOIICe O0bEIUHEHHE IEKTPO-
sHepreTnyeckux cucreM Poccum, crpan llentpanpHoit A3un n Kurtas. B stom
pEerroHe TaKkXKe MMEIOTCS OCTATOYHO OJIarONpPHSTHBIE YCIOBHS JUIS Pa3BUTHA
COJIHCYHOM U BETPOBOU SHEPTreTUKHU.

CoBpeMeHHOe COCTOSIHUE PA3BUTHS BO300HOBJIsIEMbIX
HCTOYHUKOB 3Hepruu B crpanax CHI'

HNudopmarus o mMacirabax ucrnoyib3oBanus BID B mupe u ctpanax CHIT
npeactariena B Tabim. 1 [7]. B mocneanee mecatuieTe CpeIHETO0BON MTPHUPOCT
MOIITHOCTEW BeTpoBbIX AutekTpoctaniuii (BOC) B Mmupe cocraisiet okoio 15 %,
comHedHbIX MekTpocTannuii (CIC) — 6omnee 40 %.

MupoBsiM uaepoM no pazsututo BUD ssngercs Kurait. [lo cocrostHuio Ha
koHer| 2018 r. 8 KHP cocpenoroueno okono 30 % cymmapHoii mourHocty BUD
B Mmupe, B ToM uucie 36 % comHeuHod u 33 % BeTpOBOM JHEPrETUKH.
B ctpanax llentpanpHOl A3UHM CYyIIECTBEHHAsI POJIb B MPOU3BOACTBE AJIEKTPO-
SHEPTUU MPUHAAJICKUT TUAPOIHEPTeTHKE, U TUIIb B KazaxcTane cTpostces coi-
HEYHBIE ¥ BETPOBBIE INEKTPOCTAHLHH.
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Tabauya 1
YcraHoB1eHHbIE MOIIIHOCTH BO300OHOB/IsIEMbIX HCTOYHMKOB 3Hepruu, 2018 r.
Installed capacity of renewable energy sources, 2018
Crpana I'3C, MBr | COC, MBr | BOC, MBr B“";?E‘;m"’ Blf/fg‘; .
Mup, 1295317 486085 563659 117828 2356346
B TOoM uncie Kurait 322871 175030 184665 13235 695831
Crpansl CHI'
Poccus 52579 584 102 1370 54710
benapycs 95 154 101 107 457
Monpgasus 64 4 27 12 107
Aszepbaiipkan 1249 36 66 43 1394
ApmeHus 1333 17 3 0 1353
Kazaxcran 2756 209 121 1 3088
Kuprusus 3689 0 0 0 3689
TamxuKucTan 5632 0 0 0 5632
Typxmenust 1 0 0 0 1
VY36ekuctan 1854 4 1 0 1858
* BKmiouas Te0TepMaiIbHEIE U IPHIHBHBIE HIEKTPOCTAHIMIL

CornacHo aHanM3y MexIyHapoIHOIO SHEPreTH4ecKoro areHrcTsa, B 2019 r.
ycTaHOBJICHHBIE MOITHOCTH B yBemmammmcs Ha 200 I'BT, 13 kotopeix 115 I'Bt
coctapmmn COC m Gomee 50 I'Br — BOC. llpemmonmaraercs, 4To B TIEPHOI
2019-2024 rr. momuHoctn BUD mnst AByX pacCMOTpPEHHBIX CIIEHApHEB BO3-
pactyt eme Ha 1200—1500 I'Br, T. €. B 1,5—1,6 pa3a no cpaBrenuto ¢ 2018-m [8].
Oxomno 40 % mupoBoro npupocta momuoctn BUD npuaercs na Kuraii, xoto-
peIii emie Oojee YKPENMUT MHPOBOE JHACPCTBO B 00JACTH BO30OHOBIIsE-
Mol sHepretuku. Takxe ObicTpo Oyayr pactu momHocTH BOC m ocobeHHO
COC ¢ doroanekTpruecKkuM npeodpa3oBanrueM 3Heprud. B nepuon g0 2024 r.
MPOTHO3HUPYETCS MPUPOCT MOLTHOCTEH (DOTORNEKTPUUECKUX Mpeodpa3oBaTenei
ot 697 no 877 I'BT [8].

Crpansl CHI' cymiecTBEHHO OTCTalOT OT OOLIEMUPOBOIO TPEHIa HHTEHCUB-
HOTO Pa3BUTHS M BHEAPEHHUS BO30OHOBIAEMbIX HCTOUHUKOB dHeprun. B Poccun
JUIIB B OCTEIHUE HECKOJBKO JIET NMPH MOJAEPKKE TOCYJapCcTBa HAYalIUCh BBO-
Il (OTORNEKTpUUYECKUX TpeobpasoBaTeneil W BeTpoBeIX TypOun. B 2013 r.
IIporpammoit IlpaButenscrBa Poccuiickoil @enepanuy 10 CTUMYJIUPOBAHUIO
passutusi BIID Obuia mocTtaBieHa 3amada BBECTH B JCHCTBHE U MOIKIIOYUTH
K sHeprocucreme 1,52 I'Bt dotosnextpuueckux ycraHoBok u 3,6 I'Bt Berpo-
TypbuH. [y 3TOTO mMpeyiarajgoch HMCMOJIb30BaTh SKOHOMHUECKHA MEXaHH3M
CTUMYJIMPOBAHHUS MHBECTOPOB, OCHOBAHHBIN Ha TapaHTUAX BO3BpaTa BIIOKEH-
HBIX CPEICTB C MPHOBLIBIO 15 %.

[Iste ctpan CHI' (Poccus, benapycs, Kazaxcran, Apmenus, Kupruzus) ss-
nstoTes uieHamu EBpasuiickoro sxonomuueckoro coiosa (EASC). Buytpu artoit
opranuzanmu cosnaHa EBpasmiickas sxoHomunueckas komuccusi (EJK). B pawm-
kax EADC um CHI' obGcyxmaeTcst Tema MOBBIMIEHHUS SHEProd((eKTUBHOCTH
u pazsutusg BUD Ha eBpa3uiickoM mpocTpaHCTBeE.
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B nactosmee Bpemst EQK pa3pabartsiBaeT nmpoekT «CTpaTernuecKux HaIpas-
JICHU pa3BUTUA €BpasuilcKoW SKOHOMHYEcKOoW uHTerpauuu ao 2025 ropa».
B 3TroM nokymeHTe 00jbIIOE BHUMAaHHE YIENAETCS ONPEIESICHUI0 OCHOBHBIX
HamnpapJIeHUH MPOBEJACHUS] CKOOPJAMHUPOBAHHON HHEPreTUUYECKON MOJIUTHKU
B o0yacTu 3HeprocOepekeHus, dHeprodPQeKTuBHOCTH, Hcmoab30Banus BUD
Y OXPaHbI OKPYXAIOIIEeH CPebl.

B Pecniy6inke Benapych HakorieH omnpesie]IeHHBIH OINBIT B Pa3BUTHH COJI-
HEYHOW M BETPOBOM PHEPreTHUKH, KOTOPBIH MOXKET OBITh MCIIONB30BaH B IPYTrux
ctpanax CHI'. Ilo nanneim EAK, k 2021 r. B benapycu muanupyercs yBennde-
HUeE IeKTprIecKux MoruaocTeit BUD mo 635 MBT [9].

ITocTanoBKa 3aga4n

Lenp nccnemoBanuii aBTOPOB — OLIEHKA KOHKYPEHTOCIIOCOOHOCTH 3JIEKTPO-
CTaHIU{ Pa3HBIX THUIIOB W BIWSHUS HAa HEE OTPaHUYEHHUS BHIOPOCOB IHOKCHIA
yIIepoaa, a TakXkKe ONpeAeNICHHE ONTHMAIBHON CTPYKTYPBI BETPOCOTHEYHBIX
JIEKTPOCTAHIMM [JIs pa3HbIX COYETAaHUM SKOHOMHUYECKHMX W KIMMAaTHUYECKUX
ycnoBuid Poccuu u conpenenbHbIX CTpaH.

Jlyis mpenBapUTeIbHON OLICHKM W CPaBHEHHUS 3KOHOMHYCCKOH 3()(HeKTHBHO-
CTH CJIEYET ONPEAEIUTh yENbHbIE 3aTPAThl HA MPOU3BOJICTBO 3JIEKTPOIHEPTUH
(ee CTOMMOCTB) Ui 3HEPrOMCTOYHHUKOB pa3HBbIX THIOB. Taxke HE00X0AnMO
YUYEeCTh BJIMSTHHE CUCTEMHBIX 3P QEKTOB, BOSHUKAIOIINX BCIIEJACTBUE B3aUMOJIeH-
CTBHS DHEPrOMCTOYHHUKOB MEXIY COOOH M ¢ OKpYXKalolled Cpemoi, HOmoJIHU-
TEJIbHBIX YCIOBUN U OrpaHndeHHHA. ONTHUMabHas CTPYKTYpa CUCTEMBI 3JIEKTPO-
cHaOXeHUs BBIOMpanach W3 pPELIEHHUsS 3aJadll MaTeMaTHYecKOro IMpOorpaMMHU-
pOBaHMA: MUHUMH3AIM 3aTpaT C y4eTOM OallaHCOB IMEPBHYHON, BTOPHUYHOM
W KOHEYHOH SHEepruu M psijaa IONOJIHUTENBHBIX YCJIOBHUH M OrpaHMYeHUil (Ha
YPOBHH 3JIEKTPONOTPEOICHUS, YCTAHOBICHHBIE MOIIHOCTH 3HEPTrOMCTOYHUKOB,
PEXUMBI PAOOTHI AKKYMYJISITOPOB U 3HEPTOMCTOYHUKOB, AYOIUPYIOMINX CTOXa-
cTU4eckyro Beipabotky BUD, u np.). Jlns pacueToB nCmons30Bay MaTeMaTHye-
ckyto mojienb REM-2, B KOTOpOW YYHTHIBAIOCH H3MEHEHHE BBIPAOOTKHU 3JIEK-
TPOSHEPTHUH COJHEUHBIX M BETPOBBIX YCTAaHOBOK IO YacaM CYTOK M C€30Ham
roga. [TonpoGHO Moenb onmcana B [10].

PaccmaTpuBaemas cucteMa 3neKTpocHaOXeH sl TPUBEIeHa Ha pucC. 2.

ey

I
>

BAT — =il

INV

Puc. 2. Cxema sueprocucremsr: WTs — BOVY; PV — ©OII; BAT — akkyMynsaTopsr,
INV — unBeptop; Grid — ceTs, IyOnupyoIe SHEPrOMCTOYHUKH

Fig. 2. Diagram of the power system: WTs — wind turbines; PV — solar photovoltaics;
BAT — batteries; INV — inverter; Grid — network, back up energy sources
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Cuctema coctout u3 (oTodnekTpuyeckux mnpeodpaszosarenein (PIII), Bet-
PO3JIEKTPUIECKUX YCTaHOBOK (BOY) ¢ BO3MOXHOCTBIO KPAaTKOCPOYHOTO aKKY-
MYJIMPOBaHUs eKTpo3Hepruy. CucreMa BKIIOYAeT B ce0sl KOHTPOJLIEPH! 3apsi-
Ja akKyMyJSITOpHBIX Oatapeil (AbB), mpeoOpasoBaTeny HampspKEHHsI, CpeAcTBa
conpsbkeHHs ¢ ceThio (cereBbie mHBepTOphl (CH)) M ayOmupyromui sHepro-
WCTOYHUK, YCJIOBHO Ha3BaHHBIA «CeTb». B ciydae HemocTaTO4HOM BbIpabOTKH
BUD snexkTposHeprusi MOCTYMaeT OT BHEIIHETO0 MCTOYHHUKA MO 3a/1aHHOW IIEHE.
U36BITOK 3JIEKTPOIHEPTHH IPOJIAETCS B CETh 110 TOM )K€ IICHE.

CTONMOCTB 3JIEKTPOIHEPIruu

[Ipu cpaBHEHUHU SHEPreTHUECKUX TEXHOJOI'MH B KayeCTBE KPUTEPHs 4acTo
UCIIOJB3YIOT CTOMMOCTh 3Hepruu. OHa paBHa YJENBHBIM 3aTpaTaM Ha IIpo-
U3BOJICTBO PHEPrUM U OJHOBPEMEHHO INPEICTABISAET COOOH ee MUHHMMANbHYIO
LIeHY, TP KOTOPOH MPOEKT dHEpProcHadkeHus octaercs 3p¢exTuBHbIM. CTou-
MOCTb MOXHO IIPEJCTAaBUTh B BUJIE CyMMBI CJIaraeéMbIX, YUUTHIBAIOIUX 3aTPaThl
Ha CTPOUTEIBCTBO U HKCIUTYaTallMIO YCTAHOBKH, 3aTPaThl HA TOIUTMBO U ILJIaTy 3a
BBIOPOCHI BpeIHBIX BemiecTs [11].

IlepBast cocraBnsrOmas CTOMMOCTH 3JEKTPOIHEPTHH MPSIMO MPOTOPIHO-
HaJIbHA y/IEIbHBIM KalHUTAIOBIOKEHHUAM kK M 00paTHO MPOIOpPLHOHATIBLHA KOI(-
(burmeHTy ucnons30BaHus yctaHoBieHHOH MomHoct CF (KUYM) u 3aBucur
oT ko3(duimenta Bo3Bpara kKanuraia F, rof0BOH HOPMBI TUCKOHTa d, CPOKOB
ctpoutenbcTBa AT 1 ciyxObl 7, €XKEerOAHbIX YCIOBHO NOCTOSIHHBIX U3JEPIKEK LL,
3aTpar HEPruM Ha coOCcTBeHHbIC HYXIb! . TomnuBHAs cocTaBisOmIas MPSIMO
NPONOpPLUHOHATIbHA IIGHE TOIUIMBAa p M oOpaTHO nponopuuoHansHa KIIJ m.
st yuera ruiatel 3a BEIOPOCH! LIeHA TOIUIMBA 3aMEHSCTCS] Ha MIPOU3BENICHUE KO3(-
(pMITHEHTA SMHCCHH @ HA TIeHY BHIOPOCOB TUOKCH/IA yIIepoa p . Jlis onpeeeHns
CTOMMOCTH 3JICKTPO3HEPI MU HUCIIOJIB30BANIN ClIeAyroIyto dhopmyiy [11]:

e™ -1 k p ap’

S=|F +u + + ,
oAT CFH(1-B) 815-10'n 815-10'n

rie F=o/(1-e°"); 6=In(l + d); H— KOIM4ECTBO YaCOB B TO.TY.

IIpoBenenue pacyeTon

OxoHomuueckas 3QPEKTUBHOCTh U KOHKYpeHTOococooHocTs DIIT u BOY
ONPEACIAIOTCA B IEPBYI0 OUYEPE]h TEXHUKO-JKOHOMUYECKMMH IOKa3aTeIsIMU
SHEPrOYCTAaHOBOK, IIEHON 3JIEKTPOIHEPTHH TyONHPYIOMIEro IHEPrOMCTOYHHKA
¥ KO3(QQHUIUEHTOM UCTIONB30BaHUS YCTAHOBICHHONW MOIIHOCTH. Bennunna 3T0-
ro ko3ddurmenta s GII1 3aBUCHUT OT MPUXOJa COTHEYHON pajralldy Ha I0-
BEPXHOCTh COJIHEUHOM MaHenu, a Juid BOY — oT ckopocTH BeTpa Ha BBICOTE OCH
poropa. OpuentupoBounbie 3HaueHus KUYM mma crpan CHIT mpuBemeHb
Ha puc. 3. IIpennonaraercs, yro COC UMEIOT ONTUMAIBHBIA Yrojl HaKJIOHA Ma-
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HeJIeH ¢ COOTBETCTBYIOMIEH cucTeMOl ciiexkeHus 3a CorHIeM, a BBICOTa OarrHu
B3Y mpessimaer 100-120 M [3, 4, 12].

= 0,10

0,05

Puc. 3. KoapuumenT ncroap30BaHus yCTAaHOBICHHOI MOITHOCTH ISl COJTHEYHBIX (@)
u BeTpoBHIX (b) snekrpocrannuii 1yt Poccun 1 conpenensHbIX CTpaH

Fig. 3. The capacity factor of solar (a)
and wind (b) power plants for Russia and neighboring countries

U3 puc. 3 BumHo, uto B Pecniybnuke benapycs @311 Oyayt padorats ¢ KUYM
He Oomee 0,15, a BOY — npu ero 3nmavenun 0,30-0,35. Hammyuymme yciaoBus
Ul OJHOBPEMEHHOI'O Pa3BUTHSA KaK COJHEYHOH, TaK M BETPOBOI 3HEPIEeTHUKHU
B crpanax CHI" xapaktepHbl AJs 10)KHBIX pernoHoB Poccun u rocynapcts Llen-
TpasbHOW Asun. B psane paiionoB stux ctpan KUYM mnst @311 moxeT moctu-
ratb 0,20-0,25, mrst BOY npebrmats 0,40 [12]. B cBsi3u ¢ 3THM OCHOBHEBIE pac-
YeThl IPUBEACHBI UMEHHO AJISl TAKUX PETHOHOB.

IIpy oLieHKEe CTOMMOCTH IEKTPOIHEPIHH PACCMATPHUBAIKCH J1BA BAPHAHTA:

1) HeOnmaronpusATHBIA UII BO30OHOBISEMBIX HCTOYHHKOB dHeprun (BUD)
u OnaronpustHeiil g TOC Ha opraHHYeCcKOM TOILIHBE;

2) omarompustaeIi st BUD n nebnaronpusatasiii ans TOC.

Bapuantel otnuyatorcs 3HadeHusMu KUYM nns BUO B cooTBercTBHU C
KIIUMaTU4ecKUMH  aktopamu [12] W JAPYrHMH TEXHUKO-DKOHOMHUYECKUMH
xapakTtepuctukamu (Tadum. 2). B tabn. 2 mokaszaTenu 3aiaHbl B BUJE HHTEPBAJIOB
HEOIPEeNICHHOCTH.

B nepBoM BapuaHTe 1miata 3a BEIOpOCH! paBHa HYII0, BO BTopoM — 30 moi./t CO,
BO BCEX paccMmarpuBaeMbIx cTpaHax. KoadduuneHTsl sMuccun NpuHATH B CO-
OTBETCTBUU C MaHHBIMU [ 13], HOpMa arickoHTa paBHa 5 %.
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Tabauya 2
TeXHHK0-IKOHOMUYEeCKHE MOKA3aTe/IH 3JIeKTPOCTAHIHUIA

Technical and economic indicators of power plants

DJIeKTpOCTaHLIUS k, mon./kBt n, % CF p, IOIL/T Y. T.
Poccus
YronpHas 20002200 4045 0,75-0,80 60-70
I"azoBas 1000-1100 50-55 0,70-0,80 100-120
BOC 1500-2000 25-30 0,17-0,40 0
COC (P21ID) 1400-2000 12-15 0,13-0,17 0
IlentpanbHas Asus

YronpHas 900-1500 4045 0,75-0,80 60-70
I"azoBas 800-1000 50-55 0,70-0,80 90-110
BOC 1300-1500 25-30 0,21-0,36 0
COC (OD21I1) 1100-1400 12-15 0,16-0,25 0

B mpuBeneHHBIX cTpaHaxX pa3MYalOTCs CpPEJHUE TapU(Pbl Ha DIEKTPO-
suepruto. [lo nannem caiita GlobalPetrolPrices.com, B 2019 r. onn cocraBms-
au 45 uenr./(kBt-uy) B llenrpanbHoit As3um u 7 ueHt./(kBt-u) B Poccum
(nns cpaBHeHus: 4 nieHt./(kBt-1) B AzepOaiimkane; 8 1ient./(kB1-4) B benapycu,
Apmennn, Kurae, Unaun; 11 nenr./(xBt-u) B FOxunoit Kopee; 28 meHr./(kBT-4)
B Snonuu; 34-35 nent./(kBt-u) B ['epmanuu u lanun) [14].

Pe3an>TaT1>1 pac4yeToB U X aHAJIU3

CTOMMOCTB DJICKTPOIHEPTHH I TEIUIOBBIX AnnekTpocTtaniuit (TOC) Ha op-
TaHUYECKOM TOIUIMBE (MUHUMAIBHOMN JUIS YTOMBHBIX MM ra3oBeix TOC) u st
BO300HOBJIIEMBIX WMCTOYHHKOB SHepruu B Poccum m crpanax lleHTpanbHoii
A3sum nipuBenieHa Ha puc. 4.

201
Russia Central Asia
151
§ mmax
% 104 omin
=
S /7
v
5 7 2 7
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Puc. 4. CTouMOCTb 371€KTPO3HEPTUH IJIsl SHEPTOMCTOUYHUKOB PAa3HBIX TUMOB B Poccun 1 cTpanax
Lentpansroii Aszun: TPP — tennoBeie anexrpoctaniy; WT — BeTpo3IeKTpUdecKue yCTaHOBKH;
PV — ¢porosnekrpuueckue npeodpazoBarenn

Fig. 4. The cost of electricity for energy sources of various types in Russia and Central Asia:
TPP — thermal power plants; WT — wind turbines; PV — solar photovoltaics

U3 puc. 4 BUJHO, YTO C Y4YC€TOM IUIAThHI 3a BI:I6pOCBI AUOKCH A yTJICPOJa UH-
TCPBaJIbl HCOMMPECACICHHOCTH CTOMMOCTH JJICKTPOIHCPIUr TCIUIOBBIX, BETPOBLIX
1 COJITHCYHBIX BJIGKTpOCTaHLII/If/’I MEPECCKAOTCA. 910 CBUACTCILCTBYCT O TOM, UYTO
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pu omnpeneneHHBIX yeiaoBusax BOC u COC KOHKYpPEHTOCTIOCOOHBI C AJIEKTPO-
CTaHIUAMHU Ha OPTaHMYECKOM TOTLIHBE.

B ycnosusax Lentpansaoit Asun COC moryt pabotaTh ¢ K03dumenTom
HCIIOJTH30BAHHUS YCTAHOBICHHON MOIIHOCTH okojio 0,25 u BIpabaThIBaTh dJICK-
TPO3HEPTUI0 CTOMMOCTBIO 3—5 meHT./(kBt-u). Ilpu Takux mokazatenmsix BOY
n COC MoryT ObITh KOHKYpeHTOCIOCOOHBI ¢ TOC 0e3 MOMOTHHUTEIBHBIX MEp
CTHUMYJIMPOBAHUS UX BHEAPEHUSI.

Cremyer OTMETHTE, UTO B ycioBusaX Pecrybnuku benapycs @II1 MoryT BbI-
pabaTbiBaTh BIEKTPOIHEPTHI0 CTOMMOCTBIO 9—12 mentr./(xkBTtu), a BIOY -
4—6 ueHr./(kBT-4). DT0 CBUAETENBCTBYET O TOM, YTO BETPOIHEPIeTUKA SBIISCTCS
MPaKTUYeCKH KOHKypeHTocrnocobHoi ¢ TOC, a conHevHas SHEPreTHKA CTaHET
SKOHOMHYECKH (P(PEKTHBHONW MPU BBEJACHUM IIATHI 32 BHIOPOCHI IMOKCHIA YT-
nepoaa.

PacyeTsl CTOMMOCTH 3JIEKTPOSHEPIHH TO3BOJISIOT TPEABAPUTENHFHO OLICHUTH
s¢dpexruBHoCcTs puMeHeHust GII1 u BOY. [Ipu paboTe B cucTeMax aBTOHOMHOI'O
U LEHTPAJIM30BaHHOTO ANIEKTPOCHAOKEHHUS BO3HUKAIOT CUCTEMHBIE 3] deKThI, 00y-
CJIOBJICHHBIC COBMECTHOM pabGorori ®OII, BOY u nyOomupyroimx HCTOYHHKOB
ANIEKTPUYECKON SHepruu. [Jisl Mx ydera UCIONb3yeTCsl MaTeMaTHIeCKasi MOJIEIb.

PesynpTaThl pacyera ONTHMANBHOTO COOTHOILICHMS BBIPAOOTKU BIEKTPO-
sHeprun Mexxay OOI1 u BOY na moxenn REM-2 mpu pa3HbIX 1leHax Ha 3JeK-
TposHepruto (7 uenr./(kBr-4) B Poccuu u 5 nent./(kBt-4) B LleHTpansHOl A3un)
OT CETEBOI0 TyOJIMPYIOIIEro UCTOUYHUKA U PA3TUYHBIX KIMMATHYECKUX yCIOBHU-
SIX TIPUBECHBI Ha puc. 5. VcTIONb30BAIMCH XapaKTEPUCTHKHN COJTHEYHOU pajua-
LIUH U BETPa, MPUBEACHHBIC B COOTBETCTBYIOIIMX BBIMYCKaX CIPABOYHHUKOB IO
kmumaty Ui Poceun, Kasaxcrana u Cpegneit Azun. OTaenbHO pacCMOTPEHBI
ceepHble (North) u roxxubIe (South) palioHEL.
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Puc. 5. OnTumanbeHble COOTHOLIEHHS BRIPAOOTKH 3JIEKTPOIHEPTHU

Fig. 5. Optimal ratios of power generation

@®3I1 1 BOY KOHKYpeHTOCIIOCOOHBI, €ClTi BBIPa0daThIBalOT OoJiee EIIEeBYIO
3JIEKTPO3HEPTHUIO, YEM DIIEKTPOIHEPrus u3 cetu. Ilo Mepe yBennduenus npuxoaa
COJTHEYHOM paguali OT CEBEPHBIX PalloHOB K I0XKHBIM Bo3pacTaeT posib OOII.
B cesepunix paitonax Poccum (RU-North) (mpuxox comHewHOW pagwanuui He
npeseimraer 1200 kBT-4/M° B rox) npumenenne OIII HenenecoobpasHo, a oc-
HOBHYIO 4acTh BbIpa0oTku obOecnieunBaoT BOVY. B rokHbIx parionax (RU-South)
IpU yBETHYECHUH MHCOMSIMH 10 1400 kBT-u/M° B rOf M CHIKCHHH CpEmHEH
MHOT'OJIETHEH CKOpOCTH BeTpa ¢ 7 10 6 M/c yBennuuBaetcs poib OO u xyonu-
PYIOILEro IHEPrOMCTOYHHKA.
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B LentpanbHoil A3uK B ONTUMANbHBIN MJIaH BXOISAT TPU SHEPrOUCTOUYHUKA;
[0 MEpe YBEIUYCHMSI MPUXO0JIa COHEUHOW pamuanuu ontuManbHas gons OOI1
Bo3pacTtaeT. C y4yeToM TOro, 4TO LieHA DICKTPOIHEPIUH B STOM PETHOHE HE Mpe-
BBIINIAET 5 MEHT. 3a | KBT-4, OTHOCUTEIHHO BEIHKA POJIb CETEBOTO IIyOIUPYFO-
mero ucrtouynrka. [lo Mepe pocra TapudoB Ha IEKTPOIHEPTHIO OyIEeT BO3pac-
tath posib BOC (B ceBepHBIX paiioHax) n COC (B 10KHBIX pailoHaX) U YMEHBb-
MaTECS POJIH AYOIHUPYIOMIETO HCTOYHUKA DIICKTPOIHEPTHH.

BBIBO/JbIL

1. CucreMaT3npoOBaHbl TEXHUKO-)KOHOMIYECKHE TIOKA3aTEeNN 3JIEKTPOCTAHIINIHI
Pa3HBIX TUIIOB C YYE€TOM UHTEpBaJla X HeomnpeaeneHHocT st ctpan CHI.

2. IlpoBeieHO cpaBHEHHE BO30OHOBIISIEMBIX H HEBO3OOHOBIISIEMBIX MCTOYHU-
KOB DHEPTHH 10 KPUTEPUIO CTOMMOCTH BBIpadaThiBaeMOl 3eKkTpodHepruu. [lo-
Ka3aHo, 4TO C YYE€TOM ILIaThl 32 BEIOPOCH BO30OHOBISCMBIE UICTOYHUKH SHEPTUH
MOTYT OKa3aThCsl KOHKYPEHTOCIIOCOOHBIMH HA SHEPTETUUECKUX PHIHKAX.

3. [lpu OGnaronpUsTHBIX YCIOBHUSIX COTHEUHBIC M BETPOBBIC DIICKTPOCTAHITHH
B psiliec palilOHOB MOTYT BBIPAa0aTHIBATh JIEHICBYIO 3JCKTPOIHEPTHIO CTOMMOCTBIO
3-5 nent./(xkBt-).

4. JlomoMHHUTENFHOE CPaBHEHHE SHEPTOMCTOYHHUKOB PAa3HBIX THIIOB C YYETOM
CHCTeMHBIX 3()(EeKTOB BBITIOIHEHO C WCIIONB30BAaHWEM MAaTeMaTHYECKOW MOZIEH
REM-2 (Renewable Energy Model). MonenmupoBanue pexkuMoB paboThl (hOTOIIICK-
TPUYECKHUX TMpeoOpa3oBareici W BETPOANICKTPHUYESCKUX YCTAHOBOK IO BPEMEHU
(vacam) 11 pa3HBIX 3HAYCHUI MPHUXO/A COJHEYHOMN paJialliil U CKOPOCTU BETpa
[IO3BOJIWJIO OTPE/ICIIUTh ONTUMAJIbHBIC COOTHOIICHUS MEXKIY YCTaHOBJICHHBIMU
MOIITHOCTSIMH W TIPOU3BOZICTBOM 3JIEKTPO3IHEPruM (POTOIIEKTPUUSCKUMU TIpeodpa-
30BaTeNsiMH M BeTpoTypOuHamu. [lokazana skoHomuueckasi 3pdexkTHBHOCTh COB-
MECTHOT'O MCIIOJIb30BaHUsI COJTHEYHOW W BETPOBOU 3Hepruu B Poccuu (3a uckimoue-
HHEM CEBEPHBIX PAOHOB) M rocyaapcTBax LleHTpanbHoi A3um.

5. B crpanax CHI" popmupyeTcsi CKOOpIMHHPOBAHHAS TOJIUTHKA B 00JACTH
pa3BUTHSI BO30OHOBIISIEMBIX WCTOYHHKOB OJHEPTHM M OXPaHBI OKpYXKaromen
cpensl. OMBIT MPUMEHEHUST BETPOBOW M COJIHEYHOW 3HEPreTWKH B PecrryOmm-
ke bemapyce MoeT OBITh HCIIONB30BaH B PYTHX TOCYAApCTBaX COAPYKECTBA.
B benapycu BeTposHepreTHKa SBISETCS MPAKTUIECKH KOHKYPEHTOCTIOCOOHOM
TEXHOJIOTHEH MPOU3BOJICTBA AJIEKTPOIHEPTHH. DKOHOMUYIECKas d(PPEKTHBHOCTE
COJTHEYHOM SHEPreTHKH OYAET MOBBIIIATECA B CBS3M C BO3MOYKHBIM BBEICHHEM
Hajora Ha BBIOPOCHI JMOKCHA YTIEPO/Ia U IPYTHUX BPEIHBIX BEIICCTB.
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Abstract. Nowadays the world energy system faces numerous transitions and shifts of the existing
socio-technical regimes towards higher sustainability. Along with it, the sustainable transitions are
often being postponed, slowed down or rejected to avoid negative externalities that could threaten
the system stability. In this study, we aim to reach the deeper understanding of the externalities of
energy transitions and the vulnerability of energy systems under the influence of negative externa-
lities caused by sustainable energy transitions. Using the Externality theory (Baumol, Oates),
Sociotechnical transition theory (Geels), as well as Energy sustainability Trilemma Method for
the evaluation of the sustainability of energy systems we argue that such externalities need to be
treated (internalized, avoided) by special policy measures other than common (classical) ways
which may cause slowing down of sustainability transitions and make extra barriers for them.
Transitions to more clean and low-carbon energy systems using energy technologies such as solar,
wind, small hydro, biomass, waste management, e-vehicles are in the scope of this paper. It classi-
fies the wide range of policy methods (classical and new) being applied separately and simulta-
neously, and analyses their application in energy policies designing aimed to combat negative
externalities of energy sustainability transitions worldwide, so they might be minimized by pro-
perly tailored energy policy in each particular case.
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MIOBBIIICHUS YCTOHIMBOCTH. Hapsay ¢ 3THM Takue yCTOH4YMBEIE TpaHCHOPMAUH JacTO OTKIAMIBI-
BAIOTCS, 3aMEIUIIIOTCS WM OTKJIOHSIOTCS, YTOOBI M30€XaTh HEraTHBHBIX BHENIHUX (DaKTOPOB,
KOTOpBIE MOTYT yIpOXaTh CTAOMIBHOCTH CHCTEMBI. ABTOPHI CTaTbU MOCTapaINCh JOHEeCTH Ooiee
riy0oKoe MOHHUMaHHWE BHEIIHHX S(PQEKTOB (IKCTEpHAIMIl) IHEpreTHYecKHx TpaHchopmarmit
U yS3BUMOCTH PHEPTe€TUYECKUX CUCTEM I0J] BO3JEHCTBHEM HETaTHBHBIX BHEIIHHUX (DAaKTOPOB, BBI-
3BaHHBIX YCTOWYMBBIMU SHEPIeTUUECKMMH TpaHChopMauusMu. VIcrons3yst TEOPUIO SKCTEpHAINN
(baymouns, OyTc), TEOpPHIO COIMOTEXHUUECKUX TpaHcopMaruii ['miica, a Taxke MeTO]| TPHIEMMEI
9HEPreTHYECKONH YCTOMYMBOCTH [UISI OLEHKH YCTOMYMBOCTH HSHEPreTHYECKUX CHCTEM, MOXKHO
YTBEpXKJaTh, YTO Takue BHeNIHHE 3(PQEKTh NOLKHBI OBITh MOABEPXKEHB! CHEHATEHBIM MepaM
9HEPTreTHYECKON MOJUTHKH, OTJIMYHBIM OT OOIIEHPUHATHIX (KIACCHYECKUX) CHOCOOOB, KOTOPHIE
MOTYT NPHBECTH K 3aMEIJICHUIO YCTOWYUBBIX TPaHC(HOPMALU B SHEPreTUKE U CO3/aTh A1 HUX
JIONIOJTHUTENbHBIE Oapbepbl. PaccMoTpeH mepexos k 0ojee YUCTHIM M HU3KOYTJICPOJHBIM dSHEpre-
THUYECKUM CHCTEMaM, HUCIIOJIB3YIOIINM TaKHe SHEPreTHYECKHe TEXHOJIOTHH, KaK COJHEYHasl SHep-
THs, DHEPIUsl BETpa, Majas TMAPOIHEpreTHKa, Ouomacca, yTHIM3AIMs OTXOJOB, JJIEKTPOHHBIE
TpaHcHOpTHBIE cpencTBa. [IpoBemeHa xiaccudukanus MUPOKOTO CIEKTPa METOJIOB INOIMTHKU
(KJTaCCHYECKUX M HOBBIX), IPUMEHSIEMBIX IO OTJAEIBHOCTH M OJHOBPEMEHHO, BBIIIOIHEH aHAIN3 HX
WCTIOJIB30BAHUS NIPU pa3paboTKe SHEPreTHUECKON MOJIUTHKH, HANPaBICHHOH Ha OOpbOy ¢ Hera-
THUBHBIMH 1TOOOYHBIMHU 3P dexTamu TpaHchopManuii Ha IyTH K PHEPTETHIECKOH YCTOWYNBOCTH BO
BCEM MHpE, KOTOpPblE MOKHO MHHMMH3HUPOBATh C ITOMOIIBIO Ha/UIeXKaIluM 00pa3oM pa3paboTaH-
HOW 3HEPreTU4ecKON MONIUTUKU KaXXJOU CTPAHBL.

KiroueBble cjioBa: sHepreruyeckas MOJNUTHKA, YCTOHYMBas TpaHC(oOpMalus, HEraTUBHBIE SKC-

TEpHAJIUN yCTOﬁ‘{HBLIX TpaHC(i)OpMaL[PIfI, BO300HOBJISIEMbIC HCTOUYHUKH OHEPTUn

s nurupoBanus: [lucemennas, V. E. YcToituussle sHepreruueckue TpaHchopManuu: HUBEIU-
poBanue HeratuBHbIX dkcTepHanuii / V. E. [Tucemennast, I'. C. Tpunonsckas // Duepeemuxa. Hss.
svicut. yued. 3agedenuti u suepe. oo6veounenuti CHI'. 2020. T. 63, Ne 4. C. 312-327. https://doi.org/
10.21122/1029-7448-2020-63-4-312-327

Introduction

Today societies witness the so-called quiet energy [r]evolution, when rene-
wables “quietly” replace conventional energy sources, and numerous cities,
regions and countries seriously consider transition towards 100 % renewable
energy (RE) supply. Over the past ten years about 553 GW of new renewable
energy sources (RES) capacities were installed globally [1]. Leading inter-
national banks (Bank of America, Citigroup, Morgan Stanley, Wells Fargo)
announced the termination of financing for projects of the so-called grey power
generation and industry based on coal [2]. Both developed and developing coun-
tries elaborate scenarios of transition toward 100 % RES energy supply in the
medium and long run. These countries include Belgium, Sweden, Denmark,
Croatia, Macedonia, North Africa, the UK, Germany, Hungary, Poland, the EU
in general, Australia, USA and Canada, a group of countries in South America,
Israel, India, Philippines, Morocco and others. Now Ukraine examines the pos-
sibilities of reaching 100 % RES by 2050. In Dec 2016, the EU presented Clean
Energy Package, which presumes at least 50 % of energy from RES by 2030.
The main elements of the energy [r]evolution are the introduction of RES
through decentralized energy systems that reduce the load on the network and
network losses, decommissioning of outdated and “dirty” environmental tech-
nologies and decoupling, i. e. differentiation of economic growth and increased
use of fossil fuels.
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The 100 % RES shift induces numerous challenges to the existing indust-
ries, people, ecosystems and so on. In some cases, emerging challenges are
being omitted or addressed in unsustainable manner. Contemporary narrative
and science consider fossil fuels as those generating negative rather than positive
externalities [3, 4]. Being full supporters of transition towards 100 % RE supply,
nonetheless, we observe negative externalities of RES as well. Understanding
the nature of negative externalities, applicable to RES, brings us to the necessity
to address the emerging challenges of negative externalities in order to minimize
their negative impact. Generally, all technologies have their pros and cons, but
avoiding or at least minimizing the negative externalities of sustainable energy
technologies leads to their faster expansion and to more sustainable energy and
economy.

In this paper, we analyze policy methods which deal with negative externali-
ties based on their origin and impact: local or global, classical and new, interna-
lizing and technological. Despite similar processes occur worldwide, some ex-
ternalities affect local communities or ecosystems, whereas global externalities
are broad-based, affect countries’ economies, being broader than just particular
technology negative side. Some of them are inevitable, being related to the very
nature of technology, whereas other negative externalities are related to impro-
per ways of doing business or poorly tailored regulatory policy. Understanding
of technology performance bottlenecks is essential for improvement of regula-
tory policy, faster spread of RES, cost-cutting and more sustainable economy.

This paper is structured as follows. Section “Sustainability as a path to mini-
mize negative externalities” focuses on the existing theories and analytical
framework. Section “Results and discussion. Practice of dealing with negative
externalities of sustainability transitions (NEST)” sees the concept of sustaina-
bility as one of ways to minimize negative externalities; reviews several cases
of negative externalities in Ukraine and globally and proposes new ways to deal
and to cope with the mentioned negative externalities. These cases include
improper application of feed-in-tariff (FIT), charging of e-vehicles (EV) in day
time, cases of hydro power plants (HPP) with dams, externalities of intermittent
RES, i. e. of wind and solar power plants (WPP and SPP), as well as negative
externalities of the first generation biofuels.

Materials and methods

Researchers usually distinguish three kinds of externalities which follow the
different processes in economy. They are:

a) positive externalities of supply and demand side, i. e. caused by sustaina-
bility transitions [5-9];

b) “network externalities” of existing sociotechnical regimes (the technology
attractiveness rises with the rate of its adoption), which strengthen the barriers
of the existing regimes [10—12];

c¢) negative externalities of production or consumption thoroughly studied
within the Externality theory and Environmental Economics [13—15].
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P. Zeppini looks at sustainable transitions as the adoption of a new technolo-
gy under the influence of social interactions and network externalities. He argues
that the technological progress in the form of endogenous learning curves is a
fundamental factor of sustainable transitions. He also proposes the sustainable
transitions model based on discrete choice dynamics, bounded rationality and
switching behavior, and by means of the model he studies the efficacy of diffe-
rent policy measures, e. g. FIT and pollution taxation [9].

A. Owen outlines the necessity of the reassessment and internalization of
damage costs resulting from combustion of fossil fuels to obtain their real cost
compared to the costs of renewable technologies [12].

Negative externalities of production or consumption in the form of reducible
but not totally avoidable ecological impact are the most common among other
kinds of externalities discussed by economists, ecologists and other social scien-
tists. They see the problem of externalities in proper allocation (Pigou [16],
Coase [17]), internalization (Baumol, Oates [13]), monetization (Keppler [18])
and, if could not be eliminated, in the reduction to an appropriate level (Peter,
Bird [19]; Coase [17]). Externalities as the market failure occur because of the
absence of the “market feedback” between the “victim” and “generator” of an
externality. Arrow [20], Kneese [21] spoke about “the markets of externalities”
three decades before the appearance of GNG emissions trading system and white
certificates mechanism.

Obviously, the negative externalities of sustainability transitions (NEST) could
be studied as a kind of common externalities of production or consumption, but
treating (internalizing, avoiding) them only in common ways often causes slowing
down of sustainability transitions and makes new barriers for them. Classical
methods to treat negative externalities are known as Pigouvian taxation, standardi-
zation and quotation, Coasian property rights establishment, FIT.

The development and practical application of new policy methods of dealing
with NEST is the matter of importance when speaking about the management of
sustainability transitions. Among such methods are:

1) externalities markets arrangement;

2) supplementary markets arrangement;

3) markets redesign;

4) broader economic assessment and reassessment (e. g. system value (SV)
together with LCOE);

5) parallel technologies deployment;

6) improved operating strategies (6), i. e. Smart Grid, demand side manage-
ment (DSM), advanced forecasting and enhanced scheduling of power plants;
and some other.

Perhaps, the increasing variable renewables generation (VRE) deployment in
power systems is the case with the huge NEST (system security concerns) and
with the widest range of policy methods, classical and new. They are:

— classical: the responsibility of VRE operators for non-balances;

—new: energy markets redesign (very close to real-time, the enhancing of
interconnections to other systems); supplementary (capacity) markets arrange-
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ment and the upgrade of traditional power plants to be able to respond to more
rapid supply-demand unbalances; new economic reassessment, parallel techno-
logies deployment (energy storages and the interplay with other energy genera-
tion, notably with natural gas), Smart Grid development, and DSM (rising the
number of prosumers and their role in supply-demand balancing).

An energy policy designing envisages both simultaneous and separate appli-
cation of such policy methods, taking into account possible cooperation of some
socio-technical regimes (e. g. renewable and nuclear, renewable and gas peak-
load etc.) and commitments under the international agreements (climate, envi-
ronmental, political cooperation). Next sections will provide the analysis and the
examples of their implementation.

Sustainability as a path to minimize negative externalities

An energy sustainability transition is such energy transition, which leads to
the overall rise effect within the energy sustainability Trilemma {energy secu-
rity; energy affordability; ecological sustainability} [22]. If an energy transition
performance maintains the rise along all three axes of Trilemma and the negative
externalities are overcome by positive ones in a way that the overall effect
grows, that is an energy sustainability transition [23]. Basing on the Externa-
lity theory (Baumol, Oates [13]) and Sociotechnical transition theory (Geels,
Schot [24]), the social benefit of a transition could be described as:

SB, =SD, —~NE,, )

where SD, — social damage caused by the replaced sociotechnical regime; NE7 —
negative externality of a transition.
Marginal social benefit of a transition could be described as the following:
D
MSB, _ 45D, —&, ()
g dQ

where Q — volume of demand/consumption (for energy sustainability transition —
volume of energy demand/consumption: tons of oil equivalent, MW-h, etc.,
for e-vehicles: p-km (passenger-kilometre) or t-km (tonne-kilometre)).

If MSB7> 0, then such transition could be marked as a sustainability tran-
sition.

The equation (2) reflects the different influence of externalities at the diffe-
rent levels of demand or consumption. For example, the growing number of fast
charging e-vehicles could affect the grid; it demonstrates that the growth of
NEST caused by the growing demand is non-linear. The other example is VRE
ratio in a power system. Integrating over the first few percentage points of VRE
into the power system poses increasing technical and economic externa-
lities, with the increasing disposal of flexibility stock which is available in
traditional power systems and the increasing part of such stock is used to inte-
grate VRE [25].
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Fig. 1 demonstrates in terms of the Externality theory the sustainable tran-
sition from sociotechnical regime (technology) Sy to S7. The social benefit of the
transition equals to the avoided social damage of the previous regime (techno-
logy), diminished by NEST.

P

MSB
MSD

MSD7= NEST

Fig. 1. Marginal social benefit of a sustainable transition: S;, Sy — supply curves of previous
and new sociotechnical regimes (technologies); D — demand curve;
MSD, — marginal social damage (negative externality) of a previous sociotechnical
regime (technology); MSDr— marginal social damage (negative externality) of a transition;
MSB7— marginal social benefit of a transition

Negative externalities are considered to be the cost of resources used by the
technology but that are not paid on a market price [26]. Based on that, we can
divide policy methods dealing with NEST into two groups:

a) internalizing — methods which are aimed to internalize NEST and to cover
their cost by the market prices (1, 4 and classical methods);

b) technological — methods which are aimed to minimize or avoid NEST
technologically (2, 3, 5, 6, 7).

The main principle of a policy is that the applied methods should not slow
down or postpone sustainability transitions, but force them.

Simultaneous application of internalizing and technological methods could
be more efficient compared to the application of the methods of one type only.
In the above mentioned example of VRE ratio in a power system both types of
methods are usually applied: the responsibility of VRE operators for non-balances,
economic reassessment (internalizing) and parallel technologies deployment and
supplementary markets arrangement, market redesign (technological).

Results and discussion. Practice of dealing
with negative externalities of sustainability transitions

Negative externalities now require detailed attention and brief classification
based on types of externalities mentioned in the previous section. Examples of glob-
al and negative externalities resulting in poor management might be as follows.

In Ukraine, burning of unsorted wastes to produce electricity and sell
it against FIT was suggested. It is a doubtful decision from ecological point
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of view. In Ukraine, wastes are not being sorted and recycled. The problem scale
is so immense, that wastes have already lead to several human deaths in 2016,
when four workers of Lviv municipal solid waste landfill tragically passed away
while conducting daily operations at the mentioned landfill. This incident has
brought attention to the problem of 6700 official and 30000 unofficial overflow
landfills all over the country, but has not yet brought Ukraine to the sorting
of wastes and further recycling. In Ukraine, 96 % of the wastes is being buried
on landfills without further processing. Instead, burning of unsorted wastes
to obtain electricity was suggested. We consider this case as unsustainable waste
management and improper application of FIT mechanism. The existing solid
waste landfills produce methane, which leads to numerous cases of spontaneous
combustion. Thus, removal of biogas and further output of electricity, sold
against FIT, is a good option for the existing landfills, and maximally possible
sorting of wastes with further recycling could be a good option for the upcoming
wastes. This could be done by creation of proper regulatory policy toward
development of conditions stimulating sorting and further processing of wastes,
starting with development and implementation of uniform rules regarding collec-
tion and sorting of municipal solid wastes, lack of which now makes impossible
investments in wastes recycling plants.

Charging of e-vehicles with fast-charge mostly in daytime creates addi-
tional load in the energy system. Even in many developed countries, the existing
energy generating capacity is not sufficient to meet the demand for electricity for
the vast majority of electric vehicles during the hours of minimum power system
load. There are studies indicating that in the US generating capacity is enough
to transfer only 70 % of the fleet to electric vehicles. The situation in Ukraine
is somewhat different. The coefficient of unevenness of the load curve has re-
cently reached 0.76. The difference between the maximum and minimum daily
load in the Ukrainian power system is about 5.5 GW, and the difference between
the average daily and minimum load is 2.5 GW. With an average annual passen-
ger car running 20 thousand km, the average daily mileage is 54 km. For sim-
plicity, we suppose that a fully charged battery of an electric car with a capacity
of 24 kW-h is sufficient for a run of 160 km and needs to be recharged twice
a week for six hours with power consumption when recharging 4 kW. Transition
of 10 % of owners of cars (700 thousand cars) to electric cars will entail addi-
tional load of the power system during hours of night failure to about 0.9 GW.
Consequently, an increase in the transition to electric vehicles to 50 % of owners
will positively affect the alignment of the schedule of electrical loads in the
power system. However, having more that 50 % of all vehicles as e-vehicles
without optimization of energy consumption in the power system of Ukraine
(general and electric vehicles), without increasing the value of basic energy gene-
ration, without modernization and the transition of electrical networks to Euro-
pean standards would harm the existing energy system. The decrease in the daily
unevenness of the load of the power system in the last decade is accomplished
by applying economic methods of managing consumers' demand for electric
power and capacity or forming economic conditions in which consumers benefit
from adjusting their own power consumption regimes.
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In Ukraine, where the wide-scale transition toward interval metering has
started only recently, charging of e-vehicles with fast-chargers may result in
additional difficulties for energy system, as consumers generally prefer fast
charging [25]. This scenario is quite possible also because of distribution of
chargers that are located mostly in large cities, where people reside mostly
in multi-apartment buildings and park their vehicles not in parking lots or gara-
ges, but just outdoors, thus having no technical possibility to install indivi-
dual chargers and where there is quite limited technical possibilities to charge
e-vehicles at the long chargers. In other words, in-home charging overnight
in Ukraine is limited and will remain limited in future, thus presently faster
chargers remain an option, unless legislator would intervene with proper legisla-
tion, and market will react with both slower and faster chargers. To avoid char-
ging of e-vehicles during peak hours, many countries have elaborated penalties
for using electricity during peak hours, at the same time making non-peak char-
ging more attractive [26-28]. In Ukraine, this kind of legislation is not deve-
loped and enforced yet, which creates room for electricity overuse in peak times
to charge EVs. At the stage of e-vehicles development some conventional gaso-
line stations cooperate with e-vehicles importers, offering free charge at gasoline
stations even during the day time. Thus, charging e-vehicles only in daytime
without proper market regulation makes the practice of e-vehicles charging
unsustainable, presenting a negative externality of EVs. There are numerous
studies showing consumers’ behavior related to charging their EVs. Studies for
the USA, Denmark markets [29] state that fast charging itself makes minimal
real impact to the grid [30] when the number of e-vehicles is small [31], but it
might affect the grid with the anticipated growth of number of e-vehicles on the
road. Wilson [32], Christ [33] emphasize that if charging of e-vehicle requires
energy obtained from carbon intensive fuel, there might not be saving of CO,
emissions compared to the vehicle using fossil fuel. In countries where
coal dominates in the energy mix, CO, emissions from e-vehicles are up to 4 times
higher than in countries where electricity is produced from low carbon sources [32].
Even in regions where baseload coverage is relatively low-carbon, charging of
e-vehicles during peak times derives from energy generation that can be more
carbon intensive, for example, from coal or natural gas. Therefore, the e-vehicles
offer rather displaced emission than zero CO, emissions, because electricity
output from non-RES cause “traditional” emissions.

Examples of local negative externalities might be as follows.

Small hydro power plants (SHPP) are considered as renewable energy
source, in some cases providing energy to remote communities that do not have
access to centralized energy supply, cleaning small rivers and sometimes ful-
filling other important tasks. For instance in Ukraine, Mlynivska SHPP, having
capacity of only 0.36 MW, backs up Rivne nuclear power plant in supplying
water to cool the reactors [28].

Environmental risks of hydro power plants, derived from construction of
dams. Small hydropower plants cause fragmentation of ecosystems, impair
the quality of water and affect the hydrology of rivers and their basins. Losses
of ecosystems from small HPPs hundreds of times exceed losses from large
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HPPs per 1 MW of generated electricity. Simultaneous construction of cas-
cade of SHPPs is often done without considering their cumulative effect. Hydro
power plants affect fisheries: during the spawning and migration time the baby
fish cannot pass through the dam and die in the turbines. SHPPs cannot contri-
bute significantly to GHG mitigation, because while HPP construction, a water
reservoir is needed, and eventually water reservoirs with decaying plants emit
methane, which’s greenhouse potential is about 25 times higher than that
of CO,. Methane is also dangerous for people working on the rivers, tourists,
fishermen etc. These water reservoirs create favorable conditions for mosquitoes
way beyond their naturally acceptable population. To start running of HPP,
electricity is needed, and it is usually of fossil nature [34]. Despite large HPP
and pump storage plants in Ukraine and globally serve as maneuver capacities,
water discharge might affect environment adversely, for instance, there is accu-
mulated sludge that needs to be disposed. Water discharge also affects water
supply of cities, fields irrigation etc. [28].

Large power plants require dislocation of population where water reservoirs
are planned to be constructed. People living nearby become vulnerable to poten-
tial floods or other natural catastrophic events, as well as more vulnerable to
terroristic attacks related to damaging of dams.

Due to turbines, river beds might be dried, rivers are shallow, which
destructs the local ecosystem. In the future, this problem might become more
acute even for larger rivers due to process, related to climate change: nowadays
in summer flows of rivers all across the Central Europe, including Ukraine,
are decreasing, and rivers are becoming shallow. Ukraine already belongs to the
group of countries with limited supplies of water, in terms of water being the
poorest country in Europe. Reduction of rainfall leads to significant increase of
demand for water, more frequent and severe droughts (which currently occur every
100 years). According to forecasts, they will be twice as likely to 2070 in case
of reduction of river drain basin [35]. Changing the modes of operation of the
cascades of Dnipro rivers’ reservoirs will affect the operation of SHPPs, but will
not help against water shortages [36]. In Northern Ukraine, annual runoff may
increase by 15-25 %, i. e. winter runoff is expected to increase, while spring
runoff will decrease, which would also affect the operation of SHPPs. In South
and South-East Ukraine annual river flow may decrease by 30-50 %, which
increases the risk of droughts and extreme floods [37]. SHPPs adversely affect
float types of tourism, as tourists cannot plan their routes through the dams.

To avoid some of the mentioned negative externalities, scientists have elaborated
damless power plants; however, they are small and able to provide electricity only
to several households. Also, some countries regulate that feed-in-tariff can be ob-
tained only for surplus energy, i.e. energy that is above the needs of local communi-
ties (e. g. in Latvia). However, SHPPs often provide higher damage to ecosystem
without being able to supply enough energy to meet local community’s needs.

Solar power has its negative environmental impact as well. Nowadays there
are at least several arguments that need further attention: extraction of silicon
from silica requires significant amounts of energy that derives from fossil fuels.
Solar power plants require land surface, which creates competition for land with
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other aspects of land use. Jacobson et al. [38] developed scenarios to achieve
100 % RES in 139 countries, including Ukraine, so that all the energy needs
(transportation, heating/cooling, industry, agriculture) would be met only by
RES. According to the authors’ estimations, this scenario would require 42.54 %
less energy than under the BAU scenario due to higher efficiency of energy con-
version to work, no need for extraction, transportation or processing fossil fuel,
and because the efficiency of final energy use is higher than under the BAU
scenario. To ensure the needed energy output, additional area is required,
however, the competition for land would not be severe [39] (Tab. 1).

Table 1

Energy generating facilities and area required to fully meet the energy demand
in 139 countries globally in 2050"

Percentage Percentage
. Percentage .. | Number of ag of territory
Capacity Capacity of territory .
0f 2050 load new plants, . as distance
of of the in 139
Technology . that would needed . between RES
1 plant/device, plants, countries, .
be covered for 139 objects
MW GW . needed for
by the plant countries 2) to locate
new plants
new plants
Onshore WPP 5 23.52 8332 1582345 0.00002 0.92380
Offshore WPP 5 13.62 4688 935150 0.00001 0.54600
Wave and 0.75 0.58 307 409517 0.00018 0.00860
tidal
Geothermal 100 0.67 96 839 0.00023 0
HPP 1300 4 1058 0 0 0
Tidal turbines 1 0.06 31 30050 0.00001 0.00009
Rooftop SPP
of households 0.005 14.89 9277 [1841306023| 0.04026 0
Rooftop SPP
of public and
commercial
sectors 0.1 11.58 7586 | 74981706 | 0.03279 0
SPP 50 21.36 12629 251230 0.12832 0
Municipal
heliostations 100 9.72 2153 21485 0.05270 0
Total 100 46157 |1919518345]  0.255 1.478
To cover peak loads and to store energy
Additional
heliostations 100 5.83 1292 12921 0.032 0
Heliothermal
power plants 50 4639 84448 0.005 0
Heothermal
heat 50 70 0 0 0
Total 52159 [1919615713]  0.291 1.478
! Total area of 139 countries is 119.651.632 km?.
? Physical area on the surface of ground or water (without area of underground facilities,
which makes sense in case of geothermal combined heat and power plants).
The source is [39].

Tab. 1 shows that authors do not expect construction of new HPPs, however,
the efficiency of the existing dams is going to be increased. The existing SPP
also will be replaced by the more efficient ones, as large SPP can be located only
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in a few countries. At the same time, the existing buildings’ surfaces can be used
more efficiently, so that new areas would be used scarcely to accommodate
new additional SPP. New RES facilities would require 0.22 % of the total area
of 139 countries. The additional area is mainly needed for industrial SPP.
Authors do not include areas that would become vacant in future and now are
used for the existing, fossil fuels-based energy generation (mining, transporta-
tion, processing) and growing feedstock even for biofuels.

The optimal way to diminish this negative effect is to use all possible surfa-
ces that can no longer be used for anything else, such as buildings’ rooftops etc.
Large solar power plants might negatively impact birds migration, as flying
birds consider burning hot surfaces of SPP as water and burn themselves.
In future, there will be a growing problem of utilization of used solar panels.
Solar thermal or concentrated solar power applications use fluids that absorb and
collect heat, being potentially dangerous when spilled.

Generally wind power have gain significant acceptance of society [39, 40].
Ecologists claim that wind turbines negatively affect birds’ migration and birds’
lives, but there are some other negative externalities. In this extent, a concept
“Not in my backyard” has emerged. This concept was even measured: according
to Droes, Koster [41], existing wind turbines had adverse effect on house pri-
ces in the Netherlands. Authors witnessed an average 1.4 % price decrease
for houses located less than 2 km near the existing turbine. If turbine is located
500-750 m close to the house, its price drops by 2.3 %. Noticeably prices begin
to decline three years prior to turbine put into operation (after such plans are
declared). On first glance, 1.4-2.3 % does not seem high; however, authors
translate it into loss of EUR 3,500-5,600 per house. Turbines, located in urban
areas, impose some other constraints, such as noise, vibration, shadowing of
nearby properties and change views of landscapes (any of this side effect cannot
be directly monetized). This is not only the case of the Netherlands; similar story
is observed in the UK (Gibbons [42]), where house prices are about 5 % lower
close to wind turbine. Ladenburg, Dubgaard [43] indicate that people in Den-
mark agree to pay annually to extend the distance of a single wind turbine or
wind farm from residential area. These cases indicate that there is a strong need
for careful planning of where turbines can be located, which cannot always
be presumed by the existing policy. Policy itself might have flaws: Markan-
dya [4] states that FITs are usually developed in the way that there is no differ-
rence in FIT size in location of wind turbines. In Ukraine, this particular bottleneck
at this particular stage of market development has not arisen yet: now the windiest
sites are getting occupied for wind parks, whereas individual turbines are being
erected not only in sites where connection to the centralized energy supply
is remote (and thus more expensive), but also based on individual preferences
and possibilities of a turbine owner. But this might become an issue in future.

The first generation biofuels is one of the most controversial energy sources
in terms of assessed energy return on investments (EROI) [44, 45] and their
numerous negative externalities. Subsidizing biofuels has led to increased output
of feedstock for their production, leading to increased use of nitrates in agricul-
ture [4]. Extensive use of palm oil for the needs of cosmetics and food output
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has created high demand for this feedstock. Biofuels demand has aggravated
the problem. High demand for bioenergy crops of the first generation biofuels
led to deforestation of territories in the Amazon River basin. European ambitious
target of 10 % of energy from RES in transport sector led to tremendous increase
of feedstock use for biofuels globally. This target also brings the question
of needed arable lands beyond the territories of where biofuels is going to be
consumed. In the EU, the arable land decreased from 120 million ha in 1993
to 109 million ha in 2009 due to consolidation of farms and growing cities [45].
Growing demand for biofuels crops has affected prices of many agricultural
commodities, and dilemma “food versus fuel” emerged. Increased use of bio-
fuels has also affected Ukraine, despite the fact that biofuel output in Ukraine
almost ceased in 2015-2016 [47], Ukraine is seen as a place to grow feedstock
for biofuels for other consumers. It is considered to be a country with plenty
of unused land, that “retired” after the Soviet Union collapse, and that this land
should be used to grow feedstock for biofuels [48]. Estimations of unused land
area vary considerably — from 0.6 million ha up to 4 million ha [49].

Schaffartzik et al. [46] forecast continued supply of feedstock for biofuels
production in the EU. For example, rapeseed from Ukraine was expected to con-
tinue to be exported to the EU (but in much smaller quantities than a decade
ago). Although EU regulatory policy regarding the use of biofuels is gradually
changing in favor of the production of the latter according to the principles of
sustainable development and from non-edible raw materials, Ukraine still faces
phenomena related to indirect land use change (ILUC). Growing and export
of rapeseed was significantly growing since 2004, and only within 4 years
(by 2008) it increased 20 times. Now rapeseed exports decreased by one third
compared to 2014. As of 2010, ILUC caused by the use of biofuel in Europe,
was about 5 million ha. By that time in Russia, Ukraine and Kazakhstan
there were 23 million hectares of unused land which European companies have
started using to plant biofuels crops. In Ukraine, the average use of the land
is 0.7 ha/person', and, for comparison, in France it is 0.3 ha/person; in Germany
itis 0.1 ha/person [46]. However, in some countries rapeseed is grown not on the
unused lands. Moreover, in numerous cases in land is leased for growing rape,
which causes extreme exhaustion of soil as this is a technical crop, without
further restoration of soil. There are some other practices that do not comply
with the European sustainability criteria for cultivation of feedstock, and also
harm the surrounding farms.

The biofuels policy has already significantly affected Ukraine and expectedly
will affect the country in the future (not even talking into account country’s
international obligations regarding RES in total primary energy supply, output
and use of biofuels in the domestic market). Fischer et al. [50] forecast that
by 2030 solely for biofuels output 44.2—53.1 million ha of arable land would be

! Since 2014 this ratio is different due to loss of territories and population in Southern and
Eastern Ukraine.
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needed globally, of which 21.8-22.6 million ha would be located in Ukraine.
This makes a half of agricultural land in Ukraine and almost 2/3 of arable land
in this country. Increased production of feedstock for biofuels will highly com-
pete with production of other types of crops, and will also require a doubling
of yields of traditional and new crops, which now represents a significant diffi-
culty. European biofuels policy and technologies undergoes alterations toward
sustainability. However, only feedstock types are going to change, whereas both
political and market prerequisites would promote cultivation and export of new
species of feedstock from Ukraine to the EU [51]. Thus, the production and use
of biofuels carries significant direct impact on land use.
The above mentioned externalities are summarized in Tab. 2.

Table 2
Relevant negative externalities of sustainability transitions and ways to overcome them

(Dnternalizing /

Case Policy method to cope with it (T)echnological
Improper application of FIT Classical, supplementary markets I
arrangement
Broader economic assessment
Charging of EVs in day time |and reassessment, parallel technologies T
deployment
SHPPs with dams Parallel technologies deployment

Externalities markets arrangement,

supplementary markets arrangement,
markets redesign, broader economic T
assessment and reassessment

Solar power

Parallel technologies deployment,

Wind power . . :
p improved operating strategies

1™ generation biofuels Classical, markets redesign I

The source: developed by the authors.

CONCLUSION

Sustainability transitions, including transitions towards renewable energy
sources, may have their negative externalities, and there are ways to overcome
them. These externalities might be minimized by properly tailored policy in each
particular case. The mentioned negative externalities of sustainable transitions
are of supranational nature, but in some cases, they might affect not only coun-
tries that employ RES, but also the poorest developing countries (for instance,
by affecting food prices). Cases observed bring us to conclusion that majority
of negative externalities are similar for many countries globally. Countries may
want to develop their own set of measures to handle and minimize negative
externalities, but also to use common international experience in dealing with
negative externalities of sustainable transitions.
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12.

List of abbreviations

NEST — negative externalities of sustainable transitions;
RES - renewable energy sources;

ILUC — indirect land use change;

RE — renewable energy;

FIT — feed-in tariff;

EV — electric vehicles;

HPP — hydro power plant;

SHPP — small hydro power plant;

WPP — wind power plant; SPP — solar power plant;
BAU - business as usual;

SV — system value;

LCOE - levelized cost of electricity;

DSM — demand side management;

EROI — energy return on investments.
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Pedepar. HcnonszoBanue oproroHanbHeX cocrapisomux (OC) sBiseTcss OCHOBHBIM HallpaBJIe-
HHUEM OIIpe/ieNieHUs] MHPOPMANMOHHEIX ITapaMeTpOB B MHUKPOIIPOLIECCOPHON peneifHoN 3amure
U aBTOMATHKE 3JIeKTposHepreTndeckux cucreM. Ilo m3sectHpM OC MOXHO peanu3oBaTh 0O0Jb-
MIMHCTBO M3MEPHUTENBHBIX OPraHOB, TPUMEHSIEMBIX B COBPEMEHHBIX YCTPOWCTBAX 3aIl[UTHI U aBTO-
matuku. Jns Boyienenuss OC ucnonb3yrorcss HUQpoBble HEPEKYPCHBHbBIE YaCTOTHBIC (DHUIBTPHI,
B OCHOBY KOTOPBIX IIOJIOKEHO IUCKpeTHOoe mpeoOpazoBanue Dypbe. ['TaBHBINH HETOCTATOK yKa-
3aHHBIX (MIBTPOB — MX HEBBICOKOE OBICTpOAEICTBHE, MPEBHINIAIONIEe HEPHO]] TPOMBIILICHHON
4acToTHl. [yl mocTpoeHust OBICTPONEHCTBYIOIINX M3MEPUTENBHBIX OPraHOB TaKOe BpeMs ycTa-
HOBJICHUSI HCTUHHOTO BBIXOJHOTO CHTHAJIA YacTo SIBISIETCS HEeNpHeMileMbIM. B cratbe mpemnara-
ercst popmupoBats OC SKBHBAJIEHTHOTO CHTHAJIA B MHKPOIPOIECCOPHBIX 3aIUTaX 0 3HAYCHHIM
KocuHYyCHO# n curycHoit OC OCHOBHOW TapMOHHKH, C(OPMHPOBAHHBIX C HCIIOIB30BAHUEM JIHC-
KpeTHOro npeobpazoBanus Pypbe, MyTeM UX YMHOXKEHHS Ha KOPPEKTHPYIOMHUH K03(duImeHT,
KOTOPBIN sBIsIeTCS (QYHKIMEH 3HAUCHUH aMIUIUTYAbl BXOJHOTO CUTHAJIA M €r0 OCHOBHOM rapmo-
uuku. [pennaraemsrit anroputm ¢popmupoBarnss OC BXOAHBIX CUTHAJIOB B MUKPOIIPOIIECCOPHBIX
3aIIUTaX OTJIMYAETCs BBHICOKHM OBICTPOJCHCTBHEM B IEPEXOJHBIX pPeXHMax M o0JagaeT Mupo-
KUMH (YHKIMOHAJIBHBIMH BO3MOXKHOCTSAMH. Pa3paboTaHa CTpyKkTypHas cxema (opmupoBaTe-
15t OC 3KBHBAJICHTHOTO CHMTHAJIA, BCE OJIOKM KOTOPOW MOTYT OBITh PEalM30BaHBI MO U3BECTHBIM
cXeMaM Ha MHUKpPOJICKTPOHHOH M MHKPOIIPOIIECCOPHOI AJIeMeHTHOH 6a3e. B cpene nuHamMudecko-
ro MmognenupoBaHus MatLab-Simulink peamn3oBana mopmens ¢opmuposatens OC. Ilposepka
(YHKIMOHMPOBAHUST MOJEIH NPOBOAMIACH C HCIOIb30BAHMEM JABYX BHJOB TECTOBBIX BO3JCH-
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CTOTHBIX CBOMCTB 000MX OpPMHUpPOBATEIICH.

KiroueBble clioBa: OpTOTOHAJBHBIE COCTABILSIOLIME, MHUKPOIPOLIECCOPHAs 3aluTa, HU(PPOBBIC
(uIBTpEI, TUCKpeTHOE mpeodpasoBaHne Dyphe, MOMENb, TECTOBOE BO3ACHCTBUE, BBIYHCIATEIb-
HBI SKCIEPUMEHT, aMIUIMTYHO-YaCTOTHAS XapaKTePHCTHKA, TpaHcpopmatop Toka, MatLab,
Simulink

Jist nutupoBanusi: PopMUPOBaHHE OPTOTOHAIBHBIX COCTABJISIOUINX BXOAHBIX CUTHAIOB B MHK-
pornporeccopHbix 3auurax / @. A. Pomantok [u ap.] // Duepeemuxa. Hze. svicui. yuebd. 3asedenui
u snepe. obwvedunenuti CHI'. 2020. T. 63, Ne 4. C. 328-339. https://doi.org/10.21122/1029-7448-
2020-63-4-328-339

Anpec 1715 epenucKu Address for correspondence

Pomantok denop AnekceeBud Romaniuk Fiodar A.

Benopyccknii HarmoHabHEIH TexHudeckui yauBepcuter Belarusian National Technical University
npoct. HezaBucumoctu, 65/2, 65/2, Nezavisimosty Ave.,

220013, r. Munck, Pecrrydnmka benapycs 220013, Minsk, Republic of Belarus
Teun.: +375 17 331-00-51 Tel.: +375 17 331-00-51

faromanuk@bntu.by faromanuk@bntu.by



https://doi.org/10.21122/1029-7448-2020-63-4-185-195
https://doi.org/10.21122/1029-7448-2020-63-4-
https://doi.org/10.21122/1029-7448-2020-63-4-
mailto:faromanuk@bntu.by

F. A. Romaniuk, V. Yu. Rumiantsev, Yu. V. Rumiantsev, V. S. Kachenya
Orthogonal Components Forming of the Microprocessor-Based Protection Input Signals 329

Orthogonal Components Forming
of the Microprocessor-Based Protection Input Signals

F. A. Romaniukl), V. Yu. Rumiantsevl), Yu. V. Rumiantsevl), V. S. Kachenya"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The use of orthogonal components (OS) is the main direction of determining infor-
mation parameters in microprocessor relay protection and automation of electric power systems.
Most of the measuring devices used in modern protection and automation devices can be imple-
mented using known operating systems. Digital non-recursive frequency filters based on discrete
Fourier transform are used for OS selection. The main disadvantage of these filters is their low
performance that exceeds the period of industrial frequency. For the construction of high-speed
measuring devices, this time of establishing the true output signal is often unacceptable. The article
proposes to form the equivalent signal OS in microprocessor defenses based on the values
of the cosine and sine axes of the main harmonic formed using a discrete Fourier transform,
by multiplying them by a correction factor, which is a function of the values of the input signal
amplitude and its main harmonic. The proposed algorithm for generating OS input signals in
microprocessor defenses is characterized by high performance in transient modes and has wide
functionality. A block diagram of an OS equivalent signal generator has been developed, all blocks
of which can be implemented according to known schemes on a microelectronic and microproces-
sor element base. The OS shaper model is implemented in the MatLab-Simulink dynamic mode-
ling environment. The model functioning was checked using two types of test actions, viz. a sinu-
soidal signal with a frequency of 50 Hz (idealized action) and a signal close to the real secondary
current of a short-circuit current transformer. As a result of the performed calculations, a signi-
ficant (up to two times) in the speed of the proposed method of OS formation in comparison
with the formers based on the discrete Fourier transform, frequency properties of both formers
being identical.

Keywords: orthogonal components, microprocessor protection, digital filters, discrete Fourier
transform, model, test effect, computational experiment, amplitude-frequency response, current
transformer, MatLab, Simulink
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BBenenue

CymiecTBeHHOE BIHMSIHAE Ha OBICTPOAEHCTBHE MHUKPOIPOLECCOPHBIX 3aIIUT
ANIEKTPOYCTAHOBOK OKAa3bIBAET WHEPIHMOHHOCTH AaJITrOPUTMOB (hopMHpOBaHUSA
OpPTOrOHAJIBHBIX COCTABIISIOIIUX BXOAHBIX CUTHAJIOB. J[JIs1 MOBBIIEHUS OBICTPO-
NCHCTBHS yKa3aHHBIX aJTOPUTMOB IMPHUMEHSIOTCS THOkue IudpoBbie (HOpMU-
poBarenu OC, KOTOpBIE 3aIllyCKaroTCsl NMPH BO3HUKHOBEHUH MOBpexaeHus [1].
[Ipu stom Begenenrne OC ocymiecTBIsIeTcsl ¢ HEOONBIIMM OKHOM HaOJIIOJCHUS,
HaTpUMep COCTABISIOIINM MOJIOBUHY NIEpHOJa OCHOBHON 4acToThl. C TeUeHHuEeM
BPEMEHHU yKa3aHHOE OKHO MOXET HE M3MEHSITHCS JINOO YBETHMYMBATHCA, a MPHU
JIOCTH)KEHWH 3aJ]aHHOTO MOMEHTa BpPEMEHH NPHHUMAeT NepBOHAYaIbHOE 3Ha-
yeHue [2].


https://doi.org/10.%2021122/
https://doi.org/10.%2021122/

@. A. Pomaniox, B. IO. Pymanyes, IO. B. Pymanyes, B. C. Kauens
330 DopMUpOBaHUE OPTOTOHATBHBIX COCTABIISIOMINX BXOIHBIX CHTHAJIOB. ..

I'ubkue mudpossie dhopmupoBatenn OC BXOAHBIX CHTHAIOB OTIHYAIOTCS
CJIOHOCTBIO pEaM3allii, a BO MHOTUX CJIy4asxX OKa3bIBAIOTCS HEIOCTATOYHO
a¢pextrBHBIME. C YI€TOM 3TOTO C HENBI0 MOBBIIICHNST OBICTPOAEHCTBHS TIPEI-
naraercsi ¢GopmupoBath OC yKa3aHHBIX CUTHAJIOB B BHJIC DKBHUBAJCHTHBIX,
SBIISAOMUXCS (QYHKIMEH KoppekTupyromero kodhdunuenta u OC, moaydeHHbBIX
C MPUMEHEHHEM KJIACCHYECKHX aJTOPUTMOB.

OcHoBHasl YacTh

s Beigenenus u3 BxogaHoro curHana OC 3alaHHOM YaCTOTBI MOTYT OBIThH
HCITOJIB30BaHBI AJITOPUTMBI ITUGPOBEIX GuIsTPoB (LID) ¢ mocTosHHBIME KO-
(utmenTamMu, KOTOphle OyneM Ha3bBaTh 0a30BBIMH, Takue Kak: LI® Ha ocHOBe
METOJIa HAMMEHBIITUX KBaIPaTOB, TUCKPETHOro npeobdpazoBanus Dypre (II1D),
a takxe popmupoBarenu OC [3, 4]. opMmupoBaHre KOCUHYCHOH X, ¥ CHHYC-
HO1 X, OC yxazanabsiMu L{® ocymiecTBIsIeTCs COrNIACHO BBIPAXKCHUSIM:

N
KXen = Zacnxn;
e

TAC ey, A, — KOIPPHUIMEHT KOCHHYCHOTO U CHHYCHOTO 1[® COOTBETCTBEHHO;
X, — BRIOOpKa BXOJHOTO CHTHAaJjA.
[Ipu >TOM 3HAYEHHWE AMIUTUTY/bI 33JaHHOW TAPMOHUKHU IS TTPOU3BOJIBHOMN

BBIOOPKH 71
an = \/xcz’n +x52n' (2)

DOpMHUPOBAHUE KOCHHYCHOM X4, M CHHYCHOM Xeg, OC DKBUBAJIEHTHOTO
CUTHaJIA 7151 BBIOOPKU 7 OCYIIECTBIISICTCS IIyTEM YMHOXEHUS X, U Xy, Ha KOp-
pexTupyomuii K03hGUIHeHT Ay, [5]:

Xopen = KX,

eqcn n Cn;
(3)
xeqsn = kknxsn‘

UucneHHoe 3HAYCHHE Ky, IS IPOU3BOJIEHOM BBIOOPKHU 71 PACCUUTHIBACTCS 110
aMIUTATYJIaM JUISL 3TOM K€ BEIOOPKU curHana 6azoBoro LD X, 1 nonomHUTEIH-
Horo II® X,,,, ¢ yueToM XapakTepa U3MEHEHHUS CUTHaJla 10 U3JIOKEHHOW HUXKE
METOIUKE.

B cymecTByrommx MUKpONPOIECCOPHBIX 3amuTax i GopmupoBanus OC
BXOJHBIX CUTHAJIOB TTIaBHBIM 00pa3oM ucmonb3ytorcs L{® na ocnose AIID [6].
IToaToMy B KauecTBe 6azoBoro onpenenum GuibTp Pypre. Ha puc. 1 (kpuBas 1)
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MpeJcTaBieHa MEePEeXoHas XapaKTePUCTHKA YKa3aHHOTO (PHIbTpa JJIs aMILIU-
TYIHBIX 3HAYEHUH TPU T0Ja4e U CHATUN CHHYCOMIAIBHOTO CHTHaJla OCHOBHOM
YaCTOTHI.

1oL 2<

0,6 / 1

|
0,01 0,02 0,03

Puc. 1. TlepexonHble XapaKTEPUCTHKH UPPOBBIX PUIBTPOB

Fig. 1. Digital filters step response

B kadecTBe JOMOTHHUTENHLHOTO BHIOpaH (QMIBTDP, POPMHUPYIOMIUI aMILTUTYI-
HbIE€ 3HAUEHMsI CUTHAJIa B COOTBETCTBUH C BBIPAXKEHHEM

4

[lepexomnas xapakTepUCTUKA AAHHOTO (DHIBTpA ISl aMIUIUTYIHBIX 3Haue-
HUH MIPU T0JIa4€ U CHATUH CHHYCOMJIATHHOTO CUTHAJIA OCHOBHOM 4acTOTHI MPH-
BEIICHA Ha TOM e puc. 1 (kpuBas 2).

OcHOBHOE YCJOBHE peall3yeMOCTH TpeilaraéMoro MeToja OIpeere-
HUA ky, C TOJIOXKUTEIHHBIM 3P(HEKTOM COCTOUT B TOM, YTOOBI IEpEXOIHAsT Xa-
paKTepUCTHKA JOMOJTHUATENHFHOTO (QUIIBTPa B 00JIACTSAX MOAbEMAa U Cliajia CHT'HA-
JIa pacrojaraiach BEIIIC aHAIOTUYHON XapaKTePUCTHKH 0a30BOT0 (GUIbTpA.

Koppekrupyronuiit ko3 puueHT ky, Ui pa3InYHBIX YYaCTKOB ITEPEXOTHON
XapaKTePUCTUKH 0a30BOro (pmiibTpa ompeielsieTcs Mo-pa3HoMy. BeimennM Ha
xapaktepuctuke 1 (puc. 1) nBa ydacTka: ¢ — HapacTaHUs CUTHANA; b — HEU3MCH-
HOTO COCTOSIHUS JIHOO craja curHaia. Eciu npou3BoibHas BEIOOPKA 71 HAXOIUT-
csi B Tpelenax ydacTka g, TO €l TpucBamBaeTcs Mpu3HaK ¢ = 1, a Ko-
T/a 7 PacIoioXKeHa Ha yJacTke b, To ¢ = 0.

Jiist 3apanus IpU3HaKa ¢ QUKCUPYIOTCS JIBA CMEKHBIX aMIUTHTYTHBIX 3HAYe-
HHMsA curHana 0a3oBoro GuibTpa X, U Xyn, MO KOTOPBIM PAaCCUMTBHIBACTCS
napametp P

P:XX¢(1—8). (5)

m(n—r)

Ecmu P <1, 10 ¢ = 0, B npotuBHOM ciryuyae ¢ = 1. IloctostHHasg 0 < € < 0,1
B BbIpakeHHWH (5) obecneyuBaeT OTCTPOMKY OT KpaTKOBPEMEHHBIX IPOBa-
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JIOB aMIUTUTYIHBIX 3HaYeHUI curHasa 6a3oBoro GuIbTpa, KOTrJa Ha y4acTKe d
KXo < Xin(n—r)» @ Ha ydacTKe b X1 > Xyinr)-

UucieHHoe 3HaYCHUE Ky, UL IPOU3BOJILHON BBHIOOPKHU 71 B IpeAeax ydacT-
Ka a (¢ = 1) paccunThIBaETCS MO BHIPAKEHHIO [5]

X
kg =1 =1 |41, (6)

n
mn

rae [ — moCTOSHHBIN K03 QUIIUCHT.

s mpou3BodbHOM BBIOOpKH 77 Ha yuactke b (¢ = 0)  ky, npuHnMaeTcs
paBHBIM 1.

[Ipunumas BO BHUMaHUE OTMEUYEHHOE BBIIIE M C YYETOM MPU3HAKA ¢, TIONY-
YuM 00lIee BBIPaKCHHE Ui ONpEAETCHUs ky, A MPOU3BOJIBHOW BBIOOPKH 7,
HaXOJIAIIEHCS Ha JIF0OOM U3 y4acTKOB a, b:

X
k, =c|l XL’"’—I +1|+1-c. (7)

mn

[Ipu BBIOOPE YHCACHHOIO 3HAYEHUS MOCTOSHHOTO Koddduirenta [ Heo0Xo-
JIUMO YYHUTHIBATh, YTO C €TI0 YBEJIIMYCHUEM BO3pacTaeT ObIcTpoaelicTBre (hopMu-
poBanust OC 3kBUBaNieHTHOTO curHana. OJHAKO TOCHE MPEBBINICHUS [ HEKOTO-
pO¥i BETMYMHBI HA TIEPEXOHON XapaKTEPUCTUKE OTMEUAIOTCS BHIOPOCH! YKa3aH-
HOro curHana. ONTUMaTBHBIM OyJeT 3HAYCHUE [, TIPH KOTOPOM JOCTHTaeT-
csi BbICOKOe ObIcTpojieiicTBue ¢opmupoBanuss OC 3KBUBAJICHTHOTO CHTHANA
P TJIAJAKOW TEePEXOTHOM XapaKTEPUCTUKE C OTCYTCTBHEM Ha HEW BHEIOPOCOB.
ITocnegnee 6ymer oOecieunBaTHCS, €CIIM B MEPEXOIHBIX PEKUMAaX OTHOCHUTEIb-
HOE 3HAYEHHE aMIUTUTYIbl SKBUBAJICHTHOTO CHTHAJa JUIs KPUTUYECKOH BBIOOp-
KU X, jeq« HE IPEBBICHT 1.

Hcxons u3 aToro, a Takke ¢ yuetoMm (3)

k, < Xl , ®)

mk*

rae X, — OTHOCHTEIBHOE 3HAUCHUE aMIUIUTYABI CHTHANa 0a30BOTO (hMIBTpa
JUTSL KPUTUYECKOH BBIOOPKHU.

VYkazaHHas BEIOOpKA COOTBETCTBYET MAKCUMAIBHON Pa3HOCTH MEXIY OJTHO-
3HAYHBIMU 3HAYCHUAMU X,,,4(1) U X,,,(f) IEPEXOTHBIX XapaKTEPUCTUK JOTIOIHU-
TENBHOTO U 0a30BOTO (DUIBTPOB.

IIpupaBusB 3HaueHUus ky, B (6) u (8), mMOCIIe HECIOXKHBIX MPeoOpa3oBaHMI
MOTYYUM

1-X,,.

[<——mks 9
kad*_X ( )

mk*

1€ Xyuks« — OTHOCUTEIBHOE 3HAYCHHE aMIUIMTYABl CUTHANA JOMOJHUTEIBHOTO
¢$unbTpa A7 KpUTHYECKOH BEIOOPKH.
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Jlyis BBIOpAaHHBIX B KayecTBe 0a30BOTO U JIOTOJIHHUTEIHHOTO (PIILTPOB COOT-
BeTcTBeHHO L[® Dyphe u PyHKIMOHUPYIOMIETO B COOTBETCTBUU C (4), YUUTHIBAS
WX pEaIbHBIC MIEPEXO0IHBIC XaPaKTESPUCTHUKH, paCCUNTaHHOE 3HaueHue [ < 2.4,

Crnemyer OTMETHTH, YTO B MEPEXOTHBIX PEKUMaX TEKyIIHe 3HAUCHUS Ky,
onpenensieMbie 1o (7), MOTYT CYIIECTBEHHO Bo3pacTaTh. boibiue k;, 00ycIIoB-
JMUBAIOT YXYAILIEHHE YaCTOTHBIX CBOWCTB aiuroputMa (pOpMHpPOBAaHHSA SKBUBA-
neHTHOTO curHana. COBMaZieHHe YacCTOTHBIX CBOWCTB YKa3aHHOTO ajTOpHUTMa
u JIII® obGecnieunBaeTcs MPU OTPaHUYCHUN Ky, Ha YPOBHE 2, YTO HE OKA3bIBACT
CYLIECTBEHHOTO BIIMSHUS HA €r0 OBICTPOICHCTBHE.

[Ipemmaraemserii cioco6 Gopmupoanuss OC SKBHBaJIEHTHOTO CUTHAJNA IS
MHUKPOTIPOIIECCOPHBIX 3aIIUT OTJIMYAeTCS BBICOKMM OBICTpONEHCTBHEM, 001ana-
€T MUPOKUMH (DYHKIIMOHAIHHBIMH BO3MOXKHOCTSIMH, TIO3BOJISTFOIIMMHU PEaju-
30BaTh MPAaKTHYECKH BCE MPHUMEHSEMBIE B pEJeHHOHN 3amuTe H3MEpPHUTEIh-
HBIE OpTaHBbI.

Ha puc. 2 npeacraBnena cTpykrypHasi cxema nupoBOTo ycTpoicTBa ¢op-
mupoBanuss OC SKBHBAJIEHTHOTO CHTHAJIA, B KAXKIOM 0JOKE KOTOPOH BBITIOJHS-
€TCsl OIpPEJNICIICHHOE Mpeo0pa30BaHNEe CUTHAJA WU Peaju3yeTcs MaTeMaThye-
CKOE BBIPOKEHUE B COOTBETCTBUH C PACCMOTPEHHBIM BBIIIE aJITOPUTMOM.

|ﬂ> 101

92 — Xegsn
1 2 — 3 - 4 % 10 =>

4|/> xegcn
6 —ﬂ» 7 8

Puc. 2. CtpykrypHas cxema nu(poBOro yCTpoicTBa GOpMUPOBAHUS
OPTOTOHAJIBHBIX COCTABIIIOMINX SKBUBAJICHTHOT'O CUTHAJIA B MUKPOIIPOLIECCOPHBIX 3all[UTax

Xex

=1
—
f=}
S}

Fig. 2. Block diagram of a digital device for forming
orthogonal components of an equivalent signal in microprocessor defenses

Bxozanoii npeobpazosarens | mpeoOpazyeT BXOJHON BTOPUUYHBIN CUTHAT Xy,
MOCTYMAIOMIKUKA OT U3MEPUTEIHHOTO TpaHchopMmaropa 3aIIUIIaeMOro OObEKTa,
B MPOIOPLHOHANBHBIN CUTHA HANPSDKEHUS U MPEJCTaBIsIET coO0il mpoMexy-
TOYHBIN TpaHchOpPMATOP.

OUALTP HIKHUX YACTOT 2 — 3TO aKTUBHBIN (DUIBTP, BBHIIOIHEHHBIN Ha ore-
PAlIOHHOM yCUJIMTENEe W TpeJHa3sHAueHHBIH U1 MOJABJIEHHUSA CIEKTpallb-
HBIX KOMIIOHEHT, 4acTOTa KOTOPBIX IMPEBBIIIAET MOJIOBHHY YacTOTHI JHUCKpe-
TH3ALHN.

Amnanoro-iudpoBoil mpeoOpazoBarens 3 ocymiecTBIsieT MpeoOpa3oBaHHe
BBIOOPOK BBIXOJHOT'O CUTHaNa (GUIIbTPa HIKHUX 4acTOT B HU(POBON KOI.

OmnepaTuBHOE 3allOMUHAIONIEE YCTPOWCTBO 4 BBIMONHsIET (DYHKIHIO Xpa-
HEHHS IMOCTEIHUX # BBHIOOPOK BXOIHOIO CHTHalla, KOTOpbIE 00pabaThIBAIOTCS
B TIOCJICAYIOMINX OJIOKAX.
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B 6n0ke 5 ¢ nucnonp3oBanueM pomnonHuTensHoro LI® onpeaensiercs: aMIuim-
TYAHOE 3HaYEHHE BXOIHOTO CUTHAJA X,y COTJIACHO (4).

B ocHoBy BbinojHeHHs Oyioka (opmupoBanuss OC OCHOBHOW TI'apMOHH-
KM BXOZHOTO cuTHaya 6 monoxeHo /I1®, mpu KOTOPOM ¢ MOMOIIBI0 0a30BO-
ro [1® mo BeipaxkenusM (1) BBIIETAIOTCS KOCHHYCHAS X, B CHHYCHas X, OC.

brox onpenenenns aMIDIUTYAHOTO 3HAYCHHUS OCHOBHOM TapMOHUKH BXOJ/IHO-
ro curHana X, 7 peanusyet BeIpaskeHue (2).

B Gnoke ompeneneHus xapakrepa U3MEHEHHsI BXOJHOTO curHana 8 dhopmu-
pyercst npu3Hak c. s 3Toi nenu UKCHPYIOTCS JBa CMEKHBIX aMIUIUTYAHBIX
3HAUEHUsI OCHOBHOH rapMOHMKH BXOJHOTO CHUrHaNa X, U X, ), IO KOTOPBIM
C Y4eTOM MOCTOSIHHOM € coriacHo (5) Beruucisiercs napamerp P. Eciau Beimon-
HseTcs ycioBue P, <1, To mpu3HaKy ¢ mpucBamBaeTcs 3HadeHue ¢ = 0, B mpo-
THUBHOM ciy4ae ¢ = 1.

B 00ke 9 onpeaeneHUs KOPPEKTUPYIOIIETo KO3QGUIMEHTa ky, peaTn3yeTcs
BbIpaxkeHne (7), MO3BOJISIONICE YUECTh XapaKTep M3MEHEHUS CHTHaJla: B CIydae
HapacTaHus curHana (¢ = 1) KOppeKTHPYOImnH KO3QPHUIMESHT TPUHUMAET 3Ha-
YeHue, OnpenesieMoe BEIpakeHneM (6), a Mpy ero HEU3MEHHOM XapaKTepe WIu
cnane (¢ =0) ki, = 1, uro coorBercTBYyeT BhIuMcieHHI0 OC curHaiga Mo anaro-
putmy HII® cormacHo (1). Kak oTmedanoch Bbllle, ONTHMallbHOE 3HAYECHUE
nocTosiHHOTO K03 dunmenta /, Bxonsmero B (7), mpu KOTOPOM OTCYTCTBYET
nepeperympoBaHue NepexoJHON XapaKTepUCTUKN M JOCTUTAeTCsl IPUEMIIEMOE
OwIcTpOnElicTBHE, COCTABISIET 2,4.

bnok GOpMHUPOBAHUS X,yen, Xegsn OC dKBHBaneHTHOro curHana 10 peamusyer
(YHKIMIO MX BBIYHUCIICHUS 110 3HAYCHUSIM X, Xy, ¥ BEIMIHHE KOPPEKTHPYIOIIETO
ko3¢ GuUIMeHTa Ky, TTO BRIpAXKEHHIM (3).

Bce 6510ku 1 351eMEHTHI CTPYKTYPHOU CXeMBI HU(POBOrO yCTpoicTBa ¢op-
mupoBanusi OC 5KBUBAJICHTHOTO CHTHaja MOTYT OBITh peajn30BaHbI MO H3BECT-
HBIM CXEMaM C HCIOJIb30BaHUEM CPEICTB MUKPOAJICKTPOHHOW M MHUKPOMIpOLEC-
COPHOM TEXHUKH.

MopaeanpoBanue

OreHka 3@ ¢heKTUBHOCTH TpeiaraeMoro merona ¢popmuposanus OC Bxo-
HBIX CHTHAJIOB TIPOBOJAMIIACH C UCIIOJIL30BAHUEM IU(PPOBON MOJIEIH, Pean30-
BaHHOH B cpele IMHAMUIECKOT0 MoenupoBanus MatLab-Simulink.

B cTpykTypy ykazaHHOH MOJeNnu BXOAST SHEProcucTeMa, TpexdasHas rpym-
ra TpaHcopMaToOpoOB TOKA U TpaHC(HOPMATOp HAIPSKEHUS, HATPYy3Ka, OJIOK KO-
POTKOTO 3aMBIKaHHA, & TaKKE MOJENHU JIEMEHTOB, 00ECTICUNBAIOINE pPeaIn3a-
muio anropurMa nonydenus OC [7, 8]. MonenupoBanue OJOKOB M 3JIEMEHTOB
UQPOBOI CTPYKTYPHI BHIIMOIHEHO C IPUMEHEHHEM METOJIOB U TIPABII, UCIIOIb-
3oBaBmuxcs B [9—11].

Ha puc. 3 npuBenena ctpykrypa mozenu gopmupoBarens OC 3KBUBaJICHT-
HOT0 CHTHAJa, peajin30BaHHas U3 CTaHAAPTHBIX OJIOKOB OuOmmoTeku Simulink
B COOTBETCTBHH C PACCMOTPEHHON Ha PHC. 2 CXEMOW. YKPYIHEHHO MOICIh
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COJICP)KUT IISATh COCTABHBIX OJIOKOB, B KOTOPBHIX MOJEIUpPYETCsl paboTa OCHOB-
HEIX deMeHToB (popmupoBartesss OC WiIu IPONU3BOATCS BEIYHCIICHHUS

— BXOJHOTO IpeoOpa3zoBatelisi, (PuibTpa HMUKHUX YaCTOT, aHAIOTO-U(pPO-
Boro npeoOpazoBatens (010k «OHY-ALI»);

— 0azoBoro guisTpa Ha ocHOBe J{I1D (010K «/I[1Dy);

— nonomaUTENBEHOTO LD (610K «L{D);

— MPU3HAKOB U KO3(DPHUIIMECHTOB, ONPENENSIOIMNUX XapaKTep U3MECHEHHS CHUT-
Hana (6mok «XHCy);

— KoppekTupyrotero koaddumuenta (6mok «Kky).

Ha Beixomax 6nokoB ymHoxenust Product n Product! ¢popmupyrotcs OC 3k-
BUBAJICHTHOTO CUTHANA Xegen, Xegsn, SHAUCHHS KOTOPBIX BBIBOAATCS HA BUPTYallb-
HBII ocriyuiorpag Scope.

A i i
Y In  Xmd Xmd
Sine Wave OHY-ALN Luod

XUc |:|
Xm Xm Product

Kk

X

Xe

Scope

Product1

ane

Puc. 3. Ctpyxrypa Simulink-mozenu ¢opMupoBaTenss OpTOrOHAIBHBIX COCTABIISIONIIX
SKBHUBAJIEHTHOTO CHT'HAJIA

Fig. 3. The structure of Simulink model of the orthogonal components
of the equivalent signal former

Pe3y.111>TaT1>1 HCCJIeA0OBAHUA

[IpoBepka paboTocmocoOHOCTH M 3PGHEKTHBHOCTHA MPEIIOKEHHOTO METO-
na ¢dopmupoBanuss OC BXONHBIX CHTHAJIOB B MHKPOIPOIIECCOPHBIX 3allATax
OCYIIECTBJISIACh C WCIOJB30BAHWEM JIBYX BHJIOB TECTOBBIX BO3ICHCTBHNA —
CHUHYCOMJAIBHOTO CHTHajla, a TaKXKe CUTHajla, MPUOIMKEHHOTO K peajbHBIM
BTOPUYHBIM TOKaM TPAaHC(POPMATOPOB TOKA U HAMPSDKEHUSM TpaHCc(HOpMaToOpoB
HaIPsDKCHUS.

T'apmonuyeckoe 6o3deticmeue. Ha puc. 4 npencraBieHsl pe3ysibTaThl QyHK-
IMUOHUPOBAHUS TIpeIaraeMoro ycrpoiictea ¢popmupoBanust OC 3KBHBaJICHTHO-
ro curaana u 6azosoro LI®, peasmzoBanHoro ¢ ucnois3oBanuem 11D, mpu cu-
HYCOMIIaJTLHOM BO3AeHCTBHM (KpuBas 3). Bpems yCTaHOBICHHS aMIUIATYIHO-
ro 3HAYCHHUS DKBUBAJICHTHOTO cuTHama (kpuBas 1) mpm [ =24 cocraBiseT
MeHee 0,5 meproaa MPOMBIIIICHHOW YacTOTHI, YTO B JIBA C JIMIIHUM pa3a O0Jib-
e, yem y LI® na ocHoBe AII® (xpuBas 2). B ycraHOBHBIIEMCS pEKUME H TIPH
cnaje curnana ooa L{® GyHKIMOHUPYIOT HASHTHUYHO.
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1 1 |
0 0,01 0,02 0,03 0,04 0,05 fc 0,07
Puc. 4. Pesynbrarsl GyHKIMOHUPOBAHHS MOIelel IM(pPOBIX HHILTPOB

Fig. 4. Digital filters models performance results

Jlnis mpoBepKH MPaBUIILHOCTH OTIpeiesieHus (a3bl SKBUBAICHTHOTO CUTHAJIA
cpaBHuBanuch cunycHas OC nmocnennero X, , ¢ ananoruanoii OC JII® X, npu
TapMOHHYECKOM BO3IeHCTBUU (pucC. 5). B MOMeHT momaum Bo3meHcTBHS (KpH-
Basd 3) OC X, (kpuBas 1) pacnonaraercs Beiiie, yeM X, (kpuBas 2) ITo mepe
3aTyxaHus mepexogHoro mpouecca 006e OC cOmmxaroTcs U B JaJbHEHIIIEM COB-
MaJar0T Kak B YCTAHOBUBIIEMCS PEKUME, TaK U MPU MCUYC3HOBEHUU BXOJIHOTO
Bo37ciicTBUs (MOMeHT BpemeHnu 0,04 ¢).

1
0 0,01 0,02 0,03 0,04 0,05 tc 0,07
Puc. 5. CunycHbIE OpPTOTOHAJIBHBIE COCTABIISIOLIIE

Fig. 5. Sine orthogonal components

YacroTHble cBoiicTBa GopmupoBaresst OC SKBUBAJICHTHOTO CHTHajla OLCHH-
BAJIKChH TI0 €r0 aMIUTUTYAHO-4aCTOTHON xapaktepuctuke (AUX) B cpaBHEHUH
¢ AUX 6azoBoro ¢unbrpa @ypre. st moctpoenust AUX HeoOXoanMo B cxeme
puc. 3 U3MEHATh IPH HEU3MEHHOW aMIUIUTYIE 4YacTOTy BXOJHOI'O CHTrHaja
Y U3MEPSITh aMIUIUTYly BBIXOJHOI'O CUrHala. Takyro HTepallMOHHYIO IPOLEypY
MO’KHO aBTOMAaTH3MPOBATh HammcaHueM ckpunta MatLab, B xoTopom mcmosns-
3yroTcsl QYHKIUS Set _param JUI 3aaHUS TapaMeTPOB MOACTUPOBAHUS U (PyHK-
U sim Ui 3allycka MoJenupoBaHus. Pesynbratel pacuetoB AUX cpaBHU-
BaeMbix L@ mpencraBnensl Ha puc. 6. AUX mpeanaraemoro QopmupoBare-
a1 OC (xpuBas 1) u ® Ha ocHoBe HAIID (kpuBas 2) MOTHOCTHIO COBHANAIOT
BO BCEM HCCIIEyEMOM YacTOTHOM Juana3oHe. HesHauwTenbHbIE OTINYMSA B
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HH3KOYACTOTHOM O0JacTH CBSI3aHBI C KPYIIHBIM IIIaroM HN3MCHCHUA 4YaCTOThI
B 5 I'm mis COKpallCHrsd BpECMCHHU pacyeTa.

0 50 100 150 £, T 250
Js

Puc. 6. AMIIUTYIHO-4aCTOTHBIE XapaKTEPUCTUKU (POPMUPOBATENS OPTOTOHAIBHBIX
COCTaBJISIOIIMX SKBHBAICHTHOTO CUTHANA U iudpoBoro ¢punsrpa Pypne

Fig. 6. Amplitude-frequency characteristics of the former of orthogonal components
of the equivalent signal and the digital Fourier filter

Crooicnoe 6xoonoe o3deticmaue. Ha puc. 7 mpuBeeHbl pe3yIbTaThl pacye-
TOB C MCIIOJIb30BAHUEM BO3JIEHCTBHS, TPUOIKEHHOTO K PealbHOMY BTOPUYHO-
My Toky Tpanchopmaropa Toka (TT). Takoe Bo3aeHCTBHE MOIYYEHO C ITOMO-
IIbI0 KOMIUIEKCHOM MaTeMaTHYecKON MOZENH, BKJIIOYAOIIEHd MOJENN IHEepro-
CHCTEMBI, 3alUIAeMOT0 00beKTa, n3MeputensHoro TT, a Takke Moaeneil BbI-
meHa3BaHHbIX [D.
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Puc. 7. Pe3yJ'H)TaTbI MOACIUPOBAHUS IPU CIIOKHOM BXOJHOM BO3JCHCTBUH

Fig. 7. The simulation results in case of the compound test signal

B npomexytke Bpemenu ¢ = 0,00-0,10 ¢ MmomenupyeTcss moaBapUHBIN pe-
JKUM, TP KOTOPOM BTOPHYHEIN TOK TT (KOHTPOIUPYEMBIH CUTHAN) CHHYCOUIa-
neH. B moment Bpemenn ¢ = 0,1 ¢ mpoucxoaut TpexdazHoe KOPOTKOE 3aMbIKa-
HUC — aBapUMHBIN pexuM, Korma ¢dopma BTOopuuHOro Toka TT HCKaxkaercs
BCJICJICTBHE HACHIIICHUS €r0 MarHUTHOU cucTeMbl (KpuBast 3). [Ipu a3ToM Bpems
HapacTaHUs BBIXOJHBIX CHTHAJIOB 1O OTHOIICHWIO K YCTaBKE CpadarbIBa-
Hus (KpuBas 4) B MEPEXOTHOM PEXKHUME CYIIECTBEHHO pa3jnyacTcs: y mpeara-
emoro ¢dopmuposatenss OC BBIXOJHOW CHTHAIl HapacTtaeT ObicTpee (kKpuBas 1)
W pacronaraercs Bblle BbIxogHOro curtana [{® wa ocnHoBe 1D (xpuBas 2).
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Tak mpopomkaercs OO0 MOMeHTa BpeMeHu ¢ = 0,24 ¢, korga 3akaHUYUBAETCS
nepexoaubiid mpomecce (TT BBIXOAUT U3 peKKMMa HACBIICHHS) ¥ (OpMa BTOpHY-
Horo Toka TT cTaHOBUTCSA CUHYCOUIaJIbHOW. B mocneaBapuitHoM pexxume U npu
MCYE3HOBEHUHU curHaiga (QyHkiuonupoBanue (Gopmuposarens OC 3KBHBaAJICHT-
HOro curHaia He otiaudaercs oT I{® Ha ocHoBe JII1D.
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B TOKOBBIX LEMSX, TaK U B HEMSAX HAIPSKEHUSI MUKPOTIPOLIECCOPHBIX 3allUT.
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JKOJIOrHYeCKHe XaPAKTEePUCTHKH COBPEMEHHbIX CHCTEM
OBbITOBOI'0 HCIOJIb30BAHNS TOILIMBA

Yacrs 1
B. C. Copoka”, B. B. l'opyna"
DUucruryT rasa HaumonansHoi akanemun Hayk Yxpaunst (Kues, Ykpanna)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHuBepcuret, 2020
Belarusian National Technical University, 2020

Pedepar. BrinonHeH aHanu3 5KOJOIMYECKOH COCTaBILAIOIIEH MPOLECCOB CXKUIAHUS PUPOJHOTO
ra3a B arMOoC()epHBIX ropelikax OBITOBBIX Ta30BBIX IUIMT. I[IpoBeEHBI pacueTHbIE M AKCHEPH-
MEHTaIbHBIE HCCIEN0BaHUsA 00pa30BaHUs BPEIHBIX BELIECTB MPU CKMIAHWU NPHUPOJHOTO rasa.
Paccmotpeno paBHoBecue B cucreme NO-O,—NO,. IIpoBemeH TepMOIMHAMHYECKMNA aHAIHU3
TpaHC(OPMAIlMM CUCTEMBI B IpOIlecCce TOPEHUS MPUPOAHOTO ra3a (METaHOBO3AYLIHOH CMecH).
HecmoTpst Ha cymiecTBeHHOe (MHOT[Aa Ha TMOPSAAKU) OTIMYME TEPMOJMHAMHUYECKH DPaBHOBEC-
HBIX KOHIIEHTpamui okcumoB asora [NO,],, OT JNOKanbHBIX, (aKTHYECKHX 3aMEpPEHHBIX 3Haue-
nuii [NO,] = [NO] + [NO,], sennuunst [NO],, MOTYT CIIy’KMTh Ka4€CTBEHHBIM MHIMKATOPOM pPeE-
anpHBIX KoHHeHTpauuit [NO,]. B mponeccax ropeHus mpupogHOro rasa M APYTUX TOIUIUB HPH
BbIcOKUX Temneparypax [NO] >>[NO,] kak a1 paBHOBECHBIX, TaK U AJs 3aMEPEHHBIX KOHIICH-
Tpauuil. IIpu ymMepeHHBIX U HU3KUX JIOKAJIbHBIX TeMIepaTypax, BIuoTh 10 600 K, paBHOBecHbIC
koHuenrpauud [NO,],, — [NO],, no nopsaky senuyun. [Ipu onpeseseHHbIX cOCTaBax roproyei
CMECH MOXET HacTynuTh cooTHouienue [NO,] >> [NO], uro npeicrapiasieT onacHOCTb AJIS 3/70-
poBbs. B cBs3u ¢ HabmomaeMbIM B psifie cirydaeB oOpazoBaHHeM 0c000 TokcmyHoro NO, aHamm-
3UpyeTcs BIMSHHE TEMIIEPaTyphl PEaKIMi U COCTaBa TOPIOYEH CMECH Ha BO3MOXKHOCTH 00pa3oBa-
HHS JUOKCHIA a30Ta B MPOAyKTax cropaHus. IIpemnoskeHa MeTOIONOTHs 3KCHEPUMEHTANBHOTO
u3ydeHHs: 00pa3oBaHUs BPEAHBIX BEIOPOCOB M CO3J]aH OTHEBOI KOMIBIOTEPU30BAaHHBIN CTEH] AJIS
UCCIICZIOBAHUS CKUT'AHUS YIJICBOJOPOHBIX ra30B B FOPEIKAX OBITOBBIX IUIUT. Y CTAHOBICHO BIIHS-
Hue Koddduimenta n30bITKa MEpPBUYHOrO Bo3ayxa Ha obpasoBanune CO, NO, NO,. loka3ana
BO3MOHOCTbH MOSIBJIEHHUSI BBIOPOCOB C BHICOKOM KOHIIEHTpAIMEH ANOKCH A a30Ta.

KnrodeBble ci1oBa: aTMocdepHast ropenka, ObIToBast Ta30Bast ININTA, JUOKCHI a30Ta, 3arpsisHEHHE
OKpY’KaroIiel cpeibl, KOHCTAHTHl paBHOBecHs, K0d()(UIMEHT M30BITKa BO3yXa, OKCHUABI a30Ta,
MPUPOJIHBIN I'a3, PABHOBECHBIE MPOJIYKTHI CTOPAHUS, TEPMOAMHAMHYECKUI aHATH3
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Environmental Characteristics of Modern Systems
of Domestic Use of Fuel

Part 1
B. S. Soroka", V. V. Horupa"

DThe Gas Institute of the National Academy of Sciences of Ukraine (Kyiv, Ukraine)

Abstract. The analysis of the environmental component of the processes of natural gas burning
in atmospheric burners of domestic gas stoves has been carried out. The computational and expe-
rimental studies of the harmful substances formation by combustion of natural gas have been
performed. The chemical equilibrium of the NO-O,-NO, system was considered. The thermody-
namic analysis of transformation of the system during a process of natural gas (methane-air mix-
ture) combustion has been tested. Despite an essential (sometimes — by the order(s)) difference
between the thermodynamically equilibrium concentration of the nitrogen oxides [NO,],, and
the local, actually measured values [NO,] = [NO] + [NO,], the [NO],, values could be served
as the qualitative indicators of actual values of [NO,] concentrations. In the combustion processes
natural gas and other fuels combustion at high temperatures [NO] >> [NO,] for both equilibrium
and measured concentrations. By moderate and low local temperatures up to 600 K the equilibrium
concentration [NO,]., = [NO],, in order of magnitude. Under some compositions of burning mix-
ture the correlation could be set as [NO,] >> [NO], resulting in great danger for the human health.
With regard to the formation of particularly toxic NO, effluents observed in some cases,
an influence of the reaction temperature and the composition of the combustible mixture on the
possibility of nitrogen dioxide formation in the combustion products have been analyzed.
A methodology for the experimental study of the harmful emissions formation has been proposed
while the computerized firing rig has been developed for studying the combustion of hydrocarbon
gases in burners of household stoves. An influence of the coefficient of primary air excess on
the CO, NO, NO, formation has been revealed and the possibility of appearance the emissions
of a high concentration of nitrogen dioxide has been demonstrated.

Keywords: atmospheric burner, household gas stove, nitrogen dioxide, environmental pollution,
equilibrium constants, air excess factor, nitrogen oxides, natural gas, equilibrium combustion
products, thermodynamic analysis

For citation: Soroka B. S., Horupa V. V. (2020) Environmental Characteristics of Modern Sys-
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BBeaenue

[lepron BO3HMKHOBEHHS MHTEpEca K M3YUCHHUIO MPOIECCOB TOPEHHS MPHUMeE-
HUTEJBHO K OBITOBOMY HCIOJB30BAaHUIO Ta3a OTHOCHTCSl MPEUMYIIECTBEHHO
K nepBoii noioeuHe XX B., korna B EBpone u CIIA cTpomnnck ra3oBble 3aBo-
ITbI, TTOCTABJISBIINE TOPOACKOHN Ta3 Kak MPOIYKT MepepabOTKu (TasmduKaIiim)
TBEPIOTO M JKHIKOTO MHUHEpanbHOro TorumBa (fossil fuels), B wactHOCTH myst
OBITOBBIX HYX/I.

B nauane XX B. B MockBe 0bi10 razudunupoano 3 % keaptup [1]. B Ha-
cTofAIIee BpeMsi HapsAAy C OTONMUTENBHBIMH YCTPOMCTBAMH OCHOBHOE 00OpY-
JOBaHHE, B KOTOPOM HCIOJB3YIOTCSI TOPIOYNE Tasbl B OBITY, — IJIMTHI IS Tep-
MHUYecKkor 00pabOTKM MPOTYKTOB MUTAHHS W MPHUTOTOBICHHS IMHUIIH, a TaKKe
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BOJIOHArpeBaTEU JIJIsl HAarpeBa BOJBI U OOSCIICUCHUS HaJICKAIINX CAaHUTAPHO-
OBITOBBIX YCIIOBUI MPOXKUBAHUS JTFOJICH.

Oxkomo 40 et Ha3a] WCCICHOBAaHUS B OOJACTH TOPESHHS MPH OBITOBOM HC-
MOJIL30BAHUM Ta3a ObUIH MPAKTUYECKU MPHOCTAHOBIICHBI, YTO MPEIOPEISIIIO
OTpaHMYEHHBII 00BEM HAKOIUIEHHON HH(OpPMAIMH OTHOCHUTEIHHO JKOJIOTHYe-
CKHUX XapaKTCPUCTUK OBITOBBIX TOPEIOYHBIX yCTPOHUCTB. OCOOCHHO CEphE3HBIC
MOCTIEACTBUS YKA3aHHOE OOCTOSTENFCTBO MOXKET UMETh B CBSI3U C IMPOLIECCAMH
C)KHTaHUS TOIUIMBA B Ta30BbIX IUIMTaX, HE OCHAIIEHHBIX CHCTEMOW OPTaHH30-
BaHHOTO OTBO/[A MPOTyKTOB CTOPAHUSI.

B [2] aHanu3umpyroTcs OCOOSHHOCTH SHEPTOCHAOKEHHS JKWIBIX 3JaHUN B
OTONUTENBHBIA mepuojl. llpeiacTaBieHbl MHEHHS OTHOCHUTEILHO BPEIHBIX BHI-
OpOCOB, BO3HUKAIOMIVX TIPH CKUTAHHH Ta3a B OBITOBHIX IUTUTAX.

B Uncruryre raza HAH Ykpaunsl nociie MHOTOJNETHETO IepepbiBa BO300-
HOBJICHBI CHCTEMATHUECKHE MCCIICIOBAHUS CKUTAHUS YTIIEBOJIOPOIOB B TOPEI-
KaX Ta30BBIX IUIUT C YYE€TOM OOpa30BaHUS TOKCHYHBIX BEHIECTB: OKCHIOB
azota NO, NO, u yranepoga CO. HccnenoBaHusi MpOBOJSATCS Ha CICLHUAIBHO
CO3/IaHHOM OTHEBOM CTEHJIE, T/Ie MOYKHO YCTaHABIUBATh M MEHAThH UCCIIETyEMOe
ropenouHoe ycrpoictBo. Kpome Toro, OTAeNbHBIEC UCIIBITAHUS OCYIIECTBIISIOTCS
B HAaTypaJbHBIX YCIIOBUAX — HA Ta30BBIX IUIATAX [3].

IpeameT uccaenoBanuii
U COBPeMEHHOe COCTOSTHHE MP00IeMbl

CeroiHsi B Ka4eCTBE TOILUIMBA JJIsI OBITOBBIX T'a30BBIX MPHUOOPOB HCIOIB3Y-
FOTCSI YTIIEBOJAOPOIHBIC Ta3bl: MPUPOTHBIA M CKMKEHHBIA. B Ykpanne ¢ 2008 T.
OTpeOIEHUE MPUPOTHOTO Ta3a B KOMMYHAIbHO-OBITOBOM CEKTOPE YKOHOMUKH,
B TOM YHCIIC HACEIICHUEM HETIOCPEICTBEHHO, TPeo0IIagaeT HaJl UCIOIhb30BaHUEM
€ro B MPOMBINUICHHOCTH. J[MHaMUKa U3MEHEHUS IOTPEOICHUS TPUPOTHOTO rasa
110 TOIaM MpeCTaBIeHa Ha puc. 1 [4].
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Fig. 1. Changes of natural gas consumption by Ukraine
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N3 puc. 1 cneayer, ato ¢ 2007 mo 2018 1. B YKkpanHe pe3K0 COKPATHIIOCH
abcomoTHOE MOTpeOsieHNE Ta30BOr0 TOIUIMBA, MPUYEM B KOMMYHAJIbHO-OBITO-
BOM CEKTOpe — B JBa pa3a. C yueToM Bcero o0beMa HCIOIb30BaHuUs IPUPOJTHOTO
raza B YkpauHe 3a nociemaaue roasl (2017-2018) MOkHO yTBEp)KAaTh, 4TO IO
50 % oOmiero ero noTpedICHUs MPUXOAUTCS HA KOMMYHAIIBHO-OBITOBOH CEKTOP
ctpansbl. [lo 3Toii npuurHe 0ocoboe 3HaYeHNE pruodpeTaeT 3a1a4a 3hHeKTHBHO-
T'0 MCIIOJIB30BAaHUS MIPUPOAHOTO T'a3a B OTPACIH MPU MAKCHUMAJILHOM CHU)KEHUH
3arpsi3HeHHs aTMOC(ephl.

I'a3zoBbIe TOPEJIKH U IJIMTHI

OcoO0bIi1 THIT TOPETIOYHBIX YCTPOICTB, MPUMEHSIEMBIX B OBITOBOI TEXHHKE, —
aTMoc(epHBIe TOPENKH [5, 6], MHKEKITMOHHBIE YCTPOWCTBA, B KOTOPHIC TIPHUHY-
JTUTETHHO U3 CETU MOJAETCs TOPIOYMH ra3, a 4yacTh BO3AyXa MO OTHOIIEHHIO K
CTEXUOMETPUYECKOMY TIOTOKY (IIEpPBUYHBINA BO3/yX) IMOJICACHIBACTCS BHYTPh TO-
PEJIKK ¥ CMEIINBACTCA € Ta30M. B pe3ynbTare Ha BBIXOJE U3 TOPENIKU CKUTAHUIO
noJiBepraercsi 6orartasi ra30Bo3ynIHas cMech. OJTHOBPEMEHHO B TOPSIIYIO Tep-
BUYHYIO CMECh 3a NpeAesiaMy TOpeNKU IOJICAchIBACTCS BTOPUYHBIN BO3AYX W3
OKpY’KafoIero mpocTpancTBa. B [6] 3TH miaMeHa MMEHYIOTCS CMEIMIaHHBIMHU
JJaMUHApHBIMHA ITUIaME€HaMMU C IPEABAPUTECIBHO nepeMemaHHoi/'I n HE 1epe-
MEIIAaHHOH CMECBHIO, a TaKKe AJIsl HETO YKa3bIBaeTcs 3HaueHHE M30bITKa TOIUIU-
Ba (fuel equivalence ratio £ER) @ = ER = kp,_l = 1,4, rae A, — xo3dduEHT
n30bITKa TIepBUYHOTO Bo3ayxa. CormacHo [6], no 30 % Bcero oobema morpeod-
JSIEMOTO B MHPE HPUPOAHOTO Tra3a CKUTaeTcs MpH OpraHu3aldy IJIaMeH OIu-
CaHHOTO THIIA.

Takum 00pa3oM, MOXKHO MOJIaraTh, YTO aTMOC(EPHBIC TOPEIKU SBISIOTCS
Pa3HOBUIHOCTBIO CTPYWHBIX (PaKeIbHBIX TOPElIoK Win ropenok Maker co cme-
cuteneMm Bentypu. OHu GopmupytoT OyH3eHOBCKHE MijiaMeHa (TOpPeNKd ¢ Ipsi-
MOTOYHBIM cMmecuTenieM [5, 7]), KOTopble 00ecleunBaroT JIAMHHAPHOE FOPCHHUE
OoraToil mpenBapUTENBHO MOATOTOBJICHHOH CMECH C CO3/1aHHEM KOHUYECKUX
T1aMeH (M3HavaJIbHO Ha MMOBEPXHOCTH KOHYCa (KOHYCOB) IIPH BBIITYCKE TOPIOYEi
CMECH B OKPYXKaIOLIUH BO3IYyX W IpH mocheayromeM nuddy3noHHOM J0KHTa-
HUU TIEPBUYHON ra30BO3AYIIHON cMecH [5—7]).

[IpobGiiema sHEproskonorudeckoi 3QPEeKTUBHOCTH UCIIOIB30BAHUS Ta30BOTO
TOTUIMBA TIPH €T0 C)KUTAHWW B OBITOBBIX T'a30BBIX IUTUTAX SBISETCS KOMILIEKC-
HOH M CBs3aHa CO MHOTHMMH Q)aKTOpaMI/I, OKa3bIBarOIIMMHU B3aMMHOE€ BJINSHUC
B CHCTEME «ra30Bas TOpenka — HarpeBaeMasi eMKOCThb (puc. 2).

I'a3oBas rumTa — CrienUanbHOE YCTPOMCTBO Aiisi 0OecTieyeHus TEeroBoi 00-
pabOTKH BOBI, APYTHX KHUIKOCTEH U MPUTOTOBJICHUS MUIIK. [Ipu SKCrIepUMEH-
TaJBHBIX HCCIIEJ0BAHUIX OBITOBYIO T'a30BYIO IJIUTY CIEIYET PACCMATPHUBAThH KaK
TEXHUYECKYI0 CHUCTEMY, BKIIIOYAIOIIYI0 aTMOC(EepHbIC Ta30BbIe TOPENKHU, Y3JIbI
MOJIa4M Ta3a C YUYETOM BOBJICUCHHS OKPYKaIOIIEero Bo3ayxa (MIEpBHYHOTO U BTO-
PUYHOTO) U yIPABJICHUS MTPOIECCOM CKUTaHUs pabouel cmecH (puc. 2). B kaue-
cTBe paboueil paccMaTpUBACTCS SMKOCTh PAa3IUMYHON TE€OMETPHH U Pa3MEpOB,
JUIE KOTOPO# ONpe/eNsone XapaKTepUCTUKOW CITy>KUT MMOBEPXHOCTH TEILIO-
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oOMeHa. J[ns onpenencHust SHEPreTUIECKON A3PPEKTUBHOCTH CUCTEMBI Pa3MephI
E€MKOCTH PErJIaMEHTHPYIOTCS HAIIMOHAIBHBIMH U MEXJTyHAPOJAHBIMU CTaHIap-
tamu (Ykpaunsl [8, 9], Poccuu [10], Kutas [11] u EBpocoroza [12]).
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Puc. 2. IlpuHInnyanbHas CXeMa CHCTEMBI «T'a30Basi TOpeJIKa — HarpeBaeMasl eMKOCTEY
JUISL Pa3JINYHBIX CIIOCOOOB I10J[BO/Ia BTOPHYHOTO BO3/LyXa TOPEHHMS:
a — LeHTPAJIbHBIN U nepudepuitHplii; b — ToNbKO nepubepriHbIi

Fig. 2. The “gas burner — heated vessel” basic system for different modes
of supply of secondary combustion air: a — central and peripheral;
b — only peripheral

TepmoauHaMuKa 00pa3oBaHMs BPeJHbIX KOMIIOHEHT
B IIPOAYKTAX CrOPaHNs NMPH padoTe OLITOBBIX ra30BbIX MPHOOPOB

OCHOBHBIMH BpPEIHBIMH KOMIIOHEHTaMH TMPOIYKTOB CTOpaHUs TPH CHKHTa-
HUM YTJIEBOJOPOJOB B aTMOC(EPHBIX rOpeiKaxX ra3oBbIX IUIUT U BOJOHArpeBa-
Tenelt sBisrorest okeuapl yriepoaa (CO) u azota (NO u NO,). [locnennune 00b-
equHeHbl o0muM obo3HauenneM NO,. Konmentpamus [NO,] = [NO] + [NO,].
HecMotpst Ha Hanmu4ue B MPOAYKTaX CrOPaHUs YIIECPOJHBIX U YIIIEBOAOPOIHBIX
coenuHeHMi, BKIoYas dopmanbiaeruy [13], umenHo okcunsl NO, u CO mpu-
BJIEKAIOT OCHOBHOE BHUMAaHHE UCCIIEOBATENEH.
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B mpomecce TopeHus TOIIMBA B KOTIAX W APYTUX TOIUIMBOC)KHUTAO-
IUX YCTPOHCTBaX oOpa3yeTcs MPEUMYIIECTBEHHO okcua azora NO [14], Bo
BCSKOM Ciiydae, o naHHbeiM [15], monst NO, B o0mem o6weme NO, cocraBuseT
He Oomee 2-3 %. B cooTBeTCTBHM C pe3yinbTaTaMH HCCIIEIOBAaHUM, TPOBEICH-
ueix B CLIA, cootnomenue 100 [NO,]/([NO] + [NO,]) a1 KOTelnbHBIX arpera-
TOB HaxoauTcs B mpeaenax 5—11 % [15]. K coxanenuro, B HacTosIiee Bpems BO
MHOTHX HCTOYHHKAX HE TPHUBOMATCS pa3ieibHbIC 3HaUYeHHS BBHIOpocoB [NO]
u [NO,] [16, 17].

[Ipu monaganum B atmocdepy moxa AeHCTBHEM COJIHEYHOro usnydeHus NO
TpaHcQOPMHPYETCSI B BBICOKOTOKCHYHBIA Auokchy a3ota NO,, SIOBHUTHIN ras,
KOTOpBIi MMEET HEraTWBHOE BIUSHHE HA OPTraHW3M YeJOBEeKa. YYEHble W3
Hanmonansuoit nabopatopun umenn Jloypenca (CLLA) mpoBenu skomoruue-
CKH€ MCCJIeIOBaHMS Ta30BOM TUIMTHI M YCTAHOBWIIM, YTO TPU CTOPAHHUH TPUPO-
HOTO Ta3a JMOKCH]] a30Ta MOKET 00pa30BBIBATHCS HEMOCPEACTBEHHO B (pakenmax
aTMOC(EPHBIX Ta30BBIX TOPENOK. OJTO OCOOCHHO OMAacHO NPH OTCYTCTBHH
BBITSDKHBIX YCTPOWCTB HAJl Ta30BBIMH TUTHTaMu [13].

[IpenensHo ponmyctumble koHueHTpanuu (IIJIK) permamenTtupyrotcs
COOTBETCTBYIOIIIUMU HOPMATHUBHBIMU JOKyMeHTaMu U 1m0 NO, COCTaBISIOT:
1K, =0,4 mr/m° 1o NO, IMJaK,,=0,2 mr/m° o NO, [18]. IIpu 3TOM cremyeT
OTMETUTH OOIIYI0 TCHICHIIMIO OCIa0JICHHS JKECTKOCTH 3KOJOTHUECKUX HOpMa-
THBOB B YkKpauHe. Panee snauenme IIJIK,, mna NO, Obino Gonee xkecTkoe
u cocrasmsuio 0,085 mr/m’ [14]. Tuokcun azora NO, paHee ObUI BO BTOPOM
KJlacce omacHbIX BemiecTs, ceidyac NO u NO, oTHOCSITCS K TpeTheMy Kiaccy.
YuuThIBas, 4TO BPEIHOE BO3JIEHCTBIE BRHIOPOCOB KOMIIOHEHTA X, 3arPs3HSIONINX
atMoctepy, ompenensierca otHomenneM [X|/IIAKy [15], MoxkHO yTBepKIaTh,
4yT0 1 ppm [NO,] IO TOKCHYHOCTH COOTBETCTBYET 2—5 ppm u 6oiee [NO].

Pacuer Tepmoannamunuyeckoro papuosecusi cucrembl NO-O,—NO,

Ha nayanpHOM 53Tame OLIEHKH TPEHIOB OTHOCHTEIHLHOTO BIMSHHUS COCTaBa
WUCXOHOU TOpIOYel CMECH Ha BBIXOA TOKCHYHBIX KOMIIOHEHT MOXKET OBITh HC-
M0JIb30BaH TEPMOJMHAMUYECKUI aHanu3. MeTononorus pacuera TepMOJAUHAMU-
YeCKH paBHOBECHOTO COCTaBa MPOAYKTOB peakuu 0a3upyeTrcs Ha ydeTe UCXOl-
HOTO COCTaBa pearupymroleil CMecH: MO3JIEMEHTHOro (mpu (UKCHPOBAHHBIX
TeMmIeparypax mnpouecca) i NOKOMIIOHEHTHOTO (IIpU OJHOBPEMEHHOM OIpeje-
JICHUU TEOPETHUYECKON TeMIepaTyphl TOPEHHS), a TaKKe IMapaMeTpoB Mporecca
roperns [19].

Jia ropeHUs B YCIOBHAX OBITOBBIX NMPHUOOPOB OOOCHOBAHHBIM SIBISIETCS
TEPMOJIMHAMUYECKUN aHAU3 MPH M300apHO-U30TEPMUYECKOM MpOIIecce Tope-
Hus: p = const; T = const.

CoOTBETCTBYIOIIME METOAMKHY OBLIN NPEIIOKEHBI BO BTOPOi monoBuHe XX B.,
npexae Bcero B CIIIA nu CCCP. B HacTosiiee BpeMs B pa3IHUHbIX OpraHU3alld-
SIX HCTIONB3YIOTCS IporpaMmuble mpoayktel: TERRA (MBTY, pyk. b. H. Tpycos),
FUEL (Mucturyt raza HAH Ykpaussl, pyk. b. C. Copoka) u ap.

[NpuHIEIaTEHBIE 3aKOHOMEPHOCTH 00Pa30BaHKsI OCHOBHBIX BPE/IHBIX BEIIECTB
Mo ux otHoIeHusM, B yacTHoctd 1yt NO, ([NOJ/[NO,] u CO, ([COJ/[CO,]), mo-
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ryT OBITh HalJIeHBl B TPEAINOJIOKECHUU COOTBETCTBHUSI COCTOSHHUS OTIENBHBIX
KOMIIOHEHT M CMECH INpPOJAYKTOB CrOpPaHHs YpaBHEHHUIO uieanbHOro rasa [20]
yepe3 Ta0yIMPOBaHHBIE KOHCTAHTHI PEAKIMi ATOMU3ALUN KOMIIOHEHT C UCIIOJIb-
30BaHUEM MPOCTEHIINX peakuil

2NO + 0, 5 2NO,, (1)

JJIs KOTOpOﬁ KOHCTAaHTa paBHOBECUA XUMUYECKOU pCaknuun

2 2 2

D kxok
Pro, _| Do, D(;l _ 1;(2) 02, 2)
NO,

K

’ pI%IOpOZ Dyo

TA€ Py, ky — mapuuanbHOE JaBJICHUE U KOHCTAHTA PEaKIUU aTOMH3AIMUA KOMIIO-
Henra X; X=NO, O,, NO.,.

U3 (2) cnenyer:
Dyo, _ ( K,Dq )0,5; 3)
NO
[NO] -0,5
[NOL| = [Kp (T D, ] : “

Uro kacaeTcst OKCHIOB YTIIEPOJia, TO MPOIIECC IOOKUCICHHUS

2CO + 0, 5 2C0O, &)
HMEET KOHCTAHTY PaBHOBECHS
2 2
k&ok,
K, = 127c02 _ C(; 0, (6)
PcoPo, kcoz

B (2) u (6) KOHCTaHTHI peaKIMK aTOMHU3AINH 3AHIIYTCS B BUIE:

2
PcP 2
keo, = =5 (Ta) koo =PcPo. (Tb) ko, ~Po. (70
Pco, Pco Po,
2
PP
kyo, =5 (7d) ko = E8P0. (Te)
Pro, Pro

IIpuauun Jle-Illarense — bpayHa kadecTBEHHO YKa3bIBa€T HaIIPABICHUS
CMEICHHUSA PaBHOBECHsS XUMHUYECKHX PEaKIHH, yCTaHABIMBAas, YTO BHEIIHEE
BO3ZICHCTBHE, BBIBOISILEE CHUCTEMY M3 COCTOSIHUSI T€PMOAMHAMHUYECKOTO PaBHO-
BECHs1, BBI3BIBACT TPOIIECCHI, OCIA0NSIONINE paccMaTprBagMoe BozjelcTeue [21].
Jis npuBeIeHHBIX PEaKLi ¢ BpPEAHBIMA KOMIIOHEHTaMH, IIPEKAE BCETO C OKCHU-
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namu a3ota u yraepoxa, npuHnui Jle-lllatenbe mo3BomisieT MpoaHANU3UPOBATh
BIIUSTHHE MTapaMeTpoB p, 1 Tporiecca TOPEeHUs Ha HaIllpaBIIeHUs peakInii.

B ciyyae moBbIIIEHHST TeMIEpaTyphl PEAKIUH CHCTEMa OT3hIBAETCS CBOMM
oxnaxaennem. Ha ocnoBanuu npunnuna Jle-Illarenbe B Xx07e 3K30TEpMUYECKON
peakuu Ipy HapyIIeHUH paBHOBECHSI BCIEACTBHE POCTa TEMITEPATYpPhI CHCTEMA
OyzneT MpOTHBOACHCTBOBATH CBOEMY HArpeBY CIBUTOM B CTOPOHY HCXOJHBIX
KOMITOHEHT (B CTOPOHY OOpaTHOW — SHAOTEPMUIECKON — Peaklii). DK30TepMUIe-
ckas peaknus ropeans CO (5) conpoBoXKAaeTCst CIBUTOM PEAKIIMN B CTOPOHY HC-
xoHbIX KoMIOHEHT (2CO + O,) B ciIy4ae NOBBIILICHUS TEMIIEPaTypbl pEaKIum.

[Ipu anamuze mookucnerws NO B NO, cienyeT mpexie BCEro BBISICHUTH Xa-
pakTep paccMaTpuBaeMoi peakuuu. [y ornpeneneHns BIWSHUS TEMIEPaTyphI
Ha Xox peakuuu (1) HEOOXOIUMO OLIEGHUTH ee TeIuloBoi »(dekT. PaBHOBeC-
Has TeioTa peakuuu (O, B COOTBETCTBUM C NOAXOAOM [22] ompenensercs ee
BEJTMYMHONW W 3HAKOM Yepe3 PaBHOBECHBIE TOJIHBIE SHTAIBIINN MUCXOJHBIX KOM-

nonent 1, ., (1y) wunpoxyxros peaxunn £ ,,,; ., (Ty)

0, = Lt eq ) = Loy T =2 o, (T) = 2Ly (1) + I, (Ty) .

rae O, — TerioBoi 3G deKxT peakuuu npu p = const.
Wnu ynenvHbIi TemnoBoi a¢ ekt peakuuu Ha 1 kr NO

g, =0,50,M.

Jlns cranpapTHOi Temmeparyps T, = 293,15 K (20 °C), wmu 7, = 298,15 K
(25 °C), 3HaueHNS OTHOW SHTAIBITUN KOMIIOHEHT TIPE/CTaBIICHBI B Ta0m. 1, co-
rJ1acHO JaHHBIM [23].

Tabauya 1
JHTAJIbNUSA KOMIIOHEHT peakuuu (1) npu cranaapTHoii Temnepartype T,

Enthalpy of the reaction components (1) at standard temperature 7,

Iy =20°C=293,15K Iy =25°C=298,15K
KommnonenTa
I, Kan/mMoJb Iy, xJI)x/MOb I, Kan/mMoib Iy, xJIx/MOIb
NO 21600 90,3744 21636 90,5250
0, 0 0 35 0,1464
NO, 8009 33,5096 8058 33,7146

ComocTasisis osHbie dHTATLIUHN [ 111 NO u NO, (Tabmn. 1), MOXHO yBH-
neth, uto I7 (NO) > Ir (NO;). OT0 yKka3bsIBaeT Ha dK30TCPMHUUYCCKUNA XapaKTep
peakiuu (1) 1 ee cOBUT BIEBO — B CTOPOHY HMCXOIHBIX peareHTOB (2NO + O,)
MIPU TIOBBIIEHUU Temmeparypbl. Takum oOpazom, [NO]/[NO,] yBeamamuBaeTcs
C pOCTOM TEMIIEPATYPHI PEAKLIH.

Kaxnas u3 peakunit nookucienus (1) u (5) conpoBokaaercss yMeHbIIEHHEM
00beMa CHCTEMBbI BCIIEACTBHUE COKPALICHHUS YUCIa MOJIEH TPOAYKTOB PEAKLIUH 110
CPaBHEHUIO C UCXOJHBIMU PEATCHTAMU: Mypner < Minire
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[Ipu cxaTMM peakMOHHOW CMECH PaBHOBECHE CMEIAaeTCs BIPAaBO, B CTOPO-
Hy TpoaykToB peaknuu — NO, B peakmnuu (1) u CO, B peakuuu (5) COOTBETCTBEH-
HO, MO0 3TOT MpOIECC NMPHBOJUT K YMEHBIIICHUIO JIABICHUS W, CJIEJ0BATEIHHO,
MIPOTUBOCUCTBYET BHEIIHEMY JNaBiicHuto. JlefictButensHo, pu T = const B 3a-
KpeITOM cocyzae (V = const) mpoaykTsl Kaxkaod u3 peakuuii (B (1) — NO,,
B (5) — CO,) co37a0T MEHBIIICE TABICHUE P ~ Myoue, YEM CO3JIABATHA UCXOJHBIC
KOMIIOHEHTHI [24].

B paccmarpuBaemMom ciydae peakiusi (1) OTHOCHTCS K MpOIECCy TOPEHUS,
KOTOPBIA MPOTEKAET B M300apHBIX YCIOBHSX: NABICHUS WCXOIHBIX KOMITOHEHT
Y TIPOAYKTOB pEakiy paBHBI Mexay coOoi. [Ipu 3ToM yBennueHune BHEUTHETO
JABJICHHUA B COOTBETCTBUM ¢ mpuHIUIOM Jle-lllarense Taxke JOMKHO BBI3BAThH
W3MCHEHHE XOJIa PEakIMi B CTOPOHY TIIOHIDKCHUS JaBIICHUS B CHUCTEME.
ITockoneky ipu T = const cMmeneHrne paBHoBecus B ctopoHy NO, (1) u CO, (5)
MIPHUBENIET K TIOHWKEHUIO YHACTA MOJEH M,pe; = MNop WIH Hyeqer = Hecop, TO JIABIIE-
HHUE B CICTEME YMEHBIIACTCS: P ~ Hyecd V.

AHanu3 pe3ynbpTaToB pacyeTa COCTaBa MPOIYKTOB CrOPaHUS MPUPOIHOTO Ta-
3a, IMEIOIINX OJIMHAKOBBIA HCXOJHBIA COCTaB, IPH Pa3HBIX IABJICHHUAX MPOLIEC-
ca TOATBEP)KIAET, YTO C YBEIMYEHHEM JaBlieHUS p HaOII0maeTcss IMOHMKe-
Hue Dco ¥ pocT Dcop [19].

Takum o0pazoM, B coorBercTBuU ¢ npunnuioMm Jle-Illarense yBenuueHue
JIABJICHHSA TPOIIecca p AODKHO TMPUBOANTH K CABUTY PEAKIIMH B CTOPOHY KOHEU-
HBIX MPOJYKTOB KaK B CiIydae M30Xopuueckoro (V' = const), Tak U nzobapmye-
cKoro (p = const) IIPOIIECCOB.

BaxneiimuM BompocoM MpH aHadu3e BO3MOXKHOCTU mosiBieHus NO, mpu
CXKUTaHUM B TUTUTaX, O YeM YKa3bIBaJoCh B [13], sBIseTCS paccMOTpEHHE paB-
HoBecus cucteMbl NO-O,—NO,. Korcranra paBHoBecus peakmnuu (1) B 3aBUCH-
MOCTHA OT TEMIEepaTyphl MOKET OBITh YHCIIEHHO OIpejaesieHa C HCIOJb30Ba-
HUEM KOHCTaHT pEeaklIMi aTOMH3alMU MOJEKYIsIpHbIX coeauHeHuit: NO, O,,
NO, ((7d), (7¢), (7e)), 3anmeiicTBoBaHHBIX B OpyTtTo-peakuuu (1) oOpazosa-
HusA NO,. @yHKIMOHANbHAs 3aBUCHMOCTb CBA3BIBAET KOHCTAHTY paBHOBecHs K,
C DHEPreTUYECKON XapaKTEepPUCTUKON O, peaKIHH.

YucaeHnnslid anaan3 oopazoBanus okcuaos azora NO u NO,

3aBucumocTs K, ot Temneparypsl 7' 1 peakiuu gookucienus NO B NO, (1)
MO3BOJIAICT ClIENaTh BHIBOJ O CMEILIEHUH PaBHOBECHUS peakiuu oopasoBanus NO,
B CTOPOHY HU3KUX Temreparyp. C y4yeToM COMyTCTBYIOLIETO CHIKEHHSI CKOPO-
CTH peaKIMX MOKHO B MEPBOM MPHUOIIKEHNN IPEIIOI0KHUTH, YTO BEPOSITHOCTD
nosiBieHusT NO, TOBBIIAETCS B 3aCTOWHBIX HU3KOTEMIIEPATYPHBIX OONACTIX
JBIDKEHHsSI pearupyroei cMecH, Te YBEIMUUBaeTCa BpeMs MpeObIBaHUS MOJIEi
pearupyromux KOMIOHEHT.

B pesynprare nposelieHHOro pacuera TemnoBoil a¢dexr peakuun (1) O, =
= —113,7296 xJIx, g, = —1,8954 x/lx/xr, T. e. peakuus okucieHus NO B NO,
ABJIAETCS K30TepMuueckoi, a O, < 0. B cooTBeTCTBMU C ypaBHEHHEM MaKCH-
MabHOH paboThl ['m06ca — ['enmpmronbia u 3akoHoM Baut-I'odda [19]
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dinK, O, ®
dT  RT*

U3 (8) MOXKHO MMOTyYUTh 3aBUCUMOCTh U3MEHEHHUSI CAMOW KOHCTAaHTHI PaBHO-
BECHS C TEMIIEPATYPOMl
dinK, dInkK, dK, dK

— K—l P' 9
dr ~ dK, dr " dT ®

JleficTBUTENBHO, PAacyeThl MOATBEPKIAIOT CMEIICHUE pPEaKIMu 00pa3oBa-
Hust NO, B CTOpOHY HU3KHX Temrepatyp (puc. 3).
Toraa nsg 5K30TEpMUYECKON peaKIuu:

dinK dK
s 2P P <, (10)
dT dT

MOCKOJIBKY 3HaK 9TUX IPOM3BOJHBIX COBNAJIAET CO 3HAKOM Oy,
[Ipu ncnons3oBannu ypaBHeHUs BanT-I"odda u3 3aBucumoctu (9)

K, K0,
dT  RT?

(11)

N3 (11) cnegyer, 9To M3MEHEHHE KOHCTAaHTHI PABHOBECHSI C TEMIIEPATypOM
(mpomsBozaHas K, IO TeMIepaType) COXpaHseT 3HAaK TEIJIOThl PEaKIMH, TaK Kak
B npaBoii wactu (11) ocranbHblE COMHOKHUTENW, KpoMe (J,, IOJIOKHUTENb-
Hele: K,>0; R>0; 7>0. Torna dK,/dT <0, ecnn peakuus 3K30TepMUUe-
ckad (Qp <0), u dK,/dT > 0, ecnu peakuus sg0TepMudeckas (0, > 0).

JeiicTBuTENnBHO, CpaBHEHUE 3aBUCHUMOCTeH (8) u (11) mas peakuu J00KuUC-
aenus NO B NO, (1) noarepxaaeT crpaBeUTHBOCTh HepaBeHCTBa dK,/dT < 0,
HOCKOJIBKY K|, YMEHBIIAETCs C POCTOM TeMIIEpaTyphl PEAKUUU T, U IPOU3-
BOJIHas 1o Temrepatype oT GpyHkiuu K,(7) — BelIMurHa OTpHLATENIbHAs (CABU-
raercsl MOCTENICHHO B CTOPOHY HCXOJHBIX KOMIIOHEHT TI0 Mepe IOBBIIICHHS
temneparypsl) (puc. 3). Ha puc. 3 T,...; = T(A), Tae T, — TeopeTudeckas TeMrie-
parypa ropeHusl.

1014
1012
1010
108
< 10°
ZF10*
20102
10°
1072
107
1076 | | | l |
298 548 798 1048 1298 1548 1798 2048
Treact>K

Puc. 3. 3aBucumMocTh KOHCTaHTHI K|, paBHOBeCcHs peakiu (1)
OT TeMIepatypbl peakuui 7 .., = T:(A)
Fig. 3. Dependence of the equilibrium constant K, for reaction (1)
on the reaction temperature 7, = T,(A)
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Ha puc. 4 nemoncTpupy-

10.0E-0.3
A €TCS  OTHOIIICHWE paBHOBEC-
9.0E-0.4 HBIX KOHIIEHTpAIUN peaKuu
[NOJ/[NO;] B 3aBUCHUMOCTH OT
8.0E-0.4 kodpduumenta u30bITKA BO3-
IyXa JJisl pa3indHbIX TeMIepa-
7.0E-0.4 TYP Tyeaer- JlaHHBIC TIpEICTaBIIC-
HBI Ha puc. 4 IByMs ClIOCO0aMHu:
6.0E-0.4 1) ¢ WCHoNIbL30BaHUEM BEIpa-
5 0B-0.4 | | | | xkeHus (4) nns peakiuu (1), rae
0,34 KOHCTaHTa paBHOBecus K, pe-
b aKI[UM pPACCUUTHIBACTCS dYepe3
0,30 KOHCTAHTBl PEaKIUM aTOMH3a-
_ muu komrnoHeHT NO, NO,, O,,
20’26 a gons O, ompenensercs IS
= peakiMu TOPSHHUS METaHOBO3-
Z OYIIHBIX TUIaMeH mpu Kodpdu-
0,22 [IMEHTE N30BITKA A;
2) 10 paBHOBECHBIM KOH-
0,18 nentpaiusam [NO], [NO,], pac-
6,0 CUMTAHHBIM JUISl TEOPETUYECKHX
5.5 TeMIeparyp TOPEHUs MeTaHo-
BO3AYIIHBIX cMecel ¢ Kodpu-
5,0 IIHEHTOM H30BITKA A.
4,5
40 Puc. 4. 3aBUCHMOCTD [NO]/ENOz]
> B COOTBETCTBHUH ¢ peakuueit (1)
OT A [IPY TOPSHUH METaHOBO3IYIIHOM
3,5 CMECH ISl TEMITEPATYPhI IIPOTYKTOB

L5 20 25 30 35 40 45 50 CrOpaHUsi METaHa C BO3AYXOM 7T,p0r, K:
Koapduumenr u3dbitka Bo3ayxa A a—400; b - 600; c — 800;
koHueHTpanuu [NO], [NO,] onpezeneHsl ¢ UCIOJIb30BAHUEM:
1 — pacueTHOi1 KOHCTaHTBI paBHOBecus peakiwmu (1) mo Gpopmyrne (4);
2 — cocTaBa PaBHOBECHBIX IIPOYKTOB cropanus (mporpammMusli npoaykt FUEL)

Fig. 4. Dependence of the [NO]/[NO,] in accordance with reaction (1) on A in combustion
of methane-air mixture by different temperature of the combustion products of methane
with air 7., K: a—400; b —600; ¢ — 800;
the concentrations of [NO], [NO,] are determined by using:

1 — calculated values equilibrium constant of the reaction (1) according to formula (4);

2 — composition of equilibrium combustion products (software product FUEL)

Hecmotps Ha pocT oTHOCHTENBHOM KOHIICHTpanuu [NO,] 10 OTHOIICHHIO K
[NO] npu Huzkux temneparypax (600 u 400 K) u gaxe Ha npesbienue [NO,|
mo cpaBHeHnto ¢ [NO], aOCoOmOTHBIE 3HAYCHHS PABHOBECHBIX KOHIICHTpA-
it [NO,] Hacrompko HesHaunTenbHBI (1,30E-05 mpu temmepartype 2000 K,
2,38E-07 mpu 800 K coorBerctBenHo (A = 1,0 111 METaHOBO3AYIIHOH cMeCH)),
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YTO HE MOTYT MPEICTABIATH pealbHYI0 yrpo3y 310poBbio Iojaed. OmHaKo B
MPOBENCHHBIX JKCIIEPUMEHTaX HaWJIEHBbI CYIIECTBEHHO Ooliee 3HAYUTEIHHBIC
KOHIICHTPAI[UKM 3TOT0 KOMIIOHEHTa, YTO YKa3bIBaeT Ha WX CBEPXPaBHOBECHBIH
BBIXO/] B peaIbHBIX OTHEBBIX YCIIOBHSAX U POJIb KHHETHIECKUX (haKTOPOB.
3aBucuMOCTh oTHOmIeHHs KoHmeHTparuii [NOJ/[NO,] ot ko3ddummenta
M30BITKA BO3JyXa A JUIsl TEOPETHUECKUX TeMmmepatyp ropenus 7,(\) nmpuBencHa
Ha puc. 5.

10°

= 10°
]
&
)
Z
Puc. 5. 3aBucumocts [NO]/[NO,] ot A mst 10"
TEOPEeTHYECKHX TemrepaTyp ropexus 7,(L):
1, 2 — 1o e, 4TO Ha puc. 4
Fig. 5. Dependence of the [NOJ/[NO,]
on A for theoretical combustion 109 ‘ | | | | |
temperatures 7,(A): 1,5 2,0 25 3,0 35 40 45 5,0
1, 2 —the same as in Fig. 4 Kospduuuent u3dbitka Bo3ayxa A

BBIBO/IbI

1. B Ykpaune ucmonb3yercst 10 13 MITH OBITOBBIX Ta30BBIX IUIAT, BPEIHBIC
BBIOPOCH! KOTOPBIX BIUSIOT HA CAHUTAPHO-TUTHEHUYECKOE COCTOSHHUE M 3arpsi3-
HEHHUE BO3/yXa B JKMJIBIX ITOMEIIEHUSIX, TEM CaMbIM HEraTHBHO BO3JECHCTBYS Ha
3I0pOBBE OCHOBHOM YacCTH HACEJEHUS CTPAHBI.

2. B Uncturyte raza HAH Ykpauns! npoBoaATCs CUCTEMAaTHYECKHE pacyeT-
HO-TEOPETHUYECKUE U IKCIIEPUMEHTAIbHBIE UCCIIE0BaHUs 00pa30BaHUs TOKCHY-
HBIX BBIOPOCOB IPU CXKUI'AHUU YITIEBOJOPOIHOTO TOILIMBA (IIPUPOJHOIO U CHKU-
KEHHOI'0 ra3oB) B aTMOC(EPHBIX I'OpeNKax Ia30BbIX IUIMT. B kauecTBe OCHOB-
HBIX 3arpsi3HUTENEH BO3/yXa IPU OLEHKE 3KOJIOTHYECKOM YUCTOTHI MPOIYKTOB
Cropasus paccMaTpuBarotcs okcuasl yriaepoaa CO u azora NO u NOs.

3. B HanmonansHoii nabopatopun umenu Jloypenca (CLLIA) ycTanosneHo,
YTO MPU CKUTAaHUW MPUPOIAHOTO Ta3a B FOpeiKax OBITOBBIX IUIHT, B OTJIMYUE OT
CHCTEM C)KUTaHUs OOJBIINHCTBA MPOMBIIIICHHBIX M CUJIOBBIX 3HEPIeTUUYECKUX
arperaTtoB, HanpsMyro oOpa3yercs 0co00 TOKCHYHBIM KOMIIOHEHT — IUOKCHUJ
azota NO,. OTOT BBIBOJ NOJATBEPXK/EH U HACTOSAIIMMH HCClleoBaHUAMU. VMest
B BUJY BO3MOYKHOCTb HENOCPEICTBEHHOI'O KOHTAaKTa 4eJIOBEKAa C MPOJLYKTaMU
cropaHus npu padoTe ra30BbIX IUIUT U COILYTCTBYIOLIUE YIPO3bl AJIS 310pPOBbS,
B HCCJICZIOBAaHHUAX aBTOPOB CTaThH 0CO0OE BHUMAaHKE OOpaIIeHO Ha yCcIOBUS 00-
pa3oBaHMs U KOHIEHTPAIMK JUOKCH/A a30Ta B INIAMEHH U BHE €TO0.

4. Ilo pe3ynpTaTaM TEpPMOIMHAMHYECKOIO aHAJIM3a COMOCTaBIEHO OTHOCH-
TenapHOE conaepykaHue okcunoB a3ota NO m NO, B paBHOBECHBIX CMECAX IpO-
OykToB peakiuu. Ilpu aHanu3e cocTaBOB paBHOBECHBIX IPOAYKTOB CrOpaHUs
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CMecel MPUPOIHOTO Ta3a C BO3TyXOM, ITPOBEJCHHOTO MTyTEM OIICHKH XO0Jla PeaK-
i 2NO + O, 5 2NO,, yCcTaHOBJICHO, YTO CABUT paBHOBecHs B cTOpoHy NO,
UMEEeT MECTO IMPU HU3KHUX TeMIIepaTypax mpoaykToB cropanus (o 800 K).

5. Baxueiiias conyainbHas 3a/1a4ya JaHHOTO UCCIIEIOBaHUS — MEPECMOTP OT-
HOIIIEHUS K DKOJIOTUIECKUM aCIeKTaM COKUTaHHsI Ta30BOTO TOILTUBA B KYXOHHBIX
TUTMTAaX, MMOCKOJIbKY 3TO KacaeTCsl MIMPOKUX MAacC HACEJCHHs CTPaH, MCIOJIb3Y-
OIIUX Ta3 B OBITY.

O003HaYeHHs

Dy — obbeMHas (MOJSIpHAS) TOJSI KOMITOHEHTA X

Iy — TOJTHAs SHTANBITUS KOMIIOHCHTA;

My — MoNeKyIIsipHasi Macca KOMIIOHEHTA X;

71 — YHCJIO MOJICH;

[O;] — nokanbHast koHeHTpanus O, B MPOAYKTaX CTOPAHUS;

P — INaBJICHUC PEarupyIoLICH CUCTEMbI, CYMMAapHOEC JIaBJICHUE KOMIIOHCHTA TIPU MPO-
TEKaHUH PEAKIINH;

R — yHuBepcanbHas Ta30Bast MOCTOSHHAS,

T — Temnepatypa;

V' — obbem pearupyromeii cMecH.

HHaeKkcol

eq — U151 paBHOBECHOT'O COCTaBa MPOIYKTOB PEaKINH;
init — U1 NICXOAHBIX KOMIIOHEHTOB PEArupyouei cMecy;
M.p — MaKkCHUMaJbHas pa3oBasi;

prod — Ui IPOJTYKTOB PEaKIUH;

react — JJi1 KOMIIOHEHTOB PEaKIHi.
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JHeprernuyeckas 3PPeKTHBHOCTH MAJIOT0 OMOPeaKTOpPa
P
B Pa3JIMYHBIX KJIMMATHYECKHX 30HAX

B.T. Ucakos”, A. A. AﬁpaMOBal), M. 10. JIsireses”

Dlbkenckmuit rocyJapCTBEeHHbIN Texuudeckuil ynusepcuter uMeHd M. T. Kanamnukosa
(WxeBck, Poccuiickas denepariust)

© benopycckuil HallMOHANBHBIN TeXHUYECKUH yHUBepcurert, 2020
Belarusian National Technical University, 2020

Pedepar. IIpemyoxennas MoenIb OLEHKH TEIUIOBOrO OanaHca M 3HEprodeKTUBHOCTH OHOpe-
aKTOpa IO3BOJISIET ONPEACNUTH A PeakTopa Majoro pasMepa, paboTaromero Ha OTHOCUTEIHHO
HHU3KO’HEPTeTUYECKOM CYOCTpaTre, BEIMYMHY KPUTHYECKOrO 00beMa, MPH KOTOPOM B JAaHHBIX
KIMMaTHYECKUX YCIOBMSAX BO3MOXKHA KPYTJIOTOJMYHAsI, MMOJHOCTBIO aBTOHOMHasi paboTa MeTaH-
TEHKa, ¥ OLICHUTh BEPOSTHYIO YHEPTEeTHIECKYIO 3()(EKTUBHOCTH MOJOOHOT0 GHopeakTopa (BBIXOJ
TOBapHOM TeIIOTHI). [I7Isi YHCIEHHOW XapaKTEepUCTHKM KIMMATHYECKOH 30HBI IIpeajiaraeTcs
HCHOJIb30BaTh CPEIHETOOBYIO TEMIEPaTypy /UM PacHpOCTPAHCHHBIH B CTPOMTEIBHON TEIIo-
TEXHHKE [M0Ka3aTeNb rpaayco-cyTok oronurenbHoro nepuoaa (I'COII), Gonee monHO xapakrepu-
3yIOIIEr0 HEPABHOMEPHOCTh CPEAHEMECSUHOTO pacHpesielieHHs TeMnepaTyp (CTerneHb KOHTHHEH-
TIBHOCTH KJIUMaTa). Bemmunna kputudeckoro o6beMa OHOpeakTopa, IpH KOTOPOM BO3MOXKHA
KPYTJIOTOWYHAst aBTOHOMHasl paboTa METaHTEHKa Ha OCaKe TOPOJCKUX CTOYHBIX BOJ, H3MCHSCT-
cst ot 7,5 (Bnagukaskas, TCOII = 3410) xo 17,0 M> (Tomck, TCOII = 6938), T. e. YBEITHYUBAETCS
MPaKTUYECKH TPOMOPIMOHAIBHO 3HAYEHHIO Ipagyco-CyTOK OTONMUTeNbHOro mepuoaa. Ciemyer
OTMETHTB, YTO IIPH UCHOIB30BaHUU CyOCTpaTa ¢ OOJBIINM BBIXOJOM OHOTra3a, HapuMep CBHHOTO
HaBo3a (BbIX0# 40 I/KT), BEIMYMHA KPUTHYECKOrO 06beMa BO BCeX clydasx meee 1 m°. Takue
pe3ynbTaThl aKTyalbHbl TOJBKO JUII OTHOCHUTENBHO HHM3KOIHEPIEeTHUECKOTO CHIPhS. Xapakrep
W3MEHEHHs BBIXOJa TOBApPHOHN TEIUIOTHI B 3aBUCUMOCTH OT 00beMa OMOpeakTopa M KIMMaTHde-
CKUX YCIIOBHH BIOJIHE OXKHJaeM — KOJHMYECTBO IIOJE3HO HCIIONB3yeMOil B MHTepecax Om3Heca
TEIIOTHI TEM BHIIIE, YeM Ooiblie 00beM peakTopa 1 Msarde kimmar. OfHako Ipu 00beMe PeaKTo-
pa meHee 5 M’ HeNTHHEHHOCT rpa¢uKoB HaMHOTO BhIIe. [I03TOMY U1 TPOEKTUPOBIIUKOB 0c000
MaJbIX OMOPEaKTOPOB MPOBEAECHHE MOAOOHBIX pacyeToB o0s3arenbHO. [lomydeHHbIE YHCIEHHBIE
3HAUCHUS] MOTYT OBITh IIOJIE3HBI KaK I MPOEKTHPOBIIMKA OMOPEaKTOpPOB, TaK M IS 3aKa3unKa
MIPOEKTa IPH OLEHKE SKOHOMHIECKOH 3((PpeKTHBHOCTH ITAaHNPYEMBIX HOBOBBEICHHH.

KuoueBble c1oBa: OMOra3oBasi yCTaHOBKA, METAHTCHK, TEIUIOBOW OallaHC, KIMMaTHYECKHE YCIIO-
BUS, PeKUM COpaXUBaHNUS, aHAITU3 (AKTOPOB, CyOCTPAT, 0CaJOK OYMCTHBIX COOPYKCHUH
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Energy Efficiency of a Small Bioreactor
in Various Climatic Zones

V.G. Isakovl), A.A. Abramoval), M. Yu. Dyagelevl)
YKalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation)

Abstract. The authors proposed a model for estimating the heat balance and energy efficiency of
a bioreactor that makes possible for a small-sized reactor operating on a relatively low-energy
substrate to determine the critical volume, under which the existing climatic conditions allow
year-round fully autonomous operation of the digester, as well as for evaluation the potential ener-
gy efficiency of such a bioreactor (output commodity heat). For the numerical characteristics
of the climatic zone, it is proposed to use the average annual temperature and/or the “degree-day of
the heating period” (DDHP) indicator common in construction heat engineering; the DDHP value
more adequately characterizing the unevenness of the average monthly temperature distribution,
i.e. degree of climate continentality. At the same time, the value of the critical volume of the bio-
reactor, at which year-round autonomous operation of the digester operating on the municipal
sewage sludge, is possible, varies from 7.5 (Vladikavkaz, DDHP = 3410) to 17.0 m® (Tomsk,
DDHP = 6938), i. e. increases almost in proportion to the degree-day of the heating period.
It should be noted that when using a substrate with a high biogas yield, e. g., pig manure (a biogas
yield of 40 g/kg is adopted), the critical volume in all cases is less than 1 m®. Such results are rele-
vant only for relatively low-energy raw materials. The nature of changes in the output of commod-
ity heat, depending on the volume of the bioreactor and climatic conditions, is quite expec-
table, viz. the amount of heat that is useful for business interests is higher, the higher is the reactor
volume and the milder is the climate. However, when the reactor volume is less than 5 m’,
the non-linearity of the graphs is much higher, i. e. for a designer of especially small bioreactors,
it seems mandatory to carry out such calculations. The obtained numerical values can be useful
both for the designer of bioreactors and for the customer of the project when evaluating the
economic efficiency of the planned new innovations.

Keywords: biogas plant, digester, heat balance, climatic conditions, fermentation mode, analysis
of factors, substrate, sewage treatment plant sediment

For citation: Isakov V. G., Abramova A. A., Dyagelev M. Yu. (2020) Energy Efficiency of a
Small Bioreactor in Various Climatic Zones. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 63 (4), 355-364. https://doi.org/10.21122/1029-7448-2020-63-4-355-364 (in Russian)

BBenenne

B Poccum nMeeTcs 3HaYMTENBHOE YUCIO MajbIX OYUCTHBIX COOPYKEHHH U
NpeanpuiaTuil (HampuMmep, XKUBOTHOBOTYECKHX), B PE3yJbTaTe NEATCIIEHOCTH
KOTOPBIX 00pa3yroTcs oprann4deckre oTxoabl, 3 dexTuBHas nepepaboTka KOTO-
pBIX He mpousBoauTcs. M3-3a MacmTaba UCIONB30BaHUS 3TO MPUBOAUT K PAAY
HEeOJIaronpUsATHBIX YKOJIOTHYECKHUX MOCIIEICTBHIA: HEKOHTPOIUPYEMOMY BBIOPO-
cy B atMoc(hepy MeTaHa (TapHUKOBOTO Ta3a) U BPEIHBIX MPOTYKTOB CrOPAHUS;
cOpocCy B OKPYXAFOIIYIO CPely 3arpsS3HEHHBIX BOJ M TBEPJBIX OTXOJIOB; BHIBOLY
u3 000poTa TUIOOPOTHBIX MOYB U JIECHBIX YYaCTKOB, UCTIONB3YEMBIX JUIS pa3-
MEIIEHHUST OTXOJOB, U T. J. OJHUM M3 SKOHOMHUYECKH OINpPaBIAHHBIX CIIOCOOOB
UCIIOJIb30BaHHS OPTaHUYEeCKUX OTXOJIOB SIBIISIETCS WX IepepaboTka B 3HEPro-
peCypchl M ONTHMM3AITUS TIpollecca BTOPHUYHOTO dSHepromoTpedmenms [1, 2].
B psze ciiyuaeB Bo3MOXKHA IepepabOTKa OTXOJOB IyTEM METaHOBOTO COpaku-
BaHMs B OHMOpeakTope, MpH 3TOM OJHOBPEMEHHO perraercs npobiemMa Moiy-
YeHUsS! AONOJIHUTENLHON TEMJIOBOW M 3JEKTPUUECKON SHEPTUH, a MPH YCIOBUH
3¢ deKTHBHOTO 00e33apakuBaHus OMOMAacChl — TOIYyYEHHS BBHICOKOKAUEeCTBEH-
HBIX y1OOpeHuil.

Opnako ecnu 3HepreTrdeckas 3((HEeKTUBHOCTh pabOThl KPYHHBIX OHOpeak-
TOPOB, Pa0OTAIOIINX HA CHIPhE C BEICOKUM BBIXOJIOM Ia3a (ITHYHH MOMET, HAaBO3


https://doi.org/10.21122/1029-7448-2020-63-4-

V. G. Isakov, A. A. Abramova, M. Yu. Dyagelev
Energy Efficiency of a Small Bioreactor in Various Climatic Zones 357

kpymHOro poratoro ckora (KPC), cBuHOW, oBeunii HaBo3) [3], HE BBI3BIBACT
COMHEHHUH, TO MPH WCIOJIB30BAHMH MAJOT0 PEakTopa ¢ OTHOCHUTEIHHO HHU3KO-
3¢ PexkTUBHBEIM CyOCcTpaTOM, HAIPUMEP C OCATKOM CTOYHBIX BOJ[ OYMCTHBIX CO-
OpY)KEHUH KaHaTW3aluu (ChIphE, MOCTYITHOE BCIONIY, T/I€ €CTh TOPOACKHE WIIH
JIOKAJIbHBIE OYHUCTHBIE COOPYKEHUSI MAIIBIX CENbCKOXO3SMCTBEHHBIX TN THIIE-
BBIX MIPEINPHUATHI), BO3MOXKHA TIpobieMa HeJOCTATOYHOCTH KOJIMYECTBA BBIE-
JSoIerocsi Oworasa Ayl KOMIIEHCAIMH TeIDIONOTEPh B OKPYXKAIOMIYIO CpEedy
Y Ha HarpeB u obOe33apakMBaHHe CyOCTpaTa TOJBKO 3a CYET COOCTBEHHOU Tell-
JIOTHI CrOpaHus 00pa3oBaBIierocs Merana. To ecTh He 00ecreunBaeTCs KPyrio-
TOJIUYHBIH, TOJTHOCTHIO aBTOHOMHBIHN peskuM padoTsl (puc. 1) [4, 5].
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Puc. 1. TeroBoii Gananc GHOPEaKTOpa 00HEMOM 5 M°, paGOTAIOLIEro Ha 0CAAKE CTOYHBIX BOJ
IPU Ha3eMHOM ycraHOBKe MeTaHTeHKa (VKEeBCK): —— — TEIIONOTepH;
—-— — TEIUIOBOH OanaHc; — — — — TOBapHas TEIUIOTA
Fig. 1. Daily heat balance of the bioreactor of the volume of 5 m® operating on sewage sludge
when there is a ground installation of the digester (Izhevsk): — — heat loss;
—-— —heat balance; — — — — commodity heat

Jns Ouopeakropa Majoro pasMepa, pabOTaloIIero B YCIOBHUIX CYpOBOTO
KJIIMATa, 3TH MPOOJIEMBI YCYTyOJITIOTCSI:

— HeOJIaronpusTHBIM COOTHOIIEHHWEM «IOBEPXHOCTH (Ompenenstonas Ten-
nornorepu) — o0bem» (OnpeAenseT BHyTpEeHHEE TEIUIOBbIAETICHUE U 00beM OHOo-
rasa);

— HE0OXOIUMOCTBIO MOITHOM TETIOM30JSHKH OUOpeakTopa JUis yMEHbIIe-
HUS TIOTEPb TETUIOTHI;

— MOBBIIICHHBIMHU 3aTpaTaMH SHEPTHH Ha obecrieyeHne padoyeil Temmnepary-
pBI cOpakuBaHuUs cyOCTpaTa U KOMIICHCAIMIO TETUIOBBIX MOTEPb;

— HEOOXOIMMOCTBIO XPAaHEHUS CBHIPbS TPH TOJIOKHUTEIBHBIX TEMIIepaTypax
JUT 00ecTieYeHUs] BO3MOKHOCTH HACOCHOM MOJJauu B TEXHOJIOTHUYECKYIO JINHUIO.

B [4] mpemnmokeHa Mojenb OIIGHKH TEIJIOBOTO OanaHca OwmopeakTopa
B YCJIOBHSIX CypOBOTO KJIMMAaTa, YYMTBIBAIOLIas PEKHUM cOpakuBaHUsS (Me30-
¢wbHBIN WK TepMOGUITBHBIN), GopMy, pa3mMepsl (EMKOCTH) M KOHCTPYKTHBHOE
UCTIONIHEHHE OropeakTopa (IMOJTHOCTHIO HA3€MHOE HJIM IONYMOJ3eMHOE, Xapak-
TEPUCTUKH TETUIOM30JISILIMMN ), TUII CHIPbS, BHYTPEHHEE TEIUIOBBIICIICHNE, TEILIO-
TBOPHYIO CIIOCOOHOCTH Omorasa u ap. Pe3yibraTbl KOMIBIOTEPHON peaTn3aliin
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JTAHHOW MOJIENI W TPOBEICHHOTO MPEIBAPUTEIHLHOIO YHCICHHOTO HCCIICIOBa-
HUS TI0Ka3alH, YTO KPYrJIOroJuYHas pa0doTa OMOra3oBOd YCTAHOBKH B ITOJIHO-
CThI0 aBTOHOMHOM PEKHME B YCJIOBHSX CYpOBOT'O KJIMMAaTa BO3MOXKHA TOJIBKO
pu 00beMe METaHTeHKa 00Jiee HEKOTOPOTO0 KPUTHIECKOTO 00beMa, oTpeaerisie-
MOT0 KaK KIMMaTHIECKUMH YCIOBHSIMH, TaK W BHIOM HCITOJIE3YeMOro cyOcTpa-
Ta, KOHCTPYKIIMEH YCTaHOBKHU M Terwom3oisinud. [Ipun o0beme MeHee KpuTHUe-
CKOT0 aBTOHOMHas paboTa OMopeakTopa BO3MOXKHA JIMIIhL B TEIIOE BPEMs Toja.
CyMMapHBIii TOIOBO} BBIXOJ TOBAPHOTO OHOrasa' MPakTHYECKH HE 3aBUCUT OT
KOHCTPYKIIUM PeakTopa (Ha3eMHBIM WK TONTy3arIyOJeHHBIHN), 9TO 00BsICHICTCS
niepepacipeiefieHHeM TEIUIOBBIX TOTEPh MO BPEMEHaM Tojja MPH MOCTOSHHOM
pexume paboTel MeTaHTeHKa. J[okazaHo, 9TO Me30(WIBHBIH pEeXUM OpoxKe-
Hus (25-38 °C, ontumym 37 °C) Goree pallioHaIeH B CYPOBBIX KIIMMATHYECKUX
yenoBusx (YnMmyprckas PecnyOnuka), eciiy OpUEeHTHPOBAH Ha MOIy4YeHUE OHO-
rasa Kak OCHOBHOI'O TMPOIYKTa COPaKUBAHUS U €r0 DHEPIeTUYCCKOE HCIOJb-
3oBaHue. [Ipy 3TOM MpU TEPMHUYECKOM COMPOTHBICHUM TETUIOM3OJISAIUM PEaK-
Topa Ry < 1 M*°C/BT m0OHTBCS TONHOCTHIO ABTOHOMHOI KPYIJIOrOIMYHOM
paboTHl paccMaTpUBaeMO OHMOTAa30BOW YCTAHOBKH B YCIOBHSIX YAMYPTHH
MPAaKTHYECKH HEBO3MOXKHO IS PEaKTOPOB MAITBIX M CpEAHUX 00BEMOB, paboTa-
IOIUX HA CHIPbE C HU3KUM BBIXOJIOM OHOrasa.

Lens uccnenoBanuii — yTOYHEHUE KPUTHIECKOTO pa3Mepa OMopeakTopa Jis
nepepaboTKU OcajKa CTOYHBIX BOJI, OIEHKA SHEPreTUYCCKUX BO3MOXKHOCTCH
METaHTEHKOB BCEBO3MOXKHBIX pa3MepoB (IT0 TEIUTIOTE CKUTAHUS TOBAPHOTO OHO-
rasza) B pasiUYHBIX TEMIIEPATYPHBIX W KIMMATHYECKHUX 30HAX; OMpeielicHHe
B3aMMOCBSI3M DHEPTETHUECKUX XaPaKTEPUCTUK OMOPEaKTopa M CTETIeHH KOHTH-
HCHTAJIbHOCTH KJIMMAaTa.

PacueTHast cxema

Pacuer nmponsBoanim 1711 OMOra30BOM YCTaHOBKH, H300pakKeHHOH Ha puc. 2 [6].
Hcxomusiit cybeTpar (0Caiok CTOYHBIX BOJ, HABO3 KPYIMHOTO POTaToro CKOTa,
NTHYUH TTOMET U T. .) pa30aBiseTcs BOAOM A nocTikeHus 86—92 % BnaxkHo-
cti (00OBIYHOE COOTHOLIEHHWE HaBO3a M BOABI — OT 1:3 1o 2:1, T. €. KOJIMYECTBO
3arpy»aeMoro ChIpbsi — 3TO CyMMa OTXOJIOB M BOJIbI, KOTOPOW OHU Pa30aBIsIOT-
Cs1), CMEIIMBACTCS W HW3MEIbYACTCH [0 TIOJYYCHHUS IOIYKUJIKOH TOMOTCH-
HOM Macchl B mpueMHuke. Jlanee macca HarpeBaercs Ao 70 °C B TedeHHe HE Me-
Hee | 4 ¢ LeIbl0 YHUUTOXKCHUs OakTepuil (MpeAroiaraeTcs, 4YTo HarpeB OyaeT
MIPOBOAMTHCS 32 CUET TEIUIOBOW WIIM JJICKTPUYESCKOM 3HEPTUU OT BhIpabaThIBae-
MOTO Ouorasa, HampuMep C MOMOIIBIO ANEKTPOHATPEBATEIIS, TEIJIOBBIX HACOCOB
Ha JIMHUH OXJIAXKIeHUs cydcTpaTta 2—4 u B OyHKepe, Tojavei ropssdeii BOasl Ha
pa3baBiieHne OT KoTia u T. A.). [lociie oxmaxaeHus: CeIpbe W3 JAaHHON €MKOCTH
¢ TIOMOINBIO HAcoca TepeKaunBaeTcs B OnopeakTop (hepmMeHTaTop), TAe MOI0-
rpeBaeTcs TEIUIOOOMEHHHKOM JI0 TEMITEPAaTyphl aHAIPOOHOTO OpPOKEHNUS B 3aBU-
CHMOCTH OT pexuma cOpakuBanus. [Iporecc momydeHnns Onorasza JIATCS O0BIY-
HO OKoJi0 Mecsima. s naTeHcuuKaIy OpoKeHNs J0OaBIISIOTCS KaTaln3aTo-
pel (TJIFOKO3a W IIEJUTION03a). brmoraz 1moa COOCTBEHHBIM [aBIICHHEM dYepe3
ra3oBBIN MITYIEP U KOHACHCATOP IS yIAJICHUS BJIATH UJCT B Ta3roiibiep, OTKY-

' Tlox ToBapHBIM GHOra30M HOHMMAETCS KONMYECTBO OHOra3a, MOJIY4EeHHOIO IIPU HOIHO aB-
TOHOMHOCTH OMOra3oBOH yCTaHOBKM (YacTh TEIUIOTHI CrOpaHUs MeTaHa pPacXoayercs Ha Co0-
CTBEHHBIE HYX/IbI YCTAHOBKN).
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Jla ToJaeTCs TUO0 IS CKUTAHUS B OTONMTEIBHBIX MPUOOpax, TU00 IS MPOn3-
BOJICTBA 3JIEKTPUYECKON M TEIJIOBOM SHEPIUU B KOT€HEPAIMOHHOMN 3HEproycra-
HOBKe. TBepHbIii OCTaTOK HAKaIIMBACTCA B OYHKEPE-OTCTOMHWUKE U SBIISICTCS
xopommM 00e33apakeHHBIM yAo0peHueM (comepikaHue azora — 3,5 Kr/T, doc-
dopa — 0,8 xr/tT, xkamusa — 1,4 kr/1). [Ipu onTUMaNTBHOM peXuUMe COpaKUBAHMS
3TOT ocTaToK He mpeBbimaeT 30 % OT Macchl HCXOTHOTO CHIPHSL.
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Puc. 2. TlpunupnuanbHas cxema OHOra3oBoi yCTaHOBKH TSl HIepepaboTKH jKUAKOro cyocrpara [6]:
1 — >KUBOTHOBO{YECKOE TIOMEIIECHNE WK OYHKEp U1 XpaHEHHS CHIPHS;
2 — npueMHHK cyOcTpata; 3 — Hacoc; 4 — GHOpeakTOp-METaHTEHK; 5 — ra3royblep;
6 — TemI000MEeHHUK; 7 — KOTel; 8 — OyHKep-OTCTOHHUK

Fig. 2. The basic scheme of a biogas plant for processing a liquid substrate [6]:
1 — stock building a hopper for storing raw materials; 2 — substrate receiver; 3 — pump;
4 — bioreactor-digester; 5 — gas holder; 6 — heat exchanger; 7 — boiler; 8 — settling tank

[TonHOCTBIO aBTOHOMHBINM SHEPrOHE3aBUCHUMBI OMOpEaKkTOp CpeaHed BMme-
ctumoctu notpednsier 10-25 % BrlpabaTeiBaeMOro rasa IJisi CBOMX HYA (OCy-
LIECTBJIECHUS] TEPMOCTATUPOBAHMS U IlepeMelnBaHus cyocrpara). [Ilpumenenue
TaKOM CXEMBbI AJIs JeTreIbMUHTU3ALMH U ME30(MWIBHOM PeXHUME dHepreTuye-
cky OoJiee BBITOAHO MO CPABHEHUIO C JAIOIIMM aHAJOTHYHBINA 3PQEeKT TepMo-
¢wIbHBIM pexxuMoM cOpaxkuBanus (45-60 °C, ontumym 56 °C) mpu ycioBun
3 dEeKTHBHOW peKymepalyy TeIIoThl HarpeBa B TPHEMHUKE M €€ BO3BpaTa
B OMOpeakTop-MeTaHTeHK (puc. 2). OpueHTHpOBKa Mpolecca He TONBKO Ha BbI-
X0 TOBapHOro OHMorasa, HO U Ha BO3MOXKHOCTH CEIBCKOXO3IWCTBEHHOTO HC-
MOJIb30BaHUSL OTPAOOTAHHOTO cyOCcTpaTa B BHJE SKOJOTMYECKH OE€30MacHOTrO
ynoOpeHusi jAenaeT NpeajgaracMyr0 KOHCTPYKTHBHYIO CXeMy OHOpeakTopa
HaunOoJiee MPUBJIEKATEIbHON 17151 MAJIOro OM3Heca.

BuopeakTop paboTtaer 1o MpoTOYHOM cxeme NPU HEMPEPHIBHOM HIIM KBa3H-
HETIPEPHIBHOM IIpoliecce — CyOCTpaT 3arpy’kKalT B PEaKTOp €XKEeCyTOYHO (Kak
MPaBUIIO, IJIS1 MANBIX NMPEINPUSITHH B KOJINYECTBE, PABHOM CyTOUYHOMY KOJIHYe-
CTBY BbIpa0aThIBaEMBIX OPraHMYECKHX OTXOJOB, C YYETOM BOJbI Ha pa3baBiie-
HUE), yAaJsisi COOTBETCTBYIOMMH 00beM nuama. O0muit o6bem cydcTpara Bee-
IrZla IOCTOSIHEH U ONPEAEIISIETCS] B COOTBETCTBHUHM C 3a/laHHBIM BpPEMEHEM IPeObl-
BaHUsI MacChl B peakTope (11t Me30(QWIBHOrO pekuMma COpaKMBaHUS BpeMs
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obopora peaktopa coctaBisieT oT 10 go 20 cyt.). Takoii BuA MpOU3BOIACTBA
MO3BOJISIET TMOTYYHTh MAaKCUMANBHBIN BBIXOJ ra3a MpH HEPEPHIBHOM IpoIiecce
ra3o00pa3oBaHusl.

[lonpobHoe omucanue pPadOTHI YCTAHOBKH M PEANM3ALMH HCIOIb3yeMON
MaTeMaTHIECKOH MOAENH MPHUBOAWIOCH B [4]. OTiamumrensHas oCOOCHHOCTH
HOBOTO pPacyeTa — OPHCHTHPOBKA Ha GHOPEaKTopsl o0beMoM 2-20 M, Tpej-
Ha3HaYCHHbIE AJIS1 MCIOJIb30BAHMS HAa MaJbIX M JOKAIBHBIX OYHUCTHBIX COOPY-
JKEHUSX.

PesynpraThl yTOUHEHHOTO pacyera Mo paccCMaTpUBAEMON MOZENH TpeICTaB-
neHbl Ha puc. 3—6. Knumatudeckue XapaKTepHCTHUKH COOTBETCTBOBAIN IISTH
TeMIepaTypHsIM 30HaM (Tabm. 1). CremeHbr KOHTHHEHTAIBHOCTH KIIMMaTa Olle-
HUBAJIACh KaK IO PaCIpeie]IeHHIO CPETHEMECSIYHBIX U CPEIHETOJ0BhIX TEMIIe-
patyp, Tak u no nokasatemo ['COIl, 0ObIYHO UCTIONIB3yeMOMY JIJIsi OLIEHKU Be-
JTUYUHBI HEOOXOIMMOHN TETION30JISIIIAN 3aHVIS:

rcoir = (tB - tOT)ZOT’

e t,; — CPEAHSS TEMIIepaTypa HapyKHOTO BO3/TyXa B OTOMUTENbHBIN nepuo, °C;
Zor — HMPOJOJDKUTEIBHOCTE OTOIMMTENIBLHOTO MEepHona, CyT. [7]; ¢, — pacueTHas
TeMIepaTypa BHyTpEeHHero Bo3ayxa, °C [8].

Tabauya 1
KiaumaTuyeckue xapakrepuctuku ropogos Poccun [8]
Climatic characteristics of Russian cities [8]
pon | ememes || e oo SO
BrnagukaBkas 8,1 20 0,4 174 3410
NxeBck 2,3 21 -5,6 222 5905
Mocksa 4,1 20 -3,1 214 4943
Kazanp 3,1 21 -5,2 215 5633
Tomck -0,5 21 -84 236 6938

TemnepaTtypa xpaHeHUs cyOcTpara MpH TEMIepaType HapyKHOTO BO3IyXa
HIDKE HYJI MpUHUMAaIack paBHoi 2 °C, mpemmosaras HaKOIUICHWE M XpaHCHHE
cyOcTpaTta B HEOTaIUINBa€MOM TOMEIICHHH, 00OTPEBAaEMOM 3a CYET TETIOTHI
OposkeHust cydcTpara (peaau3yeMo Ui MallbIX MPEIIPHUATHN MpU HEOOIbIIOM
CYTOYHOM KOJIMYecTBe obOpaszyromerocsa cydcrpara). [Ipu TemmepaTtype Hapyx-
HOTO BO3/AyXa BHIIIE HYIS TeMIlepaTypa XpaHeHHs cyOcTpara MpHHHMAIach
PaBHOM TeMIepaType HapyKHOT'O BO3AyXa.

Jmnana3oH BappHpoBaHUs (PAKTOPOB YHCIEHHOTO SKCIIEPHMEHTa BHIOMPAJICS
COTJIACHO BBIBOJIaM U3 OoJiee paHHETo pacyera [4].

Ucxonuble nanHbie a5 pacyeTa:

— 06beM V MeTanTenKa — 2-20 M’;

— TUN KOHCTPYKIIMH PEaKTopa — HAA3EMHBIH, TEPMUIECKOE COIPOTUBIICHHE
u3ousnuu ouopeakropa Ry = 3,0 m* °C/Br;
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— THI cyOcTpara (BbIX0J Ouorasa U3 ocajka CTOYHBIX BOJ By, = 29 r/kr 3a-
IpyKaeMoro chlpbs [3], cBuHOrO HaBo3a By, = 40 r/kr [9, 10], nTuysero nome-
Ta By, = 60 r/xr [9, 10]);

— PEeKUM cOpaKUBaHUs — ME30(HIIbHBIH, £, = 38 °C.

TennoTBopHas cOCOOHOCTH OHMOTrasa AJs BceX CIydaeB NPUHUMANACh OfH-
HaKoBoi — 22000 k/[x/M° (cpemmss w3 18860-26400 x[Ix/M’ [10]), MOCKOIBKY
coJiepKaHne MeTaHa B Ouorase JJisi BBIOpAaHHBIX CyOCTPAaTOB OTIHYACTCS CPaB-
HUTETBHO Mano (60-65 %); TemnmoBoil > dexT peakuun OpoxeHHs: cybcTpaTta
B peaktope — 10560 [Dx/kr raza [11, 12]; xoadduuneHT pexynepauuu Ter-
na k.= 0,95 (5 % TemoBBIX MOTEPh HA JTUHUU 2—3—4 ¥ TIOTEph Ha ITepeMeIInBa-
HUe cyOcTpaTa B Ouopeaktope (puc. 2); Ko3(p(PHUIMEHT HUCIONIb30BaHUsI 00beMa
peakropa k,, = 0,8 [11].

) [y
Ry e e
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Puc. 3. IIporaosupyemoe BpeMs MOJHOCTHIO aBTOHOMHOM pabOThI ManorabapuTHOro OMopexkropa
B pa3HBIX TEMIEePaTypHBIX 30HaX: —— — BrnagukaBka3; —— — MkeBck; —— — Mocksa;
——— Kaszanp; ——— Tomck

Fig. 3. The predicted time for fully autonomous operation of a compact bioreactor
in different temperature zones: — — Vladikavkaz; ——— Izhevsk; ——— Moscow;
———Kazan; ——— Tomsk
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Puc. 4. 3aBUCUMOCTb TOBapHOH TEIJIOTHI OT 00beMa peakTopa B pa3HbIX TEMIIEPATypPHBIX 30HAX:
——— BrnagukaBka3; ——— IkeBck; —— — MockBa; —— — Ka3zans; — Tomck

Fig. 4. Dependence of product heat on the reactor volume in different temperature zones:
——— Vladikavkaz, —— — Izhevsk; —— — Moscow; ——— Kazan,; — Tomsk
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Puc. 5. BnusiHuie cTerieHn KOHTUHEHTaIbHOCTH KJIMMAaTa Ha BBIXO]] TOBapHOﬁ TEILUIOTHI
Ipu UBMCHEHUHN o0bema 61/10peaKTOpa

Fig. 5. The influence of the degree of continental climate on the output of commodity heat
when the volume of the bioreactor changes
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Puc. 6. BiusiHue cpeiHerojoBoi TeMIeparypsl Ha BbIXOJ TOBAPHOM TEILIOTHI
IIpu U3MEeHeHnH 00beMa OropeaxkTopa

Fig. 6. The effect of the average annual temperature on the output of the commodity heat
when the volume of the bioreactor changes

AHaJu3 pe3yIbTATOB

W3 puc. 3—6 BUIHO, 9TO BO3MOXKHAS MPOIOIDKATEIHFHOCTS PabOTHI OMOTas3o-
BOM YCTAHOBKHU B IIOJTHOCTBbIO aBTOHOMHOM PEXXUME OIpEAEIsIeTCs] KaKk 00beMOM
OuopeakTopa, TaKk ¥ KIMMAaTHYECKUMHU YCIOBUAMU MecTHOCTU. [Ipu 3TOM Benu-
YMHA KPUTHUECKOro 00beMa OHOopeakTopa, IpU KOTOPOM BO3MOKHA KPYIJIONOANY-
Has aBTOHOMHasl pa0oTa METaHTEHKa Ha OCAJIKe I'OPOJACKUX CTOYHBIX BOJA, HU3Me-
usercs ot 7,5 (Bmamukaskas, 'COIT = 3410) oo 17,0 M (Tomck, I'COIT = 6938),
T. €. YBEJIUUUBAETCS NPAKTUIECKU IPONOPLHOHATIBHO BEIUMYMHE IPaTyCO-CYTOK
OTOMHUTENFHOTO Teproia. Pe3ynpTaTsl momydeHsl Ipu KodQQHUIUEHTE peKyIe-
paumu temwnoTel 0,95. Ilpu cHmwkeHun >PQPEKTUBHOCTH PEKYyIEPaldd BHIBOABI
OyayT MeHee ONTUMHUCTHYHBIMH (Hampumep, npu k. = 0,75 BenuynHa KpUTHYeE-
ckoro obwsema Guopeaxtopa 17,5 (Bnammkaekas, TCOII = 3410) u 38,3
(Tomck, I'COII = 6938)). CnenyeT OTMETHTB, YTO P HCIIOIB30BaHUH cyOCTpa-
Ta ¢ OONBUIMM BBHIXOJAOM OHOrasa, HampuMep CBHHOTO HaBo3a (BBIXOZ OHO-
rasa 40 T/Kkr), BeIMYHHA KPUTHYECKOTO 00beMa BO BCeX CIydasx menee 1,0 M,
T. €. NOJY4YEHHBIE PE3YJIbTaThl AKTyaJbHbI TOJBKO JAJISI OTHOCUTEIBHO HU3KO-
JHEPIEeTUUECKOIO ChIPBSI.
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KonndecTBO MoNIE3HO HMCMONB3YEeMON TEIUIOTHI TeM OoJiblie, YyeMm Oolblie
00BeM peakTopa u Msrde KiuMaT. OHAKO IpH 00beMe peakTopa MeHee 5 M
HEJMHEWHOCTh Ipa)KOB HAMHOTO BBIIIE, T. €. JJIs MPOSKTUPOBIIHKA 0000 Ma-
JIBIX OMOPEaKTOPOB MPOBEACHHE IMOAOOHBIX PACUIETOB 00S3aTEIIBHO.

JI5ist IpOTHO3UPOBAHUS BHIXOJ[Aa TOBAPHOM TEIUIOTHI B 3aBUCHMOCTH OT TEM-
MEePaTyPHO-KIMMATHUECKUX XapaKTEPUCTUK MECTHOCTH B KA4eCTBE YUCIICHHOM
XapaKTePUCTUKH KIIMMATHYECKOW 30HBI MOXKHO HCITOJIb30BaTh KaK CPEHET0/10-
BYIO TEMIIEPATypy, TaK U PaCIPOCTPAHCHHBIN B MPAKTHKE CTPOUTEIHLHOU TEIUIO-
TexHukH nokasarens ['COIL.

BbIBO/IbI

1. [Ipennoxennass B [4] Momenb OLEHKH TEIUIOBOTO OajiaHca W DHEProdd-
(eKTHBHOCTH OMOpEaKTopa MO3BOJISET Ul PeakTopa Majoro pasmepa, padora-
IOLIET0 Ha OTHOCHUTENBFHO HU3KOPHEPreTHYECKOM CyOCTpaTe, ONpeAeiHTh Kak
BEIIMUMHY KPUTHYECKOTO O0BEMa, MPH KOTOPOM B JAHHBIX KIMMATHYECKUX
YCIIOBHUSIX BO3MOXKHA KPYTJIOTOAWYHAS, MTOJHOCTHI0O aBTOHOMHas paboTa MeTaH-
TEHKa, TaK ¥ OLICHUTh BO3MOXHYIO DHEPreTH4YecKyro 3 (HeKTUBHOCTh OHOpeax-
TOpa (BBIXOJ TOBAPHOH TETIOTHI).

2. IToydeHHBIC B pacueTe YUCICHHBIC 3HAUCHUS MOTYT OBITh ITOJIC3HBI U IS
MPOEKTHPOBIINKA OHOPEAKTOPOB, H /IS 3aKa3YMKa IMPOEKTa MPHU OIEHKE IKOHO-
MUYeCKOU APPEKTUBHOCTH TIIAHUPYEMBIX HOBOBBEICHHIA.

3. Jyis 4uCIEHHOW XapaKTEPUCTHUKU KIMMATUYECKOW 30HBI Tpejyiaractcs
WCTIONB30BaTh CPEAHETOIOBYIO TEMIIEPATYPY W/WIH PAaCIpPOCTPAHEHHBIN B CTPO-
WUTEJIbHON TEIUIOTEXHUKE TMO0Ka3aTeldb IPagyCco-CyTOK OTOMUTEIBHOIO IepH-
oma (I'COII). IIpu stom Benmmumua ['COII Gosee mMoHO XapakTepu3yeT Hepas-
HOMEPHOCTh CPEAHEMECSIYHOTO paclpeeNieHus] TeMIepaTyp, T. €. CTeNeHb KOH-
TUHEHTAJILHOCTU KJIMMATa.,
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AHam3 3(pPeKTUBHOCTH BAPHAHTOB BBIXJIONMHOI0 0TCEKA
NMapoBoi TYpOMHBI

B.TI. Coaonos"?, B. A. Konen"

DX apbKOBCKHH HALMOHATBHBI ABTOMOGHIBHO-TOPOXKHEINA YHUBEPCHTET (XapbKoB, YKpanHa),
YHanuoHATbHbIH TeXHHYECKHH YHUBEPCUTET «XaPbKOBCKUM MOIUTEXHUUECKUI UHCTUTYT
(XappkoB, YKpauHa)

© benopycckuil HallMOHANBHBIN TeXHUYECKUH yHUBepcurer, 2020
Belarusian National Technical University, 2020

Pedepar. IlpencraBineHsl pe3yabTaThl YUCICHHOIO UCCICIOBAaHUS ra30JUHAMHUYCCKUX U JHEpre-
TUYECKUX XAPAKTEPUCTHK BBIXJIONHOIO OTCEKa IMIMHIpPA HU3KOIO JABJICHMA, BKIHOUYAIOILEIO
MIOCJICITHIOIO CTYIIEHb ¢ paboueif sonarkoi aiumrHo# 1100 MM M BBIXJIONTHOH TPAKT, B YCIOBHUSIX MX
B3aMOBJHSHUSA. Pa3paboTaHbl MojeNH BapHaHTOB OTCEKa, BKIIOYAIOMINE MEXKCTYNEHYaThIi
3a30p, oTOOp mapa nepex aAuadparMoil MociaenHeil CTYNeHH, J[Ba 0Tcoca Iapa U3 MEXBEHIJOBOTO
3a30pa ¢ KaMepoil BlaroyaajaeHus, HaJ0aHJaXHbIE IPOTEUKH, HHXKEKIINIO TTapa U3 KaMephl BIaro-
ynanenust B muddysop. Teuenne B pacueTHOM 00J1aCTH ONUCHIBASTCS MOJIHOI CUCTEMOW HECTAIH-
oHapHbIX ypaBHeHmit HaBee — Ctokca, ocpemHeHHBIX mo PelHombacy — ®aspy. TypOymeHt-
HBle 3()(eKTH onmcaHbl Ha 0cHOBe Mojenn Mentepa SST B cTyneHn u Moau(UIMPOBAHHON MO-
nemu Cnanapta — AjiMapaca B TpakTe. IHTerpupoBaHue CUCTEMbl ypaBHEHHH OCYLIECTBIIAIOCH
C IIOMOIIBIO ABTOPCKOTO IPOrpaMMHOro kommiekca MTFS®. PacuerHble 101061aCTH aMIPOKCH-
MHUPOBAJIMCh TEKCarOHANbHBIMM CeTKaMHu. Mcnosp3oBanack HesBHasg pasHocTHas TVD-cxema
KOHEYHBIX 00BeMOB 2-T0O HOpsAKa TOYHOCTH Ha 6ase pemenus 3agaun Pumana. [1pyu BeraucieHnn
IIPUMEHSAIN BapUaHT aIrOPUTMA, OCHOBAHHOIO Ha PACIICIUICHUU BBIYUCIUTEIBLHOTO TIpoLecca Ams
MHOTOIIPOIIECCOPHBIX IIaTopM. Mopels CTYNEeHH HCIOIB3YeT OCpeIHEHHE IIOTOKOB MAacCHl,
HMITyJIbCa U DHEPIMU B OKPYKHOM HAIIPaBICHUM B MEKCTYIEHYAaTOM 3a3zope. PaccunrteiBanuch
OJMH KaHan auadparmsl ¢ NPEABKIIOUCHHBIM (parMeHTOM, a TaKXkKe OJMH KaHasl pabo4ero BeHIa
1 TedyeHue B maTpyOke. OOMEH mapaMeTpoB MEXAY CTYNEHbIO M MaTPyOKOM OCYIIECTBIISIICS
Ha OCHOBE OCPEIHEHUs 110 MacCOBOMY pacxoy. PacueTs! BBITOTHEHBI HA 6a3e TAOMMYHON MOAENTH
BIIXKHOTO Mapa B MPUOIMKEHUH PAaBHOBECHOI KOHAEHCAMK. PaccMOTpeHBI HalpaBiIeHHs! COBEPIICH-
CTBOBaHHUS NMPOTOYHOH YacTH BBHIXJIOIHOTO OTCeKa. BBIONHEHO HccnemoBaHWe pabOTHI BapHaHTOB
OTCeKa I HOMHMHAIIBHOTO peskuMma TypOuebl K-220-44-2M ADC «JloBumcay. [Ipoanammsuposana
3 PEeKTHBHOCTE TOHIDKEHHUS KPBIKA COOPHOM KaMephl, YIpPaBJICHUS MOTOKOM C IOMOIIBIO
JIHCTOBBIX pebep Haj obevaiikoi quddysopa, pacimupeHusi COOPHON KaMephl B MIIOCKOCTH TOpPH-
30HTAJIBHOTO Pa3beMa, a TAKKE OPraHU3aIMU BBIXOJA H30BITOYHOTO Mapa U3 KaMephl BIaroysane-
HUA Yepe3 TaHTeHIIMaIbHBIE NN B HIDKHEH TOJIOBUHE BBINTYKIIOi o6onouku auddysopa.

KnroueBble cjioBa: NUIMHAP HU3KOTO JAABICHUS, IOCIEHSS CTYIEHb, BBIXJIOITHON OTCEK, YHCICHHbIE
HCCIIeIOBAHMS, BIIOXKHBIH Map, pacXo] Iapa, IPOTEUKH 11apa, HEDKEKIHST, KOO OHUIMEHTHI TOTeph

Jsi mutupoBanus: Comnonos, B. I'. Anamu3 3 QeKkTHBHOCTH BapHaHTOB BBIXJIOITHOTO OTCEKa
napoBoit Typ6uns! / B. I'. Cononos, B. A. Kones // Ouepeemuxa. H3zs. svicui. yueb. 3asedenuii u
onepe. obveounenuii CHI". 2020. T. 63, Ne 4. C. 365-379. https://doi.org/10.21122/1029-7448-
2020-63-4-365-379
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Analysis of the Effectiveness of Variants
of the Exhaust Compartment of a Steam Turbine

V. G. Solodov'?, V. A. Konev"

YKharkiv National Automobile and Highway University (Kharkiv, Ukraine),
YNational Technical University “Kharkiv Polytechnic Institute” (Kharkiv, Ukraine)

Abstract. The results of a numerical study of the gas-dynamic and power characteristics of the
exhaust compartment of low-pressure cylinder, including the last stage with a blade of 1100 mm
length and the exhaust path, in terms of their interaction are presented. Numerical models of ex-
haust compartment variants, including steam extraction in front of last stage diaphragm, two steam
suctions from the interring gap with a dehumidification chamber, above-band leakages, steam
injection from the dehumidification chamber into the diffuser channel have been developed. The
flow in each computational subdomain is described by the complete system of non-stationary
Reynolds — Favre equations averaged by Navier — Stokes. Turbulent effects are described with the
SST Menter model in the stage, and with the modified Spalart — Allmaras turbulence model in the
path. The integration of system of equations was carried out using an author’s software package.
The calculated subdomains were approximated by hexagonal grids. The solver used an implicit
difference TVD-scheme of finite volumes of the 2™ order of accuracy based on the solution of the
Riemann problem. A variant of the algorithm based on splitting the computational process for multi-
processor platforms was used in the calculation. The model of stage used an averaging the mass, mo-
mentum and energy fluxes in the circumferential direction in the interstage gap. One channel of the
diaphragm with a pre-connected fragment, as well as one channel of the working ring and the flow in
the branch pipe were calculated. Parameters were exchanged between the stage and the branch pipe
on the basis of mass flow averaging. The calculations were based on a table model of wet steam in the
approximation of equilibrium condensation. The variants of improvement of the flow part of the exhaust
compartment were considered. A study of the operation of the compartment options for the nominal
mode of the K-220-44-2M turbine of the Loviisa nuclear power plant was performed. The effectiveness
of lowering the cap of the collecting chamber, controlling the flow using sheet ribs above the diffuser
shell, expanding the collecting chamber in the plane of the horizontal connector, and ensuring the release
of excess steam from the moisture removal chamber through the tangential slots in the lower half of the
convex shell of the diffuser were analyzed.

Keywords: low-pressure cylinder, last stage, exhaust compartment, numerical study, wet steam,
steam consumption, steam leakage, injections, loss coefficients

For citation: Solodov V. G., Konev V. A. (2020) Analysis of the Effectiveness of Variants of the
Exhaust Compartment of a Steam Turbine. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 63 (4), 365-379. https://doi.org/10.21122/1029-7448-2020-63-4-365-379 (in Russian)

BBenenne

CoBepIICHCTBOBAaHHE HHEPreTHYECKON MapoBO TYypOWHBI B 3HAYNUTEIBHON
Mepe TpenonpenesieT pa3padboTky 3 HEKTUBHOTO U HAJASKHOTO MIJIMHIPA HI3-
koro paenenus (LIH/I), ueHTpassHOE MECTO B KOTOPOM 3aHHUMAET BBIXJIOMHOM
OTCEK, BKJIOYAIONIMN MOCIETHIOK CTYINEeHb W BBIXJIOMHOW TPakT B COCTaBe
BBIXJIOITHOTO M MEPEXOAHOr0 MaTpyokoB. B MomHbIX mapoBeix TypOunHax TOC
u ocobeHHo ADC moTepu ¢ BBIXOAHOW CKOPOCTBIO COCTABISIOT 3HAUUTEIIBLHYIO
BEJIMYMHY OT pacroiaraeMoro teruionepenasaa [1-3], mo3TomMmy coBepIIeHCTBOBa-
HHE Ta30IMHAMUYECKUAX M SHEPTeTHYECKUX XapaKTEPUCTHK BBIXJIOMTHOTO TPaKTa
MoeT obecrieunTh 3ameTHoe moBbimerne KI1/] rypboarperara.

BrIx10mHO# TpakT ompenenseT BUOParOHHYI0 HaAeKHOCTh PaboYmX Joma-
tok (PJI) mocnenHe# cTyneHu, Mo3TOMY BOIPOCHI Ta30IMHAMUYECKOH 0TpaboT-
KU BBIXJIOMHBIX TPAKTOB MOCTOSIHHO HAXOJSTCS B IICHTPE BHUMAHHS MPOCKTH-
pyromux opranm3anwii [ 1-3]. BMecTe ¢ TeM 3KCTIepUMEHTaTbHBIE HCCIIeT0OBAHM
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CTyIeHeH, maTpyOKOB M BBIXJIONMHBIX OTCEKOB, MPOBEIACHHBIE OTEYECTBEHHBIMH
1 3apyOCKHBIMH CIICIUAIMCTAMH, HE JAIOT CUCTEMATH3UPOBAHHOI'O MaTepuaia
JUTS aHaJn3a paboThI BBIXJIOMHBIX 0TCEKOB. [103TOMY B HCCeI0BaHHSIX BaXKHYIO
POJIb UTPAET YHCICHHOE MOACINPOBAHNE TEUCHHS.

ABTOpamMu MPOBEICHO YHCICHHOE UCCIECOBAHUE Ta30JMHAMUYECKUX U SHEp-
FETUYECKUX XapaKTEPUCTHK BBIXJIONHOrO orceka [IH/I, Bimroyaromero nocnen-
HI010 cTynieHb ¢ PJI gmmao# 1100 MM ¥ BEIXJIOITHOM TPakKT, B YCIOBHSIX MX B3au-
MOBIHsHUA. Pa3paboTaHpl MOJIETN BapHAHTOB BBIXJIOITHOTO OTCEKA, BKIIOYAO-
IIET0 MEKCTYIIEHYATHIN KaHall, 0TOOp Tmapa mnepen nuadparMoi MOCIeaHeH CTy-
[IEHU, JIBa OTCOCA TMapa M3 MEKBEHIIOBOTO 3a30pa B KaMepy BJaroyaajeHus,
HaJ0aHIKHBIC MPOTESYKH, MHKEKIIHUIO T1apa U3 KaMephl BJIArOYIaJICHUS B KaHA
muddysopa. PaccMoTpeHBI BO3MOXKHBIE HAINPABIICHUS COBEPIICHCTBOBAHHS
(hopM00OpazoBaHus MPOTOYHOM YacTH BhIXJomHoro orceka [TH/.

XapakTepucTuKa 00bEeKTa HCCJIeOBAHMSA

Konctpykus orcexa nepcnektuBHoro L{H/[ ¢ mocneanel cryneHsto, nMme-
fomei PJI gymuaoit 1100 MM, BEITIOIHEHA ¢ TPATAITMOHHBIM TIOIBAJTEHBIM PACIIO-
JIOXKEeHHEM KOoHJeHcaTopa. OCOOEHHOCTAMH TaKOH CTYIEHHU SBISIOTCA oOpaTHas
3aKpYyTKa COIUIOBBIX JIONIATOK C YMEHBIICHHEM YIJIa BBIXOAA MOTOKA M3 COILIO-
BBIX KaHAJIOB OT KOPHA K Tepudepuu, NeIbHOMPe3epOBAHHBINA MMOJIOYHBIA OaH-
JaX, OIHA IPOMEXYTOUHas JeMidepHas CBI3b M pa3BUTas CHCTEMa BJaroyna-
nenus. llocnenHss CTyneHb COEOUHATACH C TOPJIOBHHOM KOHAEHCATOpa BBI-
XJIOTIHBIM TPaKTOM, COCTOSIIMM M3 BBIXJIOMTHOTO H IEPEXOTHOTO MaTPyOKOB.

Breixmoraoi#t matpy6ox (BII) cocrostm w3 ocepammanbHoro awmddysopa u
cOOpHOI KaMephl C 3JIEMEHTaMHU CHIIOBOM CHCTEMBI. BRIXimomHoOH maTpyOok nme-
€T BCTPOCHHBIH OMOPHBIN MOJIMIMITHKUK, OATOMY MPOYHOCTH COOPHON KaMepsl
obecrieunBaeTcs AIEMEHTaMU CUJIOBOM CHCTEMBI, B KOTOPOH B Ka4eCTBE OCHOB-
HOU TIPUHSITA CTepP)KHEBAs CHCTEMA KECTKOCTH.

OOtekaemas MOBEPXHOCTh KO3bIpbKa Ju((y30pa BINOIHEHA MPO(OUIHPO-
BaHHOW W SBIISIETCS TEPBOM YacTbio oOeuaiiku muddy3opa BEIXJIOMHOTO IaT-
pyoka. Co BTOpO# 4YacThl0 OO€UaiiKi OHa COWIEHSETCS Yepe3 3aMKHYTYIO
BUXpEBYIO Kamepy. Kamepa ciyXuT Ui pa3MelieHusl KoieKTopa ¢ (opcyH-
KaMHu I OXJIQKICHUS Tapa Ha XOJOCTOM Xxony. Mexnay TopuoM oboaa aua-
(parmMbl 1 OJKON KO3BIpbKa 00pa3yloTCs ABa KaHaja yAaJeHUs BIard U3 Mex-
BEHIIOBOro 3a3opa crymeHd. Mcxonueiil ang@ys3op BBIIOIHEH € paxualib-

HOCTBIO 2_1211 = Jbu/Dyx = 1,296 u ctenensto pacmmpenus n, = F,/F = 2,256,

T. €. 1y > Ny. 38ech Dy, — BHYTPEHHUH AUAMETP YILIOTHUTENIBLHOTO Kobla (KO-
3bIpbKa); J,, — BeIXOaHOM nuametp nuddysopa; n,, n, — koddduiueHt nuddy-
3opHocTH Juddysopa u narpyoka; Fy, F,, — miomaap BXojaa W BeIXoAa aud-
¢y3opa. Cornacho [1, 4, 5], cTeneHs pacliupeHus: ocepaanaibHoro auddysopa
B cucreme BII momkua cocrasiasate 0,7-0,8n, win menee. Dh(HEKTUBHOCTD
nepepaciupeHHoro auddQysopa moATBepiKIcHA HCCICAOBAHUSMH, MPOBEIICH-
HbIMU B MOCKOBCKOM 3HEpPreTHUEeCKOM MHCTUTYTE Ha Moaenu BII [6, 7].
[epexoaHoii MaTpyOOK BBIOIHEH C OOJBIINM TPAJUEHTOM yBEIWYEHHS TIOTIe-
pEYHOTO pa3Mepa, YTO CBSI3aHO C €r0 OrPaHMYCHHOM JUTMHOW. Pa3zMephl BBIXIION-

HOTO TpaKTa: OCeBas UIMHA ocepaauaibHOro auddysopa Zﬂ =L,/D,, =0,53,

rae L, — paccTosHiE OT BBIXOJHOW KPOMKH padodell JonaTku Ha nepudepun 10
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3a/iHel CTeHKU cOOpHOM Kamephl natpyoka; Dy — BHyTPEHHHUI THaMETp yIUIOT-
HUTEJBHOTO KOJIbITa (KO3BIPHKa).

Jlmmaa cGopHoit kamepst BIT Ly = Ly / D, =0,58, mmpunHa — By, =
=By / Dy.K =213, rme Lpp, Bpn — MWHA W IIMpPUHA COOPHOW KaMephl.
Crenensb pactmpenust Bl ¢ takumu pazmepamu ngp = Fopn/F = 2,0 (ngn, Fopn—

ko3QpuuueHT Aud(y30pHOCTH BHIXJIOMHOTO MaTpyOKa M IUIOMIAAb €r0 BBIXJIO-
ma). [lo manHbIM [4], B MCXOAHOM BapHWaHTE BBIXJIOIMHOTO MaTpyOka 3Hade-

HUA Ly, npp DPUHATE MUHUMAJIbHBIMH.

Cxema NOTOKOB Tapa Ha ()parMeHTe NPOTOYHON YacCTH BBIXJIOIMHOTO OTCEKa
IoKa3aHa Ha puc. 1.

OxHa B menu
COO0O0IIEHNUS
¢ maTpyokoM

Lenu
oTcoca
‘ =

Puc. 1. Cxema parMeHTa IpOTOYHOM YacTu
BBEIXJIOITHOTO OTCEKa

Fig. 1. The scheme of a flow path fragment
of the exhaust compartment

Onucanue YUCJIEHHOT0 METOAA U ajiropurMa pacuera

TeueHne B KaXXJOW pacyeTHON 1MOI00IaCTH OMUCHIBACTCS TOJTHON CUCTEMOMN
HecTalroHapHeIX ypaBHeHni HaBbre — CTokca, ocpenHeHHBIX Mo PeltHombacy —
@aBpy. Cucrema pomonHsercs audQepeHIHANTbHBIMA ypPaBHEHHAMH MOJie-
a1 TypOyneHTHOcTH. MHTerpupoBanue cucteMsl ypaBHeHuii HaBbe — Crokca
U acCOLMUPOBAHHBIX (OPMYN OCYLIECTBISECTCS C IMOMOIIBIO HPOrPAMMHOTO
xommiexkca MTES® [8], KOTOPBI{ OMKCAaH U TECTUPOBAH B [9].

Pacuetnble 1000MaCcTH aMIIPOKCUMHUPYIOTCS HECTPYKTYPHPOBAaHHBIMHU TEK-
CaroHaJIbHBIMH CeTKaMHu (puc. 2).

Puc. 2. Cerounoe pa3dueHue IpoCcTPaHCTBA BHIXJIOTHOTO TPAKTa

Fig. 2. The meshing of the space of the exhaust path

B pacuerax npuMmeHsuH HesBHYIO pasHOCcTHYI0 TVD-cxemy KOHEUHBIX 00b-
€MOB 2-r0 NopsiKa TOYHOCTH Ha OCHOBE pelleHMs 3ajaud Pumana Ha rpansax
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aneMeHTapHBIX 00BeMoB [10]. Mcmonp3oBanu BapuanT anroputMa [9] ¢ pac-
LICTJICHUEM BBIYUCIUTEIBHOTO Mpolecca il MHOTOIPOLIECCOPHBIX MIaTdopM.
Jlnisi MOCTAaHOBKM YCIIOBHM Ha TpaHHIAX TPUMEHSUTH KaHAJOBYIO (OpMYIIHU-
POBKY, B KOTOpOH Ha BXOJHOW TpaHWIIC 33aJaBalll PACIPE/ICICHUE TOIHBIX
napaMeTpoB M HampaBlIeHHE BEKTOpa CKOPOCTH, Ha BBIXOAHBIX TpaHULAX —
pacrmpeneneHisi IPOTUBOJABICHHUA. TBepable CTEHKH Mpeanojaraiuch aanada-
THYECKUMHY, Ha HUX 3aJaBAIH yCIIOBUE TIPUIUTIAHUS ¥ PABEHCTBO HYIIO 3D dek-
TUBHOW BHUXPEBOH BsI3KOCTH. TypOysneHTHbIe 3 ¢eKThl ONMcaHbl HA OCHOBE MO-
nenu Mentepa [9, 11] B ctynenn n moaudunmupoBaHHoil auddepeHnranbHOMR
Mozenu Typoyiaentaoctu Cranapra — Aiuimapaca [9, 11] B matpyOke.

TpexMmepHasg Moziellb MPOTOYHOW YACTH MOCTPOEHA IO TE€OMETPUUYECKUM
naHHbIM Ha ocHOBe CAD-nporpamm TBepAOTEIBHOrO MozenupoBanus. st ciox-
HBIX 00JacTell IpUMEHEH OJOYHO-CTPYKTYPUPOBAHHBIA METOA MOCTPOCHHS Ce-
TOK [9]. MOIHOCTH CETOYHOrO Pa30MeHuUs cocTaBisitoT okoiio (1,5¢ + 06) rekca-
3/IPOB B pacyeTHOW 00IACTH KaHAJIa COIUIOBOTO ammapaTa ¥ okoJo 2,0 MITH rekca-
5MIPOB B 00NACTH KaHaa pabovero Koseca. BBIXJIIOMHOM U niepexoHOi maTtpyOoKu
anMmpoOKCUMHUPOBaHbI ceTkor okono (15,5e + 06) rexcasapos. [lorpanndnsie ciou
OTMCHIBAIOTCS OOJIEraroIMMH CETKAMH HA OCHOBE 3KCIOHECHIHAILHOTO CTYIICHUS
sueek K crenke. CeTKH 00eceunBaloT mapamMeTp norpaucios: Y <2 — B obnacTu
crynenn; Y <4 — B obnacTu marpy6xa.

Maremarnyeckass MOAeNb CTyneHH [9] ocHOBaHAa Ha OCPEIHEHWU IMOTOKOB
Macchl, UMIYJIbCa U DHEPIHU B OKPYKHOM HAalpaBJICHUH B MEKCTYIEHYATOM
3a30pe 3a BpeMs MPOXOXKICHUS JIONMATKH POTOpPa BIOJb IIara pelieTKy cTaTopa.
[Tpu MoxenMpOBaHUM PACCUNUTHIBAIOCH TEUCHHE Yepe3 OJUH KaHal AuadparMel
C TPEeABKIIOYCHHBIM (DParMEeHTOM, COOTBETCTBYIOIINM 3a30py 3a HpeAbIAyLICH
CTYIEHBIO, a TAK)KE Uepe3 OJUH KaHall pabouero BeHIa U TEUeHHE B MaTpyoke.
[epenaua mapamMeTpoB OT CTYINEHH K MaTpyOKy ¥ 0OpaTHO OCYyIIecTBIsUIach Ha
OCHOBE OCPEJTHCHHS 10 MACCOBOMY PacXOJIy.

Pacyerpl BapuaHTOB BBIMIONHSUIMCH TIPU 33JlaHUM HA BXOJIE€ PAaBHOMEPHBIX
B OKPYXXHOM HAallpaBJICHUM paCTpEeeNIEHUA MOJIHBIX MapaMeTpoB HaBJIEHUS,
TEMIICPATYPHI, BJIAXKHOCTH U HAIIPABJIICHUA IIOTOKA IO JaHHBIM TCILJIOBOTO pac-
gyera [{H/l. Ha Beixone u3 marpyOka 3agaBajiuch: B KOHICHCATOPE — AaBJICHUE,
B mesnu oTOopa — pacxoa. U3 nepudepuiiHoil 4acTh MEXBEHILIOBOTO 3a30pa map
BBIBOJIMJICSI B KaMepy BiaroynajicHus Ha oOeuaiike nuddysopa. M3 kamepsr
4acTh Mapa MHKCKTUPOBAIACh Yepe3 KOJBIICBYIO b Ha oOcuatike auddyso-
pa, a Apyras 4acTh cOpachiBajach B COOpHYI Kamepy marpyOka. B mporecce
pacdera OajaHc pacxoJoB BbiAepxkuBaiics B mpeaenax 0,1 % ot cymmapHoro
BXOJIHOTO PacXxojia, KpOMe CIIy4aeB HEYCTPAaHMMOW HECTaIllMOHAPHOCTH, BBI3bI-
BaeMOM OTPHIBHBIMHU SIBJICHUSIMU (BBIXJION MEPEXOAHOr0 MaTpyoKa).

Bce pacueThbl BBINOIHEHBI HA OCHOBE MOJISNIM BIAXXHOTO mapa. Mcmons3oBa-
HO MpUOJMKEHHE PAaBHOBECHOW KOHJEHCAIMM 0e3 ydueTa BO3MOXKHOTO Iepe-
OXJTAXKJICHUSI, IBHXKCHUS Karelb, )XUIKUX TUICHOK.

Metoauka 00padoTKHM JAHHBIX PACYETHBIX HCCJIEAOBAHMI

Metomuka 00paOOTKM JAaHHBIX YUCJICHHOTO AKCIEPUMEHTAa JUIs MOJyde-
HUSI UHTETPAILHBIX MapaMeTPOB B XapaKTEPHBIX CEUCHHUSX CTYNEHH HW3JI0KEHA
B [9, 12] u onmpaercs Ha IEpeMEHHBIC BO BPEMEHH TIOJIST TaBJICHUS, TUIOTHOCTH,
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TEMIIEPATyPhl, CTCIICHN BIXKHOCTH, SHTAIBIIUU, YHTPOIUU U TPEX KOMIIOHEHT
BEKTOpa CKOPOCTH B aOCONIOTHOM JINOO BpaIlaroieicsl CUCTEMe 0TCYETa, acco-
UHPOBaHHbBIE C IEHTPAMHU PACUETHBIX sTUcek. BpeMeHHas cocTaBistonias mojei
B TPOIIECCE pacueTa YCpeaHsIeTCcs Ha MPEICTaBUTEILHOM HHTEpBAJE BPEMEHH,
Ha KOTOPOM CpEHHE 3HAUYCHHS HE N3MEHSIOTCS.

B pesynbTare mas KakA0ro BRIOPAHHOTO MOMEPEUHOr0 CEUCHHS MOJTydaeTCs
Ha0Op OCPEIHEHHBIX 1O PAacXONy ra30JAMHAMUYECKUX MapaMeTpoB, pacIpene-
JICHHBIX BJOJIb PaIMAlIbHON KOOPJIUHATHI B COOTBETCTBUU C KOOPJIUHATAMHU CIIO-
€B PaBHOT'O0 MacCOBOro pacxona. Jlamee mo OCpeTHCHHBIM B CEYCHUN 3HAYCHHSIM
ra3oIMHAMUYECKUX TapaMETPOB TMOYYadd paCHpeesiCHUusT BAONb pajanyca
3HAYCHUI TMOJHOW JHTAIBIINK, DHTPOIHU B IICHTPaX CJOEB PaBHOI'O PacXoja.
Jlns xaHama craTopa B KayeCTBE PAaCUCTHBIX BHIOMPAIUCH CEUYEHUS, COOTBETCT-
BYIOIIIC BXOHOHN M BRIXOJHOH (MHTEp(DEHCHOM) rpaHuIiaM KaHaia.

Pacrionaraemslii nepemnaj Ha CTYIIEHU BBIYHUCIISUTH 1O (DopMyIie

Ey=H,, +H0p =hy—hy,

e H,,, H,, — pacnionaraeMblii nepenaz Ha coruie 1 paboueM BeHLE; f — Teo-
peTnyeckoe 3HaueHHe mapamerpa; 0, 2 — cedeHus BXoa, HHTepdelica 1 BIX0oa
cryneny; (*) — A mapaMeTpoB TOPMOXKEHHUS; hg, hy; — SHTaNbBIHA Mapa Ha
BXOJI€ U BBIXOJIE CTYIEHH.

Pacnonaraemseie mepenajipl Ha coruie ¥ paboveM BEHIE IPUHUMAIOTCS COOT-
BETCTBEHHO:

Hy =hy—hy; H,, :hlp _thz-

OTHOCHTENIFHBIC TTOTEPH pacIioyiaraeMoro repemnana Ha corie U Ha PK mo
OTHOIICHUIO K TIepernajy Ha CTyIIeHb COOTBETCTBEHHO:

G =AH, /By =(hy —hy)[Ey; & =AH,/Ey=(hy —hyy, ) [E,.

BenuuuHb 3HTaNBININ A7, ), OEPYTCS W3 TAOTUI] BOJTHOTO TTapa Mo pacyerT-
HBIM 3HAYCHHSIM JABJICHUS U TEMIIEPATYPhI B CEUCHUSIX; /i1, /1, — U3 pacueTa.

Peaknust cTyrieHu u moteps ¢ BBIXOJHON CKOPOCThIO C, BBIYMCISIFOTCS IO
hopmymam:

szOp/EO; CB.C:0’5C22/EO'

Jns xaHama poropa B KaueCTBE PacUETHBIX BBHIOMPAIOTCSI CEYEHHUS, COOTBET-
CTBYIOIIME BXOJHOW M BBIXOJIHOM I'paHMIIAM KaHalla BO BpallaloIIeiicsi CUCTEME
orcueta. CeueHHe 3a KPOMKOHN paboyeil JTONMaTKU PacIoiOXKeHO Ha PacCTOSHHUH
okono 10 MM m OXBaThIBaeT BCIO JIMHY JIOMATKHA M 00JACTh HaAOaHIaKHOTO
3a30pa JI0 KO3bIpbKa.

O} PeKTHBHOCTH CHCTEMBI BBIXJIOITHOTO W TIEPEXOJHOTO MAaTPyOKOB Ompere-
JSTach MO TOTHBIM M BHYTPEHHUM TIOTEPAM coritacHo (opmymam [1]:

Con =(B =R ) faw:  Con=(B =)/t

IJIe ¢z — CKOPOCTHOW HANOp Ha BXOJIe B MATPYOOK; WUHIEKCHI «H», «K» —
HavYallbHOE U KOHEYHOE CEUCHUs NaTpyoKa.
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Koadduiment okpyXHOI HEpaBHOMEPHOCTH IOJI CTaTHMYECKOIO JIABJICHUS p
Ha Bxoze B Au(y30p onpeaessicsi HA OCHOBaHUH CPEeIHEPACXOHBIX 3HAUCHHUH
CTaTUYECKOTO JAaBJICHUS

Qp z(pmax ~ Prmin )/qu'

KoadduiueHt HepaBHOMEPHOCTH MOJSI CKOPOCTH U TI0 BBIXOJHOW TUTOMIAAN
BII Beruucnsancs Ha OCHOBaHWU CPEIHEPACXOJHBIX 3HAYCHUN PACXOJHON KOM-
TTOHEHTHI CKOpOCTH [ 1]

Qu = (umax - umin )/ucp .

ITocTanoBka 3agaun MOJe/IUPOBAHUA

Pacuers! TeueHMs BIaXHOTO Mapa B BApHaHTaX BBIXJIOMTHOTO OTCEKa B COCTa-
BE TOCJIEIHEH CTYNEHU W BBIXJIOIIHOTO TPAaKTa BEHIMIOJHCHBI MPH 3aJaHUU Ha
BXO/JIe HACHTHYHBIX PalMaNbHBIX pacIpeesieHUil 3HaUeHUI TaBIeHUS U TeMIle-
paTypsl TOPMOXKEHUS, BIAKHOCTH M HAIpPaBIIEHUS BEKTOpa CKOpOCTH. TeueHue
paccUMTHIBAJIOCH HA OCHOBE BXOAHBIX ycioBuid 3a PJI mpeaBkitoYeHHON cTymie-
HHU C Y4eTOM Hal0aHIaKHOH MPOTEYKH W3 YIUIOTHEHUS NPEABKIIOYCHHOW CTY-
neHn. Takke pealn30BaH 3aJlaHHbBIN 0TOOp mapa Ha rnepudepur BXOHOH obia-
ctu B auadparmy crymenu. CTpys HaaOaHIaKHOW TNPOTEYKH Ha BBIXOJE W3
HaJ0aHJKHOU ILeNH MpeArocieHed CTYNeHH 3aJaBajach 3aKpy4eHHOH I10A
yriiom 50° K ocu TypOMHBI B HalpaBICHUU BpALIEHUsS MPU BiaxHocTH 4 %.
[Tonmras Temmeparypa CTpyd HaaOaHOKHOW MPOTEUYKH W3 MPEABKIIOUYCHHOMN
cryrienu coctaBisia 7y =333 K npu pacxozae 0,56 kr/c. B BEIXOZHOM ceucHUH
MepexoTHOTO MaTpyOKa 3aaBaiach CPEIHSS BEIMYMHA CTATUYECKOTO aBICHUS
COTJIACHO TETUIOBBIM pacueTaM.

3a comoBOil ONAaTKOKW B MEXKBEHIIOBOM 3a30pE peali30BaHbl Ba KOJbIIE-
BBIX OTCOCa BJIArOEMKOTO Tapa W BJIard B KaMepy BIaroyAalieHUs Ha oOedaiike
nuddy3opa ¥ MOCICAYIONUI OTBOI OIHOM yacTH B KaHan auddysopa yepes
nienb WHKEKIUK. Jlpyras 4acTh mapa OTBOJWIIACH Yepe3 CIelUaNbHbIE OKHA
(M 1mwenn) B CTEHKE KaMepbl BIIArOYAaJieHHs HETMOCPEACTBEHHO B COOpPHYIO
KaMepy BBIXJIONMHOTro marpyOka. Monenb pabodeill JIOMATKHA pealn3oBaHa C
Haa0aHIKHOM IS0 M MPOBOJIOYHON CBA3bI0. HambanmakHas 1mienns, 6anmax
pabouero BeHIa, yTOJIIEHHE PabOYel JIOMATKU M MPOBOJIOYHAS CBSI3b MOJENU-
POBAIIUCH B TIOJTHOM 00beMe, Kak B [13].

PacueTHple Mozaenu cojepkaiid ocepaaualbHbIi auddy3op ¢ nepudepuii-
HOW W KOpPHEBOW KaMepaMH Ha BXOJE, PEaIM30BaHHbINA C KOJIBLEBON MIETbIO JUIS
WHXXEKIUH Mapa u3 Kamephl Biaroynaieaus. Jduddysop pacnomnarancs B cOop-
HOW kamepe marpyOka. Ham muddyzopom OBUTM OTKpBITBI OKHA Uit cOpoca
YacTU BJIAXHOTO Mapa B MPOCTPAHCTBO COOPHOM KaMmephl, KOTOpas CTeCHEHa
BBIEMKOW TSI TOCTYTIA K MOANIUITHAKY Bajia U COJEPKUT pa3eluTeNbHbIe pedpa
B IUIOCKOCTH CHMMETpHH maTpyOka. BeIXJOMHON maTpy0OK COeHMHEH C mepe-
XOAHBIM TAaTPyOKOM, HMMEIOIIMM 3arpOMOXKICHHUS B BHJEC TOPHU3OHTAIBHOM
CTepXKHEBOW CHUCTEMBI U TIOTIEPEYHON CUCTEMEBI TPYO.

B mpoBomuMBIX HCCIEAOBAHUSAX PACCUUTHIBAIIUCH BAPHUAHTHI BBIXJIOIHO-
ro oTceka JUIs HOMHHalbHOTO pexkuma TypOuHbl K-220-44-2M ADC «Jlo-
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BUMCA» (YETHIPEXCTYICHUYATHI OTCEK) MpPHU MPOIyCKE MacCOBOTO pacxoja
OKOJI0 52,5 Kr/c ¥ IaBJCHUU B KOHIECHCATOPE Pyouy = 2942 Ila [14].

Bapuant L4 noctpoeH Ha ocHoBe BapuaHTa 1.4/2 2, neTalbHO OIMHCAHHOTO
B [14]. IIpu sTtoM BbIcOTa KpBIMKM L4 OT IUIOCKOCTH pa3beMa yMEHBIIEHA
1o 3600 MM, OTHOCHTEIIbHAS BRICOTA KPBITIKY CHIDKeHa ¢ 1,98 mo 1,74.

Bapuant L4 B chopmupoBan u3 UCXOAHOTo BapuaHTa L4 myTeM yCTaHOB-
KM JIByX H30THYTBHIX JIHICTOBBIX peOep OpPTOTOHAIBLHO K MEpEAHel CTEeHKE Ia-
TpyOKa B JIByX CHUMMETPHYHBIX CEKTOpax BepxHel monowHbI BII ¢ oceBbM
pasmepoM 990 MM, paBHBIM OCEBO¥ JuIMHE 0Oeyakiku auddy3opa, s pa3due-
HUSI BUXPEBOH CTPYKTYpPHI B BEPXHEH 4aCcTH MPOCTPAHCTBA BBIXJIOITHOTO MaTPyO-
Ka (puc. 1, 3).

Bapuantr L4 E monyden u3 L4 B pesynbrare
pacuiipenusi cOOpHOI KaMephl B IJIOCKOCTH, TIep-
MEHAUKYISApHONW ocu TypOuHbL. Takum oOpaszom,
ucxonHas coopHas kamepa L4 pacimmpeHa B 1uio-
CKOCTH TOPH3OHTAIBFHOTO pazbema Ha 1600 mm
IIPY HEM3MEHHBIX pa3Mepax Beixsiona BII.

Bapuant L4 M (puc. 4b) nonydeH 13 UCXOJHOTO
Bapuanta nuddysopa L4 (puc. 4a) B pesynbrate
YCTpOICTBa B HMXKHEW TIOJIOBUHE COOPHON Kame-
pol nuddysopa (puc. 4b) ¢ MEHbILICH CTETEHBIO

Puc./ 3. Monems semxonsoro  PACIIMPEHIS 1 Oouspiieil paaguanbHOCTHIO. [Ipu

U MIEPEXO/THOTO MATPYGKOB 3TOM BBIXOJI M30BITOYHOTO Mapa U3 KaMephl Bila-

(BapHaHT C JINICTOBBIMA pe6paM1/1) royaajieHusA OpraHn30BaH 4Y€PE3 TAHICHIMAJIBHBIC

T

Fig. 3. Model of exhaust IIEJIN B CTEHKE KaMephl B HIDKHEH IMOJIOBHHE Ia-
and transition branch pipes TpyOKa C 1eTbI0 MHKEKTHPOBAHUSI OCHOBHOTO TIO-
(version equipped TOKA IS 3aIIOJIHEHUS MIPOCTPAHCTBA 0] KaMepoi

with sheet ribs) Braroyaanenns [15].

Puc. 4. Bapuants! muddysopa (Buzg no xomy napa):
a — HCXOHBIH, KaMepa BIaroyJaJICHUs C OTBEPCTHIMH;
b — acHMMeTpHYHbIH, KaMepa BIAroyJajJeHus CO MIEJISIMU B HIDKHEH I0JI0OBUHE

Fig. 4. Variants of a diffuser (view is in the course of the steam):

a — source one, a moisture removal chamber with holes; b — asymmetrical one,
a moisture removal chamber with slots in the lower half

CTpyKTypa TeueHHS B MOJECISIX BBIXJIONHOIO MaTpyOKa B BHIE H3O0JIHHUI
yrcna Maxa M B pa3nTUYHBIX CEUEHUAX MTOKa3zaHa Ha puc. 5—7. Ock OZ Ha puc. 5
HaIpaBJIeHa OT NepeaHell CTEHKH BBIXJIOMHOTO MaTpyOKa 110 MOTOKY OT HaOo-
JlaTenis; pasMep Z OTCUUTHIBAETCA OT nepeaHei crenku BIL.
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L4

Puc. 5. CTpykTypa Te4eHHs B MOJCIIAX BBIXJIOMHOIO MarpyOKa B CEUCHHSAXK:
Nel-Z=0;Ne2-0,3m; Ne3-0,78 m; Ne 4 — 1,4 m (mkana yucenr Maxa jgaHa Ha puc. 6)

Fig. 5. Flow pattern in branch pipe models in sections: No 1 —0; No 2 — 0.3 m;
No 3 —0.78 m; No 4 — 1.4 m (scale of Mach numbers is given in Fig. 6)

Yucno Maxa
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Puc. 6. IloTepu KUHETUUECKON SHEPTUU BIOJb [UIMHBI JIOMIATKH
B KaHaJIaX COILIOBOTO arapara i pabodero xoyeca

Fig. 6. The loss of kinetic energy along the length of the blade
in the in the channels of the nozzle and the impeller



B. I'. Conooos, B. A. Kones
374 Amnanu3 3¢ (heKTHBHOCTH BapHAHTOB BBIXJIOITHOTO OTCEKA MApOBON TypOUHBI

va T .
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Puc. 7. Uncna Maxa B ce4eHHH TOPU30HTAIBHOTO pa3beMa
11 BapuantoB L4, L4 B, L4 E,L4 M (Buz cBepxy)

Fig. 7. Mach numbers in the cross section of the horizontal connector
for the variants L4, L4 B, L4 E, L4 M (an overhead view)

Pe3yJ'leaT]>I HCCJICA0OBAHUA U CPABHCHHUS Pa3/IMYHbIX BAPDUAHTOB
BBIXJIOITHOI'0 OTCEKA

PaccMoTpuM pe3ynbTaThl UCCIIEIOBAHUI PAa3IMYHBIX BAPHAHTOB BBIXJIOITHO-
ro orceka [{H/I B cpaBHeHuu ¢ Bapuantom L4/2 2 [14].

[epenam Ha OTcek ompenenseTcs CPEJHUM TONHBIM JaBICHHEM Ha BXOJE
B crynenb okojo 14100 Ila. Ilotepm KMHETHUECKOH SHEPTHH, OTHECEHHBIC
K pacroiaraeMoMy Iepemnajay Ha CTymeHb, B comax ¢ 4,41-4.5 %, na pabounx
kaHajax 3,52—3,62 %, moTepu ¢ BbIXOAHO# ckopocThio 13,2—13,6 % (Tadi. 1).

Tabauya 1
IHoTepn KHMHETHYECKOH JHEPIHU HA CTYIIEHH
Loss of kinetic energy on the stage
Bapuant Iorepn, %

BBIXJIOITHOT'O B COILIOBOM B pabouem C BBIXOJTHO# KITI

natpybka armapare KoJiece CKOPOCTBIO
L4 4,50 3,60 13,2 0,9188
L4 B 4,50 3,52 13,2 0,9198
L4 E 4,46 3,57 13,3 0,9197
L4 M 4,41 3,62 13,6 0,9197

KIIJ crynenu Bapuanta L4 cocrapnser 0,9188 mporus 0,9217 ons L4/2 2 [14],
YTO O3Ha4aeT HEKOTOpoe yBeiauueHue conportusieHus BIl Bapuanrta L4. Takum
o0pa3om, cTymeHb padoTaeT B OJAHOM PEXUME AJsl BCEX BapUAHTOB MaTpyoOKa.
[lorepu KMHETHUECKOW 3HEPIMU BAOJb AJUHBI JIOMATKHA B KaHajJaX COIJIOBOTO
anmapara ¥ pabodero xojeca mokaszaHbl Ha puc. 6. OOpamiaioT Ha ce0sl BHUMa-
HUe TepudepuilHbIii pocT MOTeph U3-3a OaHAaXka M MPOTEUYKH, JIOKATBHBIN
BCIUIECK MTOTEPH 3a JIOMATOYHBIM YTOJIIEHUEM H IIPOBOJIOYHOH CBSI3bIO, a TAKXKe
B MPHUKOPHEBOM OOJIACTH BCJIEICTBHE PE3KOTO PACKPBITHS MPOTOYHON YacTH.
ITotepu ot mpoBoounoi cesazu 0,2 % nepenaga Ha cTyneHs [ 13].

KosddurmenTsr HepaBHOMEPHOCTH CTaTHYECKOTO JiaBieHus (2, B noscax Ha
Bxozie B Au((y30p MpHUBEACHHI B Ta0II. 2.
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Tabauya 2
Ko punuueHTsl HePABHOMEPHOCTH CTATHYECKOI0 JaBJICHUS Ha BXoJe B 1uddysop

Static pressure nonuniformity coefficients at the inlet of the diffuser

. Kosddunuent Q, 11 Bapuanta
[Mosic paGoueit Jonatku
L4 L4 B L4 E L4 M
80 % L 1,24 1,36 1,04 1,38
50% L 0,62 0,72 0,51 0,71
20% L 0,64 0,76 0,57 0,75

IIpumeuanue: L — quiiHa paboueii onaTku.

Crynens B otceke L4 paboraer Ha pexume npu o0beMHOM pacxoae GV, =
2117 M’/c. Crernenn HepaBHOMEpHOCTHU AaBneHus B nmosicax 0,8L, 0,5L, 0,2L Ha Bxo-
ne B nuddysop mna L4 (tabm. 2) sBisiercss OQHOM M3 caMbIX HU3KUX IJIsL pac-
CMOTpPEHHBIX BapuaHTOB oTcekoB. [loTok Ha Bxome B Iuddy3op Ha naH-
HOM pexuMe OoJjiee 3aKkpydeH B cpaBHeHMH ¢ L4/2 2, a yrom o, cocraBisier
okoso 110° B siipe BXOAHOTO TEYEHHMSL.

OcpenHeHHbIE 110 Pacxoly HapaMeTpbl B CEUEHMSIX BBIXJIOIHOI'O TpakTa (Ha
BXxozie B AU(Qy30p, Ha BBIXOJE M3 BHIXJIOMHOTO M MEPEXOJHOrO MaTpyOKOB),
K03 PUIMEHT HepaBHOMEPHOCTH Ha Bxoje B auddysop , u morepu Ha BbI-
XJIOTTHOM TaTpyOKe Cpr MpUBEEHB! B Ta0M. 3.

Tabauya 3
[MapamMeTpsl B ce4eHNAX BBIXJIOMHOTO TPAKTAa
Parameters in exhaust path sections
. Beixon u3 na TpyOka
Bapuant [TTapaver Bxon Me:xBeHLIOBBIN Bxon o
P P Pl g CTYIEHb 3a30p B muddy3op| BEIXJION- | mepexon- | ~F Cen
HOTO HOTO
pr, Ila 14100 13309 3483 3253 3014
p,la 12943 5993 2732 2933 2942
L4 M 0,365 1,167 0,608 0,402 0,182 2,3110,73
Y[.] 0,066 0,095 0,116 0,106 0,102
pr, Ia 14100 13077 3435 3284 3026
p,la 12943 5993 2722 2959 2942
L4 B M 0,365 1,168 0,61 0,404 0,194 2,4210.67
Y[.] 0,066 0,095 0,116 0,107 0,102
pr, Ila 14100 13308 3424 3251 3001
p,Ila 12943 5993 2666 2953 2939
L4 E M 0,365 1,170 0,617 0,387 0,170 2,0510.,62
Y[.] 0,066 0,095 0,117 0,107 0,107
pr, Ila 14100 13308 3395 3243 2954
p,Ila 12943 5994 2587 2925 2873
L4 M M 0,365 1,167 0,633 0,406 0,198 2,1610,57
Y[.] 0,066 0,095 0,117 0,106 0,106
[pumeuanue: p* — TOJNHOE JaBICHWE; p — CTaTHYecKoe NapieHue, M — uucino Maxa;
Y — BnaxHOCTb.

XapaKkTeprCTUKU HaA0aHIKHOHM MPOTEUKH B BAPUAHTAX HE W3MEHSIOTCS M3-32
CBEPX3BYKOBOTo pexkumMa. Ha obeuaiike quddy3opa cTpyst JOKaIbHO Pa3rOHSAETCS,
33 pacHIMPUTENILHOW KaMepol MpHiIeracT K MOBEPXHOCTH KO3BIPbKa, TEpsis CKO-
POCTB IO OKOJIO3BYKOBBIX BEJIMUMH, JaJiee MPUJIETacT K KOHMYECKOH YacTn obeyaii-
ku quddysopa. 3aTeM CTpyst HHXKEKIUHU HOICACHIBACT OCHOBHOM MOTOK, M OTPBIBA
0T o0eyaliki He MPoHCcXOoauT. OTPBIB HE3HAYNTENFHOM MHTEHCUBHOCTH HACTYIIAET
B KOHLE oOeyaiiku nuddysopa. Takum oOpasom, Ui JaHHOTO pexuma HanOaH-
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JaXHasl MPOTEUKa U CTPYsI HHXKEKIIMH B COBOKYITHOCTH CTaOHIM3UPYIOT OOTeKaHUe
obeyvaiiku quddyzopa. ITOMy TakKe CrOCOOCTBYET M 3aKpyTKa MOTOKa, KOTOpast B
cpemHeM cocTabisieT okono 20° oT oceBoro HarmpasieHus. OIHAKO HEHTPOOSKHBIIH
3¢ deKT OT 3aKpyTKH NPUBOJUT U K HETATUBHBIM SIBJICHHSM, K KOTOPBIM OTHOCSTCS:

1) OTpBIB TOTOKA B OKPY>KHOM HAIIPaBJIEHUHU OT CTEHKH BBIEMKH JUIS TOCTYTIA
K Bajy B BepxHel yactu BII;

2) HEYCTOHUYMBBIA OTpPBIB IMOTOKA OT oOTeKkaTems Juddy3opa B paaualbHOM
HaIpaBJIeHUH, KOTOPHIH MPOUCXOIUT HA U3I0MaX BTYJIKH.

C yBenWyeHHEM CpEIHEro paguyca Mo XOAy MOoToka B aud¢ys3ope OTphIB
UHTEeHCHHUIIUpPYeETCsl, 0cOOEHHO BOJIM3M BTOPOTO M3JIoMa BTYNKH. [lepeuncien-
HBIE OTPBIBHBIC 00pa30BaHMs HECTALIMOHAPHBI U MPHUBOAAT K MyJIbCALUH PACXO0-
Jla Tlapa 4Yepe3 BBIXJIOMHOE ceucHHue natpyOka. duddyzop u cOopHas kamepa
B CpaBHEHHH ¢ BapuaHToM L.4/2 2 Gonee 3anmonHeHsl B HUkHEH yactu BII n3-3a
YMEHbBIIEHHON BBICOTHI KPBIIIKH.

B nuddyszope u cOopHOl Kamepe MOTOK TOPMO3UTCS IO CpeAHEH CKOpOCTH
o unciay Maxa 0,402 B BeixogHoM cedeHuu BII. Ocpennennas pacxomHasi co-
CTaBJISAOIIAs CKOpocTH Ha Beixone u3 BII cocraBnser 138 m/c. IlpencraBnenue
o cTpykType TeueHus B BII moxHO momyuuts mo puc. 5 u 7. CTpykTypa noToka
B HaTpyOKe HECHMMETPHYHA OTHOCHUTENIFHO IUIOCKOCTH T€OMETPHYECKOW CHM-
Metpuu BII BcneacTBue He 0CEBOTO BBIXOA U3 CTYIICHHU.

[Monubie motepu Ans Bapuanta L4 Gonbiie Ha 4-5 %, uem ans L4/2 2 (pas-
Opoc omnpenensercs: HecTaMOHAPHOCTHIO TeueHus B BII), 4to cBs3aHO B OCHOB-
HOM C YMCHBIICHHUEM BBICOTHI KPBIIIKH maTpyOka Ha 12,2 %. Crnemyet 3aMETHTB,
YTO MOJHBIE MOTEPU OMNPEAEISIOTCS OPUEHTUPOBOYHO B CBSI3H C IPOoOIEeMOit
OCpEHEHUsI CUIHbHO HEPAaBHOMEPHBIX MOTOKOB U HAJTMYHUEM HMHKEKIIUH BBICOKO-
9HEPTrEeTUUECKOI0O Iapa B MPOMEXYTKE MEXIy U3MEPUTEIbHBIMU CEUCHUSMU.

Bapuantel L4 B u L4 E xapakTepu3yroTcsl CyIIeCTBEHHOW HecTallMoHap-
HOCTBIO TE€YEHHS B IepexogHoM mnarpyOke. CTyleHb B COCTaBE paccMarpu-
Ba€MBIX OTCEKOB MMeeT HezHauuTenabHO noBblmeHHbI KIIJ ana L4 B, L4 E,
L4 M (tabn. 1) u He3HAYHTEIHHO TOBHIIIEHHBIE MOTEPH C BBIXOTHOW CKOPO-
cTbi0. OcpeHeHHBII BO BpeMeHH 00beMHBIH pacxoa B Bapuante L4 E cocras-
nser 2225 M/c, cpejiHee 3HAUCHHE BIAXKHOCTU 3a KPOMKAMH pabodero Komeca
mutst BapuanTtoB 11,7 %. B muddyzope Bnaxuocts He 60nee 13,0 %.

[apameTpsl HamOAHOAXKHOW MPOTEYKH BAONL oOevaiiku muddys3opa coxpans-
I0TCSl B CpaBHEHHH ¢ UcXOOHbIM L4. Ilo ocHOBHBIM XapakTepucTHKaM paboTa cTy-
TIEHU B COCTABE PACCMATPHBAEMBIX OTCEKOB HE OTJIMYAETCS OT JIPYTHX BapUaHTOB.

L4 E xapakTepusyercsi 3HAUUTEIbHBIM CHIDKEHHEM K03()(QUIIMEeHTOB HepaB-
HOMEPHOCTH CTaTU4eCKOro AaBjieHus Ha Bxozae B auddyszop (mo 30 %) Ha Bcex
paanycax (Taby. 2) mpu NpaKkTHYECKH OJWHAKOBOM B BapHaHTaX CKOPOCTHOM
Harope Ha Bxoze B Au(dy30p, YTO MOATBEPXKIACT TEHACHLMIO, OTMEYCHHYIO
B [1]. UMeHHO yBennueHHE MONEpEeYHbIX pa3MepoB COOPHON KaMephbl IPUBOIUT
K BBIpaBHMBaHUIO mojei mapamerpoB B BII, mpubmmkaer ycnoBus paOoThI
Iuddy3opa K yCIoBUSIM padoThl cBoOoaHOro auddysopa. B 310l cBs3u moaHbIe
MOTEPHU B BBIXOJTHOM CEUYEHHH BBIXJIOIHOTO NaTpyOKa B pacCMaTPUBAEMOM DALY
Mmenee 6azoBoro L4/2 2 u ucxonxoro L4 BapuanToB.

L4 B xapaktepusyercs 10CTaTOYHO BHICOKOM HEpaBHOMEPHOCTHIO Ha BXOJE
B Iu(dy30p BO BCEX MOsiCaX, BBI3BIBACT 3HAUYUTEIBHYIO HECTAMOHAPHOCTD
Te4eHHUsd B cOOpHOM Kamepe, MPeAroIoKUTEIbHO, U3-32 BUXPEBOTO XapakTepa
TeueHus. Buxpesas cTpykTypa pa3meniaercs moj JUCTOBBIM peOpoM U CTECHSAET
MIPOCTPAHCTBO COOPHOM Kamepbl. PAaCCMOTpEHHBIH CIIOCO0 YMEHBIICHHS MTOTEPh
HE J1aeT MOJI0KUTEIbHBIX PE3YIBTATOB B YIYUIIEHUH CTPYKTYpPhl TEUECHHUS.
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Bapuant L4 M oTceka conepskut acUMMeTpuuHbld nuddysop. B ucxognom
muddyzope L4 oTKphITEIE OKHA KaMepPhl BIATOYAAJICHUS CO3IAI0OT TOTIOIHUTEIHHOS
CONPOTHUBIICHHE TEUCHUIO B COOPHOW Kamepe BCIEACTBHE COpoca YacTH BBICOKO-
SHEpreTUueckoro mapa (~3,5 Kr/c), HHTCHCU(DUIMPYIOT OTPHIB B HIKHEH YacTH
narpyOka 1o 000JI04Koi KaMephl BiaroyaaneHus (puc. 5). OTpbIB MPOBOIUPYET
MEpUOANYECKUI cxof] Buxpell B HiwkHel uactu BII, yBemmumBaer HecTaumo-
HAapHOCTDH BBIXJIONA U MOTepu AasieHus. L4 M HampaBieH Ha yMEHBIICHUE 3TOTO
sddekTa myTeM 3aMeHbI OKOH Ha TaHTCHIHAIIBHBIC IIEJI B CTEHKE KaMephl BIIaro-
ynanenus Ha ooevaiike quddysopa (puc. 4). B paccmatprBacMoM BapuaHTe pacxos
napa Ha Bxoze B auddy3op cocrapisiet 49,35 kr/c. Pacxon HHKEKIMU Yepe3 KOJIb-
LICBYIO IIleIb B oOeuaiike auddy3opa (Mpu 3aKphITBIX OKHAX) okojio 2,99 kr/c,
pacxon mapa uepe3 UMJIMHAPHYECKYIO TOBEPXHOCTh BbIxoga u3 auddysopa
npumepHo 51,14 kr/c, pacxon mapa Ha Beixozae u3 BIT 52,1 kr/c. Pa3Huna B pacxo-
nax (C y9eToM HECTAIlMOHAPHOCTH B MaTPYyOKE) COCTABIIAECT BEIUIMHY pacxoja
oT cOpoca mapa uepe3 yKa3aHHBbIC BbIIIE IIEIH. TakuMm o0Opa3oM, B BapuaH-
Te L4 M pacxon mapa B WHXEKIIMIO YBEIIMUUBACTCS B cpaBHEHHH ¢ L4, cOpoc
napa U3 KaMepsl BIaroyJajicHHs Yepe3 TaHICHLUAIbHBIE MIeTH yMEHbIIAeTcs,
YTO COOTBETCTBYET TCHACHIIMH, OTMEUEHHOM B [16, 17].

ITo pe3ynbpTaTam pacueToB ajig HoMuHaNIbHOrO pexkuma KIIJ] Bapuantsr BIT
B Tabin. | mpakTuuecku He oTinuatotcst ot L4. [loTepu ¢ BBIXOAHOH CKOPOCTHIO
HecKosbKo Oonpie Bapuanta L4 u coctaBmsaor 13,6 %. O0bemHbIN pacxof ma-
pa IpH MaccOBOM pacxoze 3a crymeHbio 49,35 kr/c cocraBmser 2266 m’/c
B CPaBHEHHMH C HUCXOIHBIM BapuaHToM L4, B KOTOpoM OOBEMHBIH pacxol pa-
Ben 2117 M’/c ipu MaccoBOM pacxofie 3a CTyIeHbio 49,24 kr/c.

Koadpuumentsr HepaBHOMEPHOCTH JaBlICHHS Ha MOBEPXHOCTH BX0Ja B AU(D-
¢y3op ans paccmarpuaeMoro Bapuanta L4 M Oomnbiue, yem gt L4 (tabm. 2),
TIOTEPH TTOJTHOTO JaBJICHHS YMEHbIatoTcs (Taor. 3).

[Ipumenenune Bapuanta L4 M yBennumBaeT HamoJHEHHOCTh COOPHOM Kame-
poI (puc. 5, 7), yMeHbIIaeT 00BEM B KOJTMIECTBO OE€3PACXOMHBIX 30H, OCOOCHHO
MO KamepoW BiaroynajieHus BOJM3U TUIOCKOCTH CHMMETPUH KOHCTPYKITHH.
Hwxnsis monoBrHa cOOpHOIT KamMepsl paboTaeT Tydlle HCXOIHOTO BapUaHTa.

Ha wacTmunbpIX pekmMax 3akpyTka mapa 3a pabodnM KOJIECOM BBI3BIBAET
BBIPRKEHHYIO AMaroHAJIbHYIO CTPYKTYPY IOTOKa, MPHKaTHE MOTOKa K oOeuaiike
muddy3opa B JAONONHEHHE K JEHCTBUIO CTPYH HagOaHAQXKHOH MPOTCUKU
M KOJIbILIEBOW HHIKEKIMH B KaHan nud@dysopa Baoib obcuaiiku. B aroit cBszm
MPEeACTaBIsIeT HHTEPEC UCCIEAOBAHIE YaCTHUHBIX PEXUMOB padoTsl BII ¢ acum-
MeTpu4YHBIM auddy3opom.

BbIBO/IbI

1. IlpencraBieHbl pe3yabTaThl UCCIEAOBAHUNA (HOPMOOOPA3YIONIUX MTapamMeT-
pPOB MPOTOYHOM YAaCTH BBIXJIOIHOTO TPaKTa U a’dpPOJIMHAMUYECKUX BO3JEHCTBUI
Ha ra30/IMHAMUYECKUEC U DHEPIeTHUECKUE XaPaKTEPUCTHKHU BBIXJIOIMHOTO OTCEKa.
WuTerpanbHble Ta30JMHAMAYECKHE W JHEPreTHUECKUEe XapaKTePUCTHKH CTyIIe-
HU, CTPYKTypa MOTOKA B CTYIICHH I PACCMOTPEHHBIX BAPHAHTOB BBIXJIOITHOTO
naTpyOKa MpaKTHYECKU COBMAJIAIOT. Y MEHBIIICHUE BHICOTHI KPBIIIKH BBIXJIOTHO-
ro marpyoka (Bapuant L4) Ha 12 % mpuBOIUT K mIepepacipeaeneHHI0 PacXxoJ0B
C YBEIIMYCHHEM CKOPOCTEH B HW)KHEW IMOJIOBMHE NaTpyOka. HaOmomarorcst He-
0O0JIBIION POCT MOJHBIX MOTEPh HAa BBIXOJE M3 BBIXJIOMMHOTO MarpyOka Ha =5 %
U POCT KO3(PPHUIIMEHTOB HEPABHOMEPHOCTH BO BXOJHOM ceueHHH auddy3opa BO
Bcex mnosicax Ha =3—10 %.
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2. YBenuyeHue mupuHbl cOOpHOI kKamepsl (BapuaHT L4 E) moBeimaer He-
CTallMOHAPHOCThH TEUCHHS B HEH, CHIKAET HEPAaBHOMEPHOCTDH TIOJIS TaBJICHHS Ha
Bxoze B auddysop 10 30 % u nonHble motepu Ha 15 %.

3. [IpuMeHeHne BBIXJIOMHOTO MaTpyOKa C acMMMETpHYHBIM Auddy3zopom
Y IIeJSIMU B CTEHKE HIDKHEH MOJIOBUHBI KaMepsl Biaroynanenus (L4 M) ysenu-
YHBAET HAMOJIHEHHOCTh COOPHON KaMephl, yMEHBIIAET 0OBEM M KOIUIECTBO Ma-
JIOPACXOAHBIX 30H, OCOOCHHO 10l KaMEPOH BIAaroynajJeHusi BOJIM3H IIOCKOCTH
CUMMETpUH KOHCTpYKIMU. HiokHss nonoBuHa cOOpHOM Kameps! (QyHKIHOHUPY-
eT JTydIIe ncXogHoro BapuanTa. [lomHsie motepu cHmkaroTes Ha 21,9 %.

4. Ha ocHOBaHMM aHaNM3a Pe3yIbTaTOB HCCeA0BaHuil BapuanToB L4, L4 B,
L4 M MOXHO crenaTh BBIBOJ, YTO MUHHMMAaJbHbIE IPOXOHbIE CEUCHMS B Ia-
TpyOKe HaxoAATCsi HE B IUIOCKOCTH pa3beMa, KaK IPUHITO CUUTATh, a HHXKE
Ha 0,12-0,20 quametpa auddyzopa.
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Pedepat. B crathe paccmarpuBaeTcs TEINIOOOMEH H3Iy4YEHHEM IyYKOB U3 TPYO € KPYIJIBIMH
pebpamu ¢ oOKpyKaroIeil cpeoi U BHITSDKHOHN maxTol. CucTeMa ypaBHEHUH, OMMCHIBAIOIIAs BCIO
COBOKYITHOCTh NEPBHYHBIX IPOIECCOB, M3 KOTOPHIX CKJIAJBIBAETCS pPaJUAIlOHHBIA TEINIOOOMEH
PEOPHCTHIX ITyIKOB, OYSHB CIIO’KHA B MAaTEMAaTHIECKOM OTHOIIeHHH. [103TOMy pacdeTs! Iy9ncToro
TEIIOOOMEHa MPOBOASATCS MCXOJS M3 PAJa yHPOIIAIOIINX MPEANOCHUIOK C BBIHYXKICHHBIM HCKa-
JKEHHEM pealbHON (u3mdeckoi KapTHHBL KpaTko paccMOTpeHBI OCHOBHBIE CIOCOOBI pacdera
U3JTY4EHHS, UCIIOIb3yeMbIC B HHXKEHEPHOH MPaKTHKE: pacueT Mo CpefHeMy YIIIoBoMy Kodbduuu-
€HTY W 30HaNbHbIA MeToA. IIpemiokeH yTOUYHEHHBIH 30HANBHBIMN METOJ pacueTa JIydyUCTOH
COCTaBIISIIOIIIEN TEMIOBOTO MOTOKA TOPH30HTAIBHOTO IydKa M3 OPEOPEHHBIX TPYO C BBITSHKHOM
mraxtoi. [IpoBemeHO SKCIEpUMEHTAIBPHOE HCCIENOBAHHE OIHOPSIHBIX ITyYKOB W3 OpeOpeH-
HBIX TPYO C pa3iIMYHBIMU MEXTpYOHBIMH ImaraMu S (64 u 70 MM) 1 Manslx gncen PeiHonbxa-
ca Re =130—720 B mmpoxoM Jrana3oHe OnpeeNsioel TeMIepaTypsl Ha Bxoze B mmydok (16—83 °C).
AmntomMuHIEBOE OpeOpeHne TpyObl MydKa HMMEEeT CIEAYIOUIMEe MapaMeTphbl: JHaMeTp BUHTOBOTO
opebpenus d = 0,0568 m; quamerp TpyOsl o ocHoBaHuio dy = 0,0264 M; BbICOTa, LIar U CPeIHsIL
TonmuHa pedpa coorBeTcTBeHHO /1 = 0,0152 M, s = 0,00243 M u A = 0,00055 M. [IBmwxeHne Bo3my-
Xa B IIy4Ke OCYLIECTBIIOCh TPABUTALIMOHHON TATOH, cO34aBacMOM BBITSKHON HMPSAMOYTOJIbHOM
IaxToH. DKCHEPUMEHTANBHBIM ITy4OK yCTaHABIMBAJICA HAJl IIAXTOH, a BO3AYX Iepex IMOCTYII-
JIEHHEM B IIaXTy MpPeIBapUTENBHO MOJOrPEBAJICS, YTO MO3BOIMIO PACIIHPHUTH AUAMa30H TeMIepa-
Typ BO3AyXa Ha BXoJe B Imy4ok. OGHapy»eHO, YTO HENPABHIBHBIN yUeT Mepen3IyueHus Mmydka
C BBITSDKHOH IIaXTOH IpU NMPOBEAECHUH PACUYETOB OJHOPSAHBIX OPEOPEHHBIX MYYKOB MPUBOAUT
K CHIYKEHHUIO KOHBEKTUBHOM TEIIOOTAa4YHu Ha 7—25 %.

KnroueBble ciioBa: OuMmerammyeckas peOpucras TpyOa, aTIOMHHHEBOE Kpyrioe opeOpeHue,
BBITSKHAS 111aXTa, 30HAIBHBII METOJ pacdeTa, Ty4ucTas COCTABIAIOIAs TEIIOBOrO MOTOKA, eCTe-
CTBEHHAs KOHBEKLIUS BO3yXa
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Specific Features of Calculating the Radiant Component
of the Heat Flow of Horizontal Bunch
from Finned Tubes with Exhaust Shaft

A. B. Sukhotski”, G. S. Marshalova®, E. S. Danil’chik”
DBelarusian State Technological University (Minsk, Republic of Belarus)

Abstract. The article discusses the heat exchange of radiation of bunches of round finned tubes
with the environment and the exhaust shaft. The system of equations describing the entire set of
primary processes that make up the radiation heat exchange of finned bundles is very complex
mathematically; therefore, the calculations of radiant heat transfer are usually based on a number
of simplifying assumptions with a involuntarily distortion of the real physical picture. The main
methods for calculating radiation used in engineering practice, viz. calculation by the average
angular coefficient and the zonal method are briefly considered. A refined zonal method for calcu-
lating the radiant component of the heat flow of a horizontal bunch of finned tubes with an exhaust
shaft is proposed. An experimental study of single-row bunches of finned tubes with different
annular steps S; (64 and 70 mm) was carried out for small Reynolds numbers Re = 130-720 in
a wide range of the determining temperature at the beam inlet (16-83 °C). The aluminum finning
of the bunch tube had the following parameters: screw finning diameter d = 0.0568 m; diameter of
the tube at the base d; = 0.0264 m; height, step and average fin thickness, respectively, 2= 0.0152 m,
s =0.00243 m and A = 0.00055 m. Air movement in the bunch was carried out by gravitational
traction created by a rectangular exhaust shaft. The experimental bunch was installed above the
shaft, and the air was preheated before entering the shaft, which allowed expanding the tempera-
ture range of the air at the entrance to the bunch. It was found that incorrect accounting for a bunch
reemission with an exhaust shaft when calculating single-row finned bunches causes a decrease
in convective heat transfer by 7-25 %.

Keywords: bimetallic ribbed tube, aluminum round fins, exhaust shaft, zonal method for calcu-

lating, radiant component of the heat flow, natural air convection

For citation: Sukhotski A.B., Marshalova G. S., Danil’chik E.S. (2020) Specific Features
of Calculating the Radiant Component of the Heat Flow of Horizontal Bunch from Finned Tubes
with Exhaust Shaft. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 63 (4),
380-388. https://doi.org/10.21122/1029-7448-2020-63-4-380-388 (in Russian)

BBenenue

TpyOsl ¢ nonepeyHpIMU KPYTJIbIME peOpaMu HaXOsT LIMPOKOE IPUMEHEHHE
B TeXHHUKE. M3 HUX H3rOTaBIMBAIOT TEIUIOOOMEHHBIC CEKIMU amlapaToB BO3-
AYIIHOTO OXJIQXKACHUS, KaJopru(epsl, NCTIApUTETH XOJOAWIBHBIX KaMep U T. II.
[Ipu skcruyatanuu TEIIOOOMEHHHKAa B PEXHME CBOOOTHONW KOHBEKLIHH 3Ha-
YrMasi 4acTh TEIUIOTHl OTBOAMTCS M3JIyYCHHEM, KOTOpas MOXKET MpeodianaTh
B CyMMAapHOM TEIIOBOM IIOTOKE U 3aBUCUT OT I'€OMETPUYECKUX IIapaMeTpoB
MMy4yKa U XapaKTEPUCTHK MOBEpXHOCTH u3nydeHus [1]. Ilpu pacuere uzmydenus
pPeOPUCTBIX TPYO BO3HUKAIOT JIOTIOJTHUTEIBHBIC CIIOKHOCTH B pa3paboTKe METo-
JMK M3-3a BJIMSTHUA Ha [IPOLIECC MEKpeOEepHOro 1ara.

B uH)XeHepHOU NMpaKTHUKE UCIIONB3YIOT JBAa OCHOBHBIX METO/Aa pacyera Tel-
000MeHa M3ITy4YeHHEM: pacdeT 10 CpeJHEMY YIIIOBOMY KO3(QQHIMEHTY W 30-
HaJbHBIN MeToA [2].
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[lepBrlii cioco® mpuMeHsieTCs B Clydasix, KOTJa 3aMKHYTYIO CUCTEMY MOX-
HO TIPEICTaBUTh TOJBKO M3 JIBYX Tell. B mpenmenax kaxmoro Teima Temmeparypa
U CTEIEHb YEPHOThHI CUUTAIOTCS MOCTOSHHBIMU. [IaHHBIH METOJ MCHOJb3YeTCs
TOJIBKO JIJIsl ABYX OECKOHEUHBIX IIOCKOCTEH. J{JIsl COXKHBIX BOTHYTHIX TENl OH
JTaeT AOMYCTUMBIA pe3ysibTaT MpPHU YCIOBHH, YTO CTENEHH YEPHOTHI IOBEPXHO-
CTe Tead AOCTaTOYHO BEIMKH M CTpemsrcs K eauHune. OJHAKO B Temjo-
O0OMEHHHUKAX 4acTO MPHUMEHSIOT TPYyObl C aIIOMUHHEBBIMU peOpaMu, a CTEIleHb
4yepHOTHI amomuHus nopsiaka 0,1—0,2, u ucrnonp30BaHUE METO/IA pacyeTa Mo Cpel-
HEMY YIJIOBOMY KO3()(HLHEHTY MOXKET IPUBECTU K 3HAUUTEIILHON IOIPELIHOCTH.
[TosTOoMy B paboTax Mo M3y4eHUI0 KOHBEKTHBHOTO TEINIOOOMEHa B My4YKax ope-
OpeHHBIX TPYO C BBITSKHOM MIaXTOW OTCYTCTBYIOT YKA3aHHS IO YUETY JIyYHUCTOM
cocrapistomieii [3, 4] mubo npumensieTcs pa3zpadoranHas B [1] meronuka pac-
YyeTa i1 CBOOOTHOW KOHBEKIMH [5—7], B OCHOBE KOTOPOH JIGKUT 30HAIBHBIHN
METOJ C BBIAETICHUEM B IIyUKe ABYX 30H (pHc. 1a): 30Ha 2 — Hapy>KHBIE [TOJIOBHU-
HBI TPyO KpalHUX MONEPEYHBbIX PSIIOB; 30HA 3 — OCTaIbHAs YacTh ITy4Ka. 30HOH |
CUMTAETCsl OKpYy)Karolllas Cpejia, COCTOAIIas M3 JIBYX IUIOCKOCTEH, OrpaHHYH-
BAOIIUX ITy4YOK.
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Fig. 1. The scheme for the calculation of the radiation bunch without a shaft (a)
and with a shaft (b)

®dopmyna pacdera 30HATBLHBIM METOAOM TEILIOBOTO MIOTOKA U3JIy4YeHUEM, BT,
MIPUMEHHUTENBHO K ITy9Ky OpeOpeHHBIX TPYO

(5 +®,4(z-1)) (273““ J“ _(273+zK j“ )
100 100 ’

Qn = COFga(b(pT—o z

e ¢y — KOOQOUIMEHT H3TydeH s aOCOTIOTHO YePHOro Tena, ¢, = 5,67 Br/(M>K?);
€, — P dexTHBHAS CTENEeHb YePHOTHI CHCTEMBI TENl «ITy4OK — cpea»; F — mio-



A. B. Sukhotski, G. S. Marshalova, E. S. Danil chik
Specific Features of Calculating the Radiant Component of the Heat Flow Horizontal... 383

IaJb TEIUIOOTAAIONICH OPEOPEHHON ITOBEPXHOCTH IMyYKa, M, (.o — CPEIHHIL
yIJ0BOH KOA(GHUIUEHT H3IyYSHUS OJUHOYHON KPYyriopeOpucToit TpyObl K
OKpYXKaromen cpejie, YIYUTHIBAIOUINN reoMeTpHYecKrue MmapaMeTpbl opeOpeHwHs
TpyOb; @1 ;3 — paspemaronuii yriioBoi ko3(UIMEHT W3Iy4eHUs OT TMEepPBOM
30HBI K TpeThel; D, 3 — TO K€ OT BTOPOM 30HBI K TPEThEH; z — KOJIMUECTBO PAJIOB
B My4Ke, IIT.; f,; — CPETHSS TEMIIepaTypa MOBEPXHOCTH CTEHKH Y OCHOBAHHS
pebep TpyO myuka, °C; £, — TemnepaTrypa NOBEpXHOCTH KaMephl, T0JIa U MOTOJIKa
BOKPYT ITy4Ka, paBHAsI TEMIIEpaType OKPYKAIOIIETO BO3ayXa: £, = ty, °C.

Oxpyxaromiasi cpela CYMUTaIach aOCOIIOTHO YEPHBIM TEIOM, MOCKOIBKY
IUIONIA/(h MMOBEPXHOCTH KaMepbl HAMHOTO IMPEBbIIIANIa B3aUMHYI0 TIOBEPXHOCTh
JTYYUCTOTO TerurooOMeHa mydka. DopMyIibl st pacyera yriaoBbx K03 dumen-
TOB [1] HE YYMTHIBAIOT BIHSHHE MPOIOIBHOTO mara S, TpyO B My4ke, Tak Kak
1o [8] 3TO BIMAHME NMPEHEOPEIKUMO MAJIO U YIIIOBbIE KO (DUIUEHTHI OT TPYO-
HOTO TMy4Ka K Cpele MPaKTHYECKH BCEIENIO 3aBHCAT OT MOIMEPEeYHOoro Imara .
Ha yrmoBeie K03(GUIIMEHTH TAKKE MO BIUSET W THI KOMIIOHOBKH TPYO
B INy4YKe — KOPUJOpHAs WM IIaxMmaTHas. J[OCTOBEPHOCTh JaHHOW METOJUKH
pacdeTa OATBEPKICHA IKCIIEPUMEHTAIBHO B [9—11].

[Ipu ycranoBke Haj IMyYKOM BBITSDKHOW maxTel (puc. 1b) Bepxnsas 3oHa 1
CTAQHOBUTCS 30HOW BBITSDKHOW IIAXTHI C TEMIEPATYpPOH CTCHOK fy. [IpuHHMMas
B TIEPBOM MPHUOIMKEHNN MIAXTy KaK aOCOIIOTHO YEePHOE Tejo, TMOIyduM ¢op-
MyJTy JUIsl pacdeTa TeIJIOBOTO MOToKa, BT, M3mydeHneM mydxa opeOpeHHBIX TPYO
C IIaXTOM:

0,=0,+0:"; )

(@5 +®, 4 (z-1)) (273“”]4_(273”,()4 . 3)

0
= 0,5 +v)cye.. F
0y =(0.5+7) o F @y B 100 100

@ +D,  (z-D))| 273+ (27341 )
Q;“=(0,5—v)coea¢F<pT.o( ERAZE] ))[ +“)—( +"Jj , (4)

100 100

z
rae y — kodbdunment wanydeHms B orBepctue maxTtel (0 <y <0,5),
Y= 0,55/ (St Sors); Sorss S — IUIOIIATL OTBEPCTHUS U BHYTPEHHHX CTCHOK
LIAXTHI, M°.

Takum 06p8.30M, TEILJIOBOM IIOTOK, BT, OTBCHCHHLIﬁ OT IIY4YKa K BO3AYXY
KOHBGKHI/ICf/i, PacCCUUTBHIBACTCA U3 YPABHCHUSA

O =W-0,-0,, )

rae W — TemoBas MOIIHOCTb, TOABOANMAS K ITyUKy, BT; O, — TEIIOBBIEe TOTEpH
4yepes TOPIbI TPYO U TOKOIOBO KL, BT.

[Ipu cocraBieHnn TeIIOBOTO OallaHca ClEeQyeT YYHTHIBaTh, YTO BEpPX-
HUHW JIY9HCTBHIA TOTOK HAarpeBaeT CTEHKW MIaXThl, KOTOpas MEpemaeT TerIoTy
CTEHOK BO3AYXY B HEM, a HIDKHUN JIYYHCTHI TOTOK PacCeeTcss B OKpYKaro-
Y0 Cpenly
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O, + 0y =c,pV(ty 1), ()

TIe ¢,, P — CpeaHss n3obapHas TemioeMkocTsb, [x/(kr-K), u mioTHoOCTs, KI/M,
BO3/yXa, onpeaensemeie mpu temneparype 0,5(¢ + t,); V — o0beMHBIN pacxon
BO3/IyXa yepes IMy4oK, M°/c.

B [5] mpoBeneHbI Hccaea0BaHMs OTHOPSITHOTO ITyYKa ¢ MAXTON IS pa3iiid-
HBIX MEXTPYOHBIX maroB S, paBHbIX 58, 61, 64 u 70 mm. OpeOpeHHbIe TPYOBI
ny4yKa MMEJIH CJEIyIOIlIie MapaMeTphl: JUaMeTp BUHTOBOIO opebpenus d =
= 0,0568 m; muamerp TpyO®I 1o ocHoBaHHIO dy= 0,0264 M; BBICOTA, IMar u
cpenHss TodmuHA pedpa coorBercTBeHHO A= 0,0152 M, s =0,00243 M u A=
= 0,00055 m; TerooTaaroIias JIMHa opedperus Tpyosl [ = 0,3 M; oOmas aiuHa
opebpennoir Tpyoer /=0,33 M. Koaddunuent opebOpenuss TpyOwl cocta-
B @ =21. Matepuan peOpucToi 000JI0UYKH — aIOMUHHEBBINA cruiaB AJ[1M,
HecyIel TpyObl — cTalb.

DKCHepUMeHTaIbHbIE JaHHbIE 00padaThIBalM ¥ TPEJCTABISLIN B Oe3pas-
MepHOM Buze — B uucnax Hyccensra Nu = ady/A u Pefinonbaca Re = wdy/v, tae
o — KOI(QQHUUUEHT KOHBEKTHBHOW NMPHUBEACHHON TEIUIOOTAAYH OT OpPEeOpeHHS
mydka K Bo3ayxy, Br/(M>-°C); w — CKOPOCTh BO3LyXa B CKATOM (y3KOM) IOIIe-
PEYHOM CeYeHHH Tydka, M/C. IITOTHOCT p, KI/M°, KO3(bMHUIHEHTH! TEIIOmpo-
BoaHOCTH A, BT/(M-K), 1 KHHEMAaTHYECKOH BA3KOCTH V, M/, MIPUHUMATH TSI
TEeMITepaTyphl OKpY>KaroIIeH cpemnl fy = (16—25) °C.

B pesynbrate 0000mIEHUST SKCIIEPUMEHTAIBHBIX JAHHBIX TPH Pa3IHIHBIX
MOIMEPEYHBbIX IIaraXx YCTaHOBKH TPyO C OTKJIOHEHHEM MeHee 5 % MOIy4eHO
ypaBHeHUe 118 pacuera uncina Hyccenbta

0,9
Nu =0,00129 4y Re®, (7)
d

3

rac d3 — DKBUBAJICHTHEIN AUAMETP CKATOI'O MONCPCUYHOTO CCUCHUA ITyUKa, M,

2s 1 hA
=—- S |1-—|d,+2— | |. 8
> 2h+s S, ‘ s ®)
VYpaBuenue (7) AelcTBUTENbHO B HWHTEpBaje u3MeHeHus: Re = 130-720,
do/d,=4,85-7,21. K coxkajieHuto, B 1aHHOH pabOTe TEIIOBOH MOTOK H3JIyde-

HHEM ITy4Ka B maxTy (' pacCUMTHIBAICA MO f), a CKOPOCTh IOTOKA U YHCIIO

PeitHombIca onpeensuiuch 6e3 ydeTa paccenBaHus B OKpysKarontyio cpery O .

Lenp nccnepoBanuii — yrouneHue GopMysIbl Al pacueTa TEeIUIO0TAAYH KOH-
BEKLUEH OJHOPSIIHOIO OPEOPEHHOro IydKa C IIAXTOH B IIMPOKOM JHAla30He
OTIpeIeIISAIONIeH TeMIepaTyphl Ha BXOJE B MYYOK ().

3KCHepI/lMeHTaJIbH06 HCCICA0BAHMEC U aHAJIU3

JI1s 3KCTIEpUMEHTAIBHOTO UCCIICIOBAHUS HCITOJIL30BAIHCH TAKHE JKe TPYOHI,
Kak " B [4], a OMHOPSAIHBIN ITydOK COOMpPAIICS ¢ MEKTPYOHBIMH ITaramu S, paB-
HeIMEH 64 u 70 MmM. Cxema JKCIEpUMEHTAILHOH YCTaHOBKH, aIapaTypHOE



A. B. Sukhotski, G. S. Marshalova, E. S. Danil chik
Specific Features of Calculating the Radiant Component of the Heat Flow Horizontal... 385

OCHAII[CHUE €€ N3MEPHUTEILHBIMU IPHOOPAMH, METOANKA U TIOPSATOK ITPOBEICHUS
OTIBITOB U3JIOKEHHI B [7, 12].

HccnenoBanus npoBoAWiIMCh B 1Ba 3Tana. CHavana MydyoK yCTaHABJIMBAJICS
MOJT IPSIMOYTOJIBHOM BBITSDKHOW IaxToi BbicoToir H = 0,52 M (puc. 2a) u ompe-
JEJISUIMCh €r0 TEIUIOOTAAIOIINE XapPAKTEPUCTHKH TIPH 1ty = ). 3aTeM OH ycTa-
HaBJIMBAJICS HAJ maxTou (puc. 2b, 3). [Ipudem Bo BTOPOM ciiyyae BO3IYX, IPO-
XOISIIMNA 4Yepe3 HCCIENAYEMBbIM OJHOPSAHBIA IYYOK, NPEABAPUTEIBHO IO0-
IpeBaJICS B JONOJIHUTEILHOM TPEXPSIIHOM ITyUKE, YCTAHOBJICHHOM I10/ LIaXTOH.
[Toporpes Bo3ayxa ObuT HEOOXOAMM JJIsi 0OECTIeYeHUs! TATH B IIaXTe M AJs pac-
LIMPEHNS UCCIIEAYEMOT0 IUara3oHa ONpeaeIsioel TEMIEPATYPHhI fyy = fyy.

b
D ¢
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Puc. 2. Cxema SKCTIEpUMEHTAIBHOH YCTAaHOBKH C Pa3MeIeHHEM OJHOPSAHOTO IMydKa 1o (a)
u Hax maxToi (b): 1 — nccaexyeMblii OHOPSTHEIN ITy40K; 2 — JOIOIHATEIbHBIH IPEIOIINH ITyI0K

Fig. 2. The scheme of experimental installation with placing of a single-row bunch under (a)
and above shaft (b): 1 — single-row bunch under study; 2 — additional heating bunch

=> @

Puc. 3. BKCHepIIIMeHTaJ'ILHaSI YCTaHOBKaA C ITYYKOM HaJ IIaXTOH

Fig. 3. Experimental installation with a bunch above the shaft
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CKOpOCTB BO3yXa B CXKATOM IOINCPEYHOM CCUHCHUU ITyYKa

w=——oms, 9

rae f..=InS,[1-d/S,] - wiomans cKaToro CeYCHMs IydYKa, M’; 71— UHCIO

TpyO B OHOM pyy ITydKa, # = 6 IIT.

B pesynpTate 0000IEHUS SKCHEPUMEHTAIBHBIX JaHHBIX 0 TEIUIOOTIAYe
OJHOPSAHOTO TOPU3OHTANBHOIO My4YKa, MPEACTABICHHBIX Ha pUC. 4, C OTKJIOHE-
HUEM, HE OpeBbIIaonuM 7 %, MoIy4eHO ypaBHEHHE

Nu = CRe™", (10)

rae C— xoaddumment npomopuuoHansHoctd, C=0,0114 ana S; =64 MM u
C=0,0096 mag S; = 70 mM.

a b
Nu Nu
3,0 3.0 %
2,0 2.0 /
o B HAJ AXTOH 1 /m Hanmaxtoit

10 s o7, maxmﬁi ,/ O IIIAXTOM
, ~ 1o (10) 1,0 K 1o (10)

P 1o (7) e o (7)
100 200 400 Re 100 200 400 600 Re

Puc. 4. 3aBucumocts uncna Hyccenbra oT yncna PeifHonbaca npu MexTpyOHOM mmiare S;:
a— 64 mm; b— 70 Mmm

Fig. 4. Dependence of the Nusselt number on the Reynolds number for annular step S;:
a— 64 mm; b—70 mm

VYpaBuenue (10) meiictBuTensHO B HMHTepBane u3MeHeHus Re = 130—-580,
dy/d, = 4,85-7,21. Ins ternodu3ndeckux CBOWCTB BO3AyXa MPH pacyeTe yuces
Hyccenbra n PeliHonbaca ompenensiomeii ABsuiach TeMIlepaTypa Bo3lyxa Ha
BXOJIC B ITYYOK #,, = (16—83) °C.

BbIBO/IbI

1. IlpemmoxeHHas METOAMKA pacdeTa JIy9UCTON COCTABIISAIONICH ITO3BOJIMIA
YTOYHUTH (OPMYJIBI [T pacdeTa TEIUIOOT/[a9d KOHBEKIIUEH OJJHOPSIHOTO Oope-
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OpEHHOTO My4YKa ¢ MAaXTOH B IUPOKOM JIMAIa30HE ONPENEIISIONIel TeMIepary-
pBI BO3yXa Ha BXOJE B IMyYOK.

2. HOJIyT-IeHHBIC OKCIICPUMEHTAJIBHBIC JAHHBIC ITO3BOJIAIOT CACIAaTh BBIBOI,

YTO NMPUMEHEHNE METOJMKHU pacueTa JIYIHUCTOW COCTABIISIONIEH I CBOOOIHOM
KOHBEKIIUU TIPU MPOBEJICHIH PACUETOB TEIJIOOTAAYH OTHOPSIHBIX OPEOPEHHBIX
ITy4YKOB C BBITSHKHOM IMIAXTOH MPUBOIUT K MOTPEITHOCTU B 7—25 %.
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