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Cnogoda M. O. EjaektporemyioMexaHiyHa cucreMa 0iora3oBoro peaxkrtopa s
(pepmepcbkuX rocnoaapers. Kpamidikamiiina HaykoBa mparis Ha paBax pyKOIHUCY.

Hucepraris Ha 3100yTTS CTymeHs Joktopa (¢imocodii 3a  cHemiajJbHICTIO
141 «EnexrpoeHepreTuka, eJIeKTPOTeXHIKa Ta eJlekTpoMexaHikay (14 «EnekTpuyuHa iHKeHepisn»).
HamionansHuii yHiBepcuTeT 6iopecypciB i mpuponokopucTyBanHas Ykpainu. Kuis, 2023.

VY aucepranii mpoBeACHO TOCIHIIKEHHS, 1[0 MAIOTh 32 METY IiJABHUIICHHS €HEPreTHYHOI
e(exTuBHOCTI TmporeciB iHTeHCHpiKalii 010ra30BOro BHUPOOHHUIITBA ILISAXOM 3aCTOCYBaHHS
€JICKTPOTEINIOMEXaHIYHOT CHCTEMH JIJIsi TIEpEeMIllyBaHHS Ta MiJIrpiBy cyOCTpary y 0iora3oBHX
peaxTopax.

[IpoBeneHo aHami3 ICHYHOYMX METOIIB  PO3PAaxyHKY CHCTEM IIepEeMillyBaHHS,
€JIEKTPUYHOI0 MIJIrpiBY Ta MaTeMaTHUYHMX MOJeJIel Ipoliecy aHaepoOHOro 30pOKyBaHHS
cyOcTpary Ta CUCTEM aBTOMATUYHOIO KepyBaHHS TEXHOJIOTTYHUMU IpoliecaMu. BusiBeHo HasiBHI
HENONIIKM y CHCTEMax NepeMilllyBaHHA Ta MiJirpiBy cyocrpary. OOIpyHTOBaHO IOULIBHICTH
3MEHIIICHHS! CHEePreTHYHHX BUTpPAT Ha TPOLECH IHTEHCHdiKalii aHaepoOHOTo 30pOMKYyBaHHS
[UIIXOM 1HTeTrpalii MpoleciB MepeMilllyBaHHs Ta eNEKTPHUYHOTO MiJIIrpiBy cyOcTpary.

IIpoBeneHi TeopeTWYHI JOCHIKEHHS  JIO3BOJIMJIM  CTBOPUTHU  €HEProe(eKTHUBHY
KOHCTPYKIIIIO ~ €JIEKTPOTEIUIOMEXaHIYHOI CHUCTEMH Ta METOAM YIMpPaBIiHHSA IMPOLECAMHU
nepeMillyBaHHs Ta €IeKTPUYHOTO MIJIrpiBy cyOcTpaTy y 010ra30BOMy peakTopi.

Bu3HaueHo paiioHanbHI KOHCTPYKTUBHI OCOOJIIMBOCTI €IEKTPOTEIIIOMEXaHIUHOT CUCTEMH,
K1 3a0€e3Meuyr0Th 3HWKEHHS BUTPATH €HEprii Ha MiJIrpiB Ta MepeMilryBaHHs.

Po3pobieHo MatemaTHUHY MOJENb, 32 SKOK BH3HAYEHO EHEPreTHYHI BUTPATH IS
nepeMilryBaHHs cyOcTpaTy y 010ra3oBoMy peakTopi y poboui Ta MyCKOBI MOMEHTH pyXY PI3HHX
TUMIB MEXaHIYHUX Mimanok. [IpoBeneHO MOPIBHSIIBHUN aHami3 THUXOXIAHUX MEXaHIYHUX
Mmimmanok. Bubpano pamioHaJbHUI TUIT MEXaHIYHOTO MEPEMILIYIOUOT0 MPUCTPOIO Ul CTBOPEHHS
€JIEKTPOTEIJIOMEXaHIYHOI cUCTeMU. BcTaHOBIEHO, 110 BUKOPUCTAHHS JABOSPYCHOI JIONATeBOl
MIIIAJIKK, Yy SKOi MO JBl JIONAaTi Ha sipyc BCTaHOBJEHI mif KyToMm 45 °, morpeOye HaiMeHIIOl
KUJIBKOCTI €Heprii Ha mepeMillyBaHHS cyOcTpary Ta 3a0esnedye YTBOPEHHS e(EeKTUBHO
JitouuxpaiiaJbHUX Ta OChOBUX IMOTOKIB Y CepeIoBUILI. Yepiue BUkopructaHo 3D mMozaentoBaHHS
JUIST BU3HAYCHHS EHEPreTUYHO €(EeKTUBHOTO PIBHSA MIBUJIKOCTI TIEPEMINIYIOYOTO OpraHy
€JIEKTPOTEIJIOMEXaHIYHOI CHCTEMHU 3 TOYKH 30pY KAPTHUHH TPAEKTOpIA MepeMillleHHs
€JIEMEHTapHUX O00’€MIB Ta MIBHJKOCTEH MOTOKIB CyOCTpaTy y TpPHOXBHMIPHOMY IPOCTOPI.
BusBneHO 3aKOHOMIpPHICTb, 32 SIKOIO MiJBUINEHHS YaCTOTH OOEpPTaHHS 3MEHINYE TPHUBAIICTb
Nepioly BCTAHOBJICHHS YCTAJCHOTO 3HAYCHHS pOOO0YOi MOTYXKHOCTI. YIepiie BCTaHOBIICHO, IO

3aJIe)KHICTh KUIBKOCTI BUTPAY€HOT €Heprii Ha O/IMH MOBHUM LIMKJI [TepeMilllyBaHHS cyOcTpary npu



30UTBIIIEHH] YacTOTH OOepTaHHs BiamnoBinae creneHeBid GyHkiii P=f(wa). Buznaueno wactory
oOepraHHs, 3a sKOi BiAOyBae€TbCs TOENHAHHS paliOHAIBHUX 3HAYCHb MOTYXHOCTI
MEPEeMIITyFOUOr0 TPUCTPOI0 Ta 3HAYCHHS TEIUIOBOTO IMOTOKY BiJ MOBEPXHI HArpiBaJbHOTO
HIPUCTPOIO.

BukopucTroByroun MeETOIM TEOPETUYHOI TEMJIOTEXHIKH, AaHaJITUYHOI MaTeMaTHKH,
pPO3pOOICHO pIBHSHHS TEIUIOBOTO OallaHCy 010ra3oBOro peakTropa 3a HASBHOCTI B HBOMY
€JIEKTPOTEIIOMEXaHIYHO CUCTEMH Ui MIEPEMIlIyBaHHS Ta €JIEKTPUYHOTO MiAIrpiBy cyOCTpary.
BcraHoBiieHo, 110 BTpara TeIla y HABKOJHUIITHE CEPENOBHUINE JJIA PI3HUX 00’€MiB 010ra30BHX
peaKkTopiB, HE3aJeKHO BiJ] TEMIEpaTypd HaBKOJIHMIIHBOIO CEPEJOBMINA Ta HasBHOCTI abo
BIJICYTHOCTI YTEIUTIOBAJIBHOTO WIapy, Ma€ HeNiHIHHWNA Xapakrep. BusBieHo, mo HasBHICTH
3a0pyJHEHHST Ha CTiHKax O10ra3oBOro peakTopa CTBOPIOE JIOJATKOBY TIEPEUIKOMY  JUIS
IPOXO/KEHHs TeIlIa, sIK 3 010ra3oBOro0 peakropa y HaBKOJIMIIHE CEPElOBMILE, TaK 1 HaBIAKH.
BcranoBieHo, mo 31 30UIbIIEHHSIM 4YacTOTH OOEpPTaHHS EJIEeKTPOTEeIIOMEXaHIYHOi CHUCTeMHU
KOC(QIIIEHT TEIUIOBIAAa4Yl Ta 3pPOCTAHHS 3HAYCHHS TEIUIOBOTO IMOTOKY MAlOTh HENIHIWHUH
XapaxTep, AK U1 HarpiBadiB i3 3a0pyIHEHHSIM OBEPXHi, TaK 1 IPU BiACYTHOCTI 3a0pyIHEHB.

BukopucroBytoun nudepeHuiagbHe Ta IHTErpajJlbHE 4YHCICHHS, a TaKoX METOIH
TEOPETUYHOI TEMJIOTEXHIKH, aHAJIITUYHOI MaTeMaTHKH, METOAU MOJCIIIOBaHHS IPOLECIB
1 TEXHIYHUX CHUCTEM, PO3POOICHO MaTeMaTHYHy MOJIEITb, 32 SIKOIO TIPOBEICHO JHHAMIYHUN aHai3
BUTpaT €HEeprii Ha mpouec TepMocTadimizamii 00’eMy cyOcTpary Npu HIAITPiBI €NEeKTPUUYHUM
HarpiBaJbHUM KaOeJeMm, 1110 pO3MILIeHUH Yy JIoNaTsaxX ABOSPYCHOI JIONATeBOi Milanku. BusHaueHo
KUJIBKICTh €Heprii, HeoOXiHOT Ha OAMH ILMKJI MiAIrpiBy cyOCTpaTy, HOro TPUBAIICTh Ta 3MiHY
TEeMIIepaTypu KOXKHOTO 00’ €KTY, KOTpUH MpUiiMae y4acTh y TemiooOMidi. Ha ocHOBI oTpumaHux
3aJICKHOCTEN 3MIHM TEMIIEpaTypu CyOCTpaTy Ta €JIEMEHTIB €JIEKTPOTEIIIOMEXaHIYHOI CHCTEMU
ynepiie OyJ0 BCTaHOBJIEHO, IO BpIBHOBAXEHHS TeMmIeparypu OO €KTIB BiZOyBaeThCs
HE OJIHAKOBO, SK 3a HAsSBHOCTI NEpeMIlIyBaHHs, TaKk 1 HOro BiACyTHOCTI. Ymepiie Oyino
BCTAaHOBJICHO, [0  EHEPreTUYHO  e(EeKTHBHINIE  BUKOPHUCTOBYBATH  OXOJOKCHHS
€JIEKTPOTENJIOMEXaHIYHOI CUCTEMU MIAIrPiBY IIPU BIJICYTHOCTI MEPEMIITyBaHHS.

Po3po0GneHo mporpamy NpoOBENEHHS €KCIIEPUMEHTAIBHUX TOCHIIKEHb Il OTPUMAaHHs
(akTUYHUX pe3yNbTaTiB JUHAMIKM 3MiHM TeMIlepaTypu cyOcTpary y 0i10rasoBoMy peakTopi
Ta BEJIMYMHM BUTPAYeHOi €Heprii Ha mpouec MIAIrpiBy Ta MepeMillyBaHHs CyOcTpary
3a BUKOPHMCTAHHS €JEKTPUYHOTO HarpiBajlbHOTO KaOeno, pO3MIIIEHOro Ha CTIHIl peakTopa,
Ta BapiaHTy PO3MILIEHHS HOro y JomaTsax ABOSPYCHOI jomnareBoi mimankd. OOpaHO METOTUKY
00poOKHM MacuBy 310paHUX eKClIepUMEHTAIbHUX JaHUX. CHpPOEKTOBAHO Ta BUTOTOBJIECHO JII0UY
¢i13uuHy  Mozenb  010ra3oBOoro  peakTopa 3 €JIEKTPOTEIUIOMEXaHIYHOI  CHCTEMOIO

JUIsL  TIepeMIlIyBaHHS Ta MiAIrpiBy CcyOCTpaTy 3 METOI0 MPOBENEHHSA  JOCIIKEHb



eHeproe(EeKTUBHOCTI CHCTEMH MIiJITPIiBy 3a PI3HUX PEKHUMIB poOOTH 010ra30BOTO peakTopa.
CIpo€eKTOBaHO Ta BUTOTOBJICHO PYXOMi KOHTAKTH [UI JKHMBJICHHS HAarpiBaJbHOTO KaOemto
Ta JATYUKIB TEMIIEPaTypH PO3MIMICHUX Yy Jomarsx Mimankd. CHHTE30BaHO Ta BUTOTOBIICHO
CUCTEMY aBTOMaTHYHOI peecTpallii oKa3aHb Ta KEPYBaHHS €JIEKTPOTEIIOMEXaHIYHOKO CUCTEMOIO.
[Tinibpano Ta 3MOHTOBAaHO AJisi 300py €KCIEPUMEHTAIBHUX JAHUX BUCOKOTOYHE BHMipIOBAJIbHE
oOnaHaHHs, SKe 1a€ MOXKIIMBICTD 3A1HCHUTH Oe3nepepBHUil 30ip JaHUX MPO: 3MiHY TeMIIEpaTypu
HarpiBaJpHOTO Kabenro, jJonarei MIIIajgKu, CTIHKA peakropa, cyOocTpary, 6iorasy, TeMiepaTypu
Ta BOJIOTOCTI HABKOJUIIHBOTO CEPEJOBHILA, CTPYMY CIIOKHMBAaHHS EJIEKTPUYHUM JABUTYHOM
Ta HarpiBaJbHUM KaOeneM. CHpPOEKTOBAHO Ta BUTOTOBJICHO NPUCTPIM A7 BUMIPIOBAHHS
KOHIICHTpaIlii Ta 00’eMy yTBOpeHOro Oiora3y. KOHCTpPyKIlif0 MPHCTPOIO 3aXHUIICHO MaTeHTOM
VYKpaiHu Ha KOPUCHY MOZEIIb.

[IpoBeneHO eKciepuMEHTaNbHI JOCTIPKEHHSI EHEepPreTU4HOi e(EeKTHUBHOCTI CHUCTEM
iHTeHcudikalii aHaepoOHOro 30po/KYyBaHHS Ta OTPUMAHO HACTYIHI Pe3yJIbTaTh:

—y TepioJl MOYAaTKOBOTO HArpiBy CyOCTpary JO TeMIleparypu 30pOIKYBAHHS CEPEIIHE
Ta MaKCUMaJIbHE 3HAUYEHHS TEMIIEpaTypH €JIEKTPHUYHOTO HArpiBaJbHOTO KaOeIto, PO3MIIICHOTO
y JIONaTsAX JABOSPYCHOI JIOMATeBOI MilllajKu, BiANOBiIHO Ha 15 1 12 % Oinble, a 4yac mo4yaTkoBOTO
HarpiBy cyOcCTpaTy 10 TemmnepaTtypH 30poKyBaHHS Ha 5 % MeHIIuH, y TOPIBHSIHHI 3 BapiaHTOM
PO3MIIIICHHS EJIEKTPHYHOIO HArpiBajJbHOrO Kabenmto Ha CTiHIi peakTtopa. Cucrema MigirpiBy,
BUTpayae Ha 6,6 % MeHIIe eHeprii Ha NOYAaTKOBUI HarpiB cyOcTpary [0 TemIiieparypu
30pOKYyBaHHSI TNpPU I[bOMY, CEpEeIHE 3HAYCHHS CHOXHMBAHOI TOTYKHOCTI €JIEeKTPHUYHUMHU
HarpiBadyamMu 3MeHImiocd Ha 1,5 %, a eneKkTpuyHHi [BUTYH MNEPEeMIlIyIuoro MPHCTPOIO
BUTpadae Ha 5,3 % MeHIIe eHeprii;

— Y NOPIBHSIHHI 3 BapiaHTOM PO3MIIIEHHS €JIeKTPUYHOTO HarpiBajabHOrO KaOesto Ha CTIHII
peaxkTopa TPUBAJICTh OXOJIOJUKEHHS CyOCTpaTy MpU pO3MIlLIEHHI €JIeKTPUYHOrO HarpiBajbHOIO
Ka0eJIro y JIonaTax Milaiku Ha 25,2 % Ouiblile, a MakCUMallbHE 3HaYeHHS TeMIIepaTypH cyocTpary
Ha 0,12° C Oinbiie, Ipu bOMY, TPUBAIICTh MIATPUMKH MaKCHUMAaJIbHOI TeMIIepaTypu cyOcTpary
Ha 59,3 % Ounpme. CepenHe 3HaYEHHSI TEMIIEpaTypy HarpiBaabHOTO Kabemto Ha 5,4 % Ouibie,
MiHiMaJbHe 3HaueHHs Ha 4,5 % Oinbire. OxonomkeHHs kabemnro 10 remmneparypu 36,5° C npu itoro
PO3MIIIIEHHI Yy JIonaTsax Millajaky BigOyBaeTbes Ha 85,1 % noBinbHilIe;

—3a OJHOTO IMKJIY TepMOcCTalimi3armii cyOCTpary cepeaHe Ta MaKCMMallbHE 3HAuyeHHS
TEMIIepaTypy €JIEKTPUYHOTO HAarpiBajJbHOTO KaOemro, PO3MIMIEHOTO Y JIOMaTsIX ABOSIPYCHOL
jonareBoi Millajku, BiAmoBiaHO Ha 9,5 Tta 12 % Oinblue, HOK E€IEKTPUYHOTO HArpiBaIbHOTO
Ka0eJro, po3MILIEHOT0 Ha CTIHII peakTopa, MpU LbOMY, JOCATHEHHS MaKCHMAaJbHOTO 3HAYEeHHs
TEeMIEpaTypy HarpiBajbHOro KaOenro mpH MOro po3MilleHH] y JIONaTsax MIIIaJKU BigOyBaeThCs

Ha 63,3 % mBuame. MiHiMalbHEe 3HA4Y€HHA TEMIEpaTypu cyOcTpary MpuU BHUKOPUCTaHI



€JICKTPOTEINIOMEXaHIYHOT CHCTEMH JIJIs TIepeMilTyBaHHs Ta miairpisy Ha 0,2° C meHIie, cepene
3HaueHHs Ha 0,22° C Ounblne, MakcuMalibHe 3HadeHHs Oiabine Ha 0,2 %. JlocsarHeHHs
MaKCHMaJbHOTO 3HA4YECHHs TeMIeparypu cyoOctpary BinOyBaerbcs Ha 20,2 % mBumme. Toxi
SK EJIEKTPUYHHM JIBUTYH MEPEMINIyI0d0ro MpUCTporo BUTpadae Ha 21 % MeHie eHeprii Ha OuH
LUKJI [IepeMilllyBaHHs cyOCTpaTy 3a TeMIiepaTypy HaBKOIHUIIHLOro cepenopuia 7° C. TpuBanictb
nigirpiBy cyocrpary no temmneparypu 35,8° C menme Ha 20,2 %, y MOpIiBHAHHI 3 PO3MILICHHAM
HarpiBaJbHOTO Ka0eIo Ha CTIHII PeakTopa;

— BUSIBJICHO, 110 32 BUKOPUCTAHHS «pAal[lOHAJbHOI» CHCTEMHU EJIEKTPUYHOTO MiAIrpiBy,
BMOHTOBaHO{ y JIOmaTi MiIIaJKK, 3a OJHAKOBUIl IMepiof] eKCHEepPUMEHTaIbHUX IOCIiIKEHb
(168 ron) yrBOpHMiocs Ha 6,8 % Oinbmie Oiorasy, Mpu OMY BMICT MeTaHy Ounbine Ha 3,5 %,
BYIJICKHCIIOTO Ta3y MeHImmi Ha 4 %, pemTu rasziB MeHmmd Ha 8,2 %, HIK IpU «KJIACHYHIN»
CUCTEMI eNIEKTPUYHOTO MiJIIrPiBy CyOCTpary;

— BU3HAUCHO BIAXWJICHHA MK TEOPETUYHUMHU Ta E€KCIIEPUMEHTAIbHUMHU JAaHUMU 3MIHU
TEMIEPATypu CyOCTpary MpU PO3MIMIEHI EJIEKTPUYHOTO HArpiBAJIBHOTO KaOemio y JIOmaTsax
€JIEKTPOTEITIOMEXaHIYHOI CUCTEMHU 3a CepelHbOI0 TeMmrepaTryporo ckiamae 0,1 %, BigxuieHHS
3a 3HaUYEHHSM MakcuMalbHOI Temnepatypu — 0,076 %. MakcuManbHe BiIXUIICHHS TeMIIepaTypu
cyoctpary cranoButh 0,29 %. BinxuieHHS 3HAXOOATHCA Y MeXax MOXMOKH BHUMIPIOBAHHS.
TeopeTnyHO BH3HAUCHE 3HAYCHHS KUIBKOCTI BUTPAYEHOI €HEprii Ha Mporec MigirpiBy cyocrpary
3a BUKOPHUCTaHHS EJIEKTPUYHOTO HArpiBaJIbHOTO Kalemro, pO3MIIMIEHOTO Yy  JIONaTsxX
eJIeKTPOTEIIIOMEXaHIuyHOi cucteMu, ckiagae W2=325987.2 JIx, a KiITbKICTh BUTPAYE€HOT EHEeprii,
sKa OTpUMaHa y XOJi MPOBEIEHHS eKCIepUMEHTAIbHUX AOCTiIKeHb, ckiaanae W2=310667 JIx,
mo Ha 4,7 % wmenme. BiIxuieHHS MIX TEOPETUYHHMHU Ta EKCIEPUMEHTATbHUMHU JTaHUMHU
3HAXOMUTHCA y MEXaX HOPMAIBHO JIOITYCTHMOTO BiIXWJICHHS HANPYTH JKUBICHHS €JICKTPUIHUX
HarpiBauiB.

ITpoBeneHi TeopeTUYHI Ta EKCIIEPUMEHTAIbHI JOCTIKEHHS MTOKa3aJIH, 110 «palioHaIbHA)
cHUCTeMa — BHKOPHUCTAHHS EJIEKTPHYHOTO HArpiBajbHOTO KaOeiro, BMOHTOBAaHOTO Y JIOMAaTi
JIOTIaTeBOi JABOSPYCHOI MIIIAJKU — € OUIbII EHEPreTMYHO €QEKTUBHOK Yy IOPIBHSHHI
3 «KJIACUYHOIO» — EJEeKTPUYHUN HarpiBajJbHUHA Kabeiab pO3MIIIEHO Ha CTiHII 0iora3oBoro
peakropa. IliaBuieHHs eHepreTHuHOi €(EeKTHUBHOCTI BiIOyBa€ThCS 3a PAXyHOK 3MEHILICHHS
TPUBAJIOCTI MPOIECY MIAIrPiBY, a BIAMOBIIHO, 1 MepeMillyBaHHs cyOcTpaty. BiamnosinHa ekoHOMis
3a 9acoM IS MIJITPiBy Ta MepeMinTyBaHHs cTaHOBUTH Bif 1,9 10 20,2 %; ekoHOMIsl eHeprii s
HiJIrpiBy 3HAXOAUTHCA y Mexax Bin 8,4 mo 27,2 %; nns nepemimryBanus — Bix 0,3 mo 21 %,
B 3aJIEKHOCTI BiJl TeMIepaTypy HaBKOJIHUIIIHBOTO CEPEIOBUILA.

Po3paxoBano piuHy eHepreTnyHy e(EeKTHBHICTh MPOLECY HiJIrpiBy Ta MepeMillyBaHHS

cyOcTpary y 010ra30BOMy peakTOpi 3a BUKOPHCTAHHS EJIIEKTPUYHOTO HArpiBaJbHOTO KabOelto,



BMOHTOBAHOTO Yy JIOMAaTi ABOSAPYCHOI JIONATeBOi MiIIainku, ska ckiagae 18,1 % (219,472 M/1x),
cepen sxux 13,1 % (195,072 MIx) — enexktpuunuii migirpie Ta 5,0 % (24,4 MIx) —
nepeMilryBaHHs CyOcTpary.

Ha ocHOBi oTpuMaHuX pe3yabTaTiB TOCIIHKEHb 3alPOIIOHOBAHO METOIU BJOCKOHAJICHHS
CHUCTEMH €JEKTPUYHOTO MIiAIrpiBy Ta MepeMilnyBaHHs cyOcTpaTy y 010ra3oBOMYy peakTopi,
SKI Jal0Th 3MOTY MiJABHIIUTH EHEPreTUYHy e(EeKTUBHICTh Ta MiABHIIUTH pPEHTAOCIbHICTH
6iora3oBoro BUPOOHUIITBA. Koncrpykiito €JIEKTPOTEIIIOMEXaHIUHOT CUCTEMHU
JUIS TIepeMINTyBaHHS Ta MIiIrpiBy cyOcTpary y 010ra30BOMYy peakTopi, 3aXHIIECHO IMMaTeHTaMH
VkpaiHu Ha BUHAXiJ Ta KOPHUCHY MOJIEIb.

Kuro4oBi cj10Ba: enexkTpoTeruioMexaHiqyHa CUCTEMA, TEIUIO0OMiH, SICKTPUIHHNA MPUBI/,
aHaepoOHe 30pOo/pKyBaHHS, €HEProe(PeKTHBHICTH, IEPEMINIyBaHHS, CyOCTpaT, MareMaTHYHA
MOJIEIb.
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In the dissertation, research was conducted with the aim of increasing the energy efficiency
of biogas production intensification processes by using an electrothermomechanical system
for mixing and heating the substrate in biogas reactors.

The existing methods of calculation of mixing systems, electric heating and mathematical
models of the process of anaerobic fermentation of the substrate and systems of automatic control
of technological processes were analyzed. Existing shortcomings in the systems of mixing
and heating the substrate were revealed. The expediency of reducing energy costs for the processes
of intensification of anaerobic fermentation by integrating the processes of mixing and electric
heating of the substrate is substantiated.

The conducted theoretical studies made it possible to create an energy-efficient design
of an electrothermomechanical system and methods of managing the processes of mixing and
electric heating of the substrate in a biogas reactor.

The rational design features of the electrothermomechanical system are defined, which
ensure a reduction in energy consumption for heating and mixing.

A mathematical model was developed, according to which the necessary energy costs
for mixing the substrate in the biogas reactor during the working and starting moments

of movement of various types of mechanical stirrers were determined. A comparative analysis



of low-speed mechanical mixers was carried out. A rational type of mechanical stirring device was
chosen to create an electrothermomechanical system. It was established that the use of a two-tier
paddle mixer, in which two paddles per tier are installed at an angle of 45 °, requires the least
amount of energy to mix the substrate and ensures the formation of effectively acting radial and
axial flows in the medium. For the first time, 3D modeling was used to determine
the energyefficient speed level of the stirring body of the electrothermomechanical system from
the point of view of the picture of the trajectories of the movement of elementary volumes and the
speeds of substrate flows in three-dimensional space. A regularity, has been revealed, according
to which an increase in the rotation frequency reduces the duration of the period of establishing
a stable value of the working power. It was established for the first time that the dependence of the
amount of energy spent on one complete cycle of mixing the substrate with an increase in the
rotation frequency corresponds to a power function P=f(wa). The rotation frequency at which the
rational power values of the stirring device and the value of the heat flow from the surface of the
heating device is combined is determined.

Using the methods of theoretical heat engineering and analytical mathematics, the equation
of the heat balance of the biogas reactor was developed in the presence of an
electrothermomechanical system for mixing and electric heating of the substrate. It was established
that heat loss to the environment for different volumes of biogas reactors, regardless of the ambient
temperature and the presence or absence of an insulating layer, has a non-linear nature. It was
found that the presence of contamination on the walls of the biogas reactor creates an additional
obstacle for the passage of heat, both from the biogas reactor to the environment and vice versa.
It was established that with an increase in the rotation frequency of the electrothermomechanical
system, the heat transfer coefficient and the increase in the value of the heat flow have a non-linear
nature, both for heaters with surface contamination and in the absence of contamination.

Using differential and integral calculus, as well as methods of theoretical heat engineering,
analytical mathematics, methods of modeling processes and technical systems, a mathematical
model was developed, according to which a dynamic analysis of energy consumption for the
process of thermal stabilization a substrate volume when heated by an electric heating cable placed
in the paddles of a two-tier paddle mixer. The amount of energy required for one substrate heating
cycle, its duration and the temperature change of each object participating in the heat exchange
were determined. Based on the obtained dependences of changes in the temperature of the substrate
and elements of the electrothermomechanical system, it was established for the first time that the
temperature equilibration of objects does not occur in the same way, both in the presence of mixing
and in its absence. For the first time, it was established that it is more energy efficient to use the

cooling of the electrothermomechanical heating system in the absence of mixing.



A program of experimental research has been developed to obtain actual results of the
dynamics of changes in substrate temperature in a biogas reactor and the amount of energy spent
on the process of heating and mixing the substrate using an electric heating cable placed on wall
of the reactor and the option of placing it in the paddles of a two-tier paddle mixer. The method
of processing the array of collected experimental data was chosen. A functioning physical model
of a biogas reactor with an electrothermomechanical system for mixing and heating the substrate
was designed and manufactured in order to conduct research on the energy efficiency of the heating
system under different operating modes of the biogas reactor. Movable contacts for powering the
heating cable and temperature sensors placed in the stirrer paddles were designed and
manufactured. A system for automatic registration of readings and control of an
electrothermomechanical system was synthesized and manufactured. High-precision measuring
equipment was selected and installed for the collection of experimental data, which makes
it possible to continuously collect data on the change in temperature of the heating cable, the stirrer
paddles, the wall of the reactor, the substrate, biogas, temperature and humidity of the
environment, the current consumption of the electric motor and the heating cable. A device for
measuring the concentration and volume of the produced biogas was designed and manufactured.
The design of the device is protected by a Ukrainian utility model patent.

Experimental studies of the energy efficiency of anaerobic fermentation intensification
systems were conducted and the following results were obtained:

— during the initial heating of the substrate to the fermentation temperature, the average
and maximum temperature values of the electric heating cable placed in the paddles of the two-
tier paddle mixer are 15 and 12 % higher, respectively, and the time of initial heating of the
substrate to the fermentation temperature is 5 % shorter compared to the variant placement of the
electric heating cable on the reactor wall. The heating system consumes 6,6 % less energy for the
initial heating of the substrate to the fermentation temperature, at the same time, the average power
consumption of electric heaters has decreased by 1,5 %, and the electric motor of the stirring
device consumes 5,3 % less energy;

—compared to the option of placing the electric heating cable on the reactor wall,
the duration of substrate cooling when the electric heating cable is placed in the mixer paddles
1s 25,2 % longer, and the maximum value of the substrate temperature is 0,12° C more, at the same
time, the duration of maintaining the maximum temperature of the substrate is 59,3 % longer. The
average value of the temperature of the heating cable is 5,4 % higher, the minimum value is 4,5 %
higher. Cooling of the cable to a temperature of 36,5° C when it is placed in the stirrer blades

is 85,1 % slower;



— during one cycle of thermal stabilization of the substrate, the average and maximum
temperature values of the electric heating cable placed in the paddles of the two-tier paddle mixer
are 9,5 and 12 % higher, respectively, than the electric heating cable placed on the wall of the
reactor, at the same time, reaching the maximum value of the temperature of the heating cable
when it is placed in the mixer paddles is 63,3 % faster. The minimum value of the temperature
of the substrate when using an electrothermomechanical system for mixing and heating at 0,2° C
smaller, the average value is 0,22° C larger, the maximum value is greater by 0,2 %. Reaching the
maximum substrate temperature is 20,2 % faster. Whereas, the electric motor of the stirring device
spends on 21 % less energy per cycle of mixing the substrate at ambient temperature 7° C. The
duration of heating the substrate to a temperature of 35,8° C is 20,2 % less than when the heating
cable is placed on the reactor wall;

— it was found that using the "rational" electric heating system installed in the stirrer blade,
for the same period of experimental research (168 hours), 6,8 % more biogas was formed, while
the methane content was 3,5 % more, carbon dioxide smaller by 4 %, the remaining gases are
smaller by 8,2 % than with the «classical» system of electric heating of the substrate;

—the determined deviation between the theoretical and experimental data of the
temperature change of the substrate when the electric heating cable is placed in the paddles of the
electrothermomechanical system is 0,1 % for the average temperature, and the deviation for the
maximum temperature value is 0,076 %. The maximum deviation of the temperature of the
substrate is 0,29 %. Deviations are within the measurement error. The theoretically determined
value of the amount of energy spent on the process of heating the substrate using an electric heating
cable placed in the paddles of the electrothermomechanical system is W>=325987,2 J, and the
amount of spent energy obtained during experimental research is W>=310667 J, which is 4,7 %
less. The deviation between theoretical and experimental data is within the normal permissible
deviation of the supply voltage of electric heaters.

Conducted theoretical and experimental studies have shown that the «rational» system —
the use of an electric heating cable mounted in the paddles of a two-tier paddle mixer — is more
energy efficient compared to the «classic» one — the electric heating cable is placed on the wall
of the biogas reactor. An increase in energy efficiency occurs due to a decrease in the duration
of the heating process, and accordingly, the mixing of the substrate. Corresponding savings in time
for heating and mixing range from 1,9 to 20,2 %; energy savings for heating range from 8,4
to 27,2 %; for mixing — from 0,3 to 21 %, depending on the ambient temperature.

The annual energy efficiency of the process of heating and mixing the substrate in the

biogas reactor using an electric heating cable mounted in the paddle of a two-tier paddle mixer



was calculated, which is 18,1 % (219,472 MJ), where, respectively, 13,1 % (195,072 MJ)
is electric heating and 5,0 % (24,4 MJ) is mixing the substrate.

Based on the obtained research results, methods of improving the system of electric heating
and mixing of the substrate in the biogas reactor are proposed, which make it possible to increase
energy efficiency and increase the profitability of biogas production. The design
of an electrothermomechanical system for mixing and heating the substrate in a biogas reactor
is protected by patents of Ukraine for an invention and a utility model.

Key words: clectrothermomechanical system, heat exchange, electric drive, anaerobic

fermentation, energy efficiency, mixing, substrate, mathematical model.



