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HucepratiitHa po6oTa NpUCBsIY€HA KOMILIEKCHOMY JOCIIIKEHHIO TEMIOBUX
MPOLECIB 1 KIHETUKH BIAHOBIEHHS 3aJ1130-PYIHO-BYTIIBHUX OpHUKETIB B yMOBAaX
IHIYKIIMHOTO HarpiBy, a TakKoX pO3pOOIl TEXHOJOTIYHOI CXEMH OTpPUMAHHS
BIJIHOBJIEHOTO 3aJli3a Ta BUIUIABKH CTAJIl B IHAYKLIMHIN Teyl.

B anamiThyHi YacTHHI pOOOTHM BUKOHAHO OIVIST CyYaCHHX TEXHOJOIIH
MPSIMOTO BITHOBJICHHS 3ajli3a, MOKAa3aHO iXHI MepeBaru Ta OOMEKEHHsS, 30KpeMa:
OOMEXEeHHSI 1HTEHCHUBHOCTI MPOIECIB BIJHOBIEHHS dYepe3 omip Audy3iiHUX Ta
TEIUIOBUX MOTOKIB y YaCTKaX IIMXTOBUX MarepialiiB; 0OMEXEHHS TeMIeparyp ras3is
y peakIliiiHii 30H1 MIAXTHUX PEAKTOPIB a TAKOX BIJICYTHICTh €()EKTUBHUX PIIICHb
JUTSL TIOKPUTTS TETUIOBUX Je(IIUTIB €HIOTEPMIYHUX PEaKIif y peakTopax y pasi
M1JIBUIIIEHHS YACTKU BOJIHIO Y MOTOIIl T'a31B-BiIHOBHUKIB.

Crnuparoynch Ha MPOBEACHUM aHajl3 JITEPATYPHUX JIXKEPEIT 3alIPONOHOBAHO
HOBY CXeMYy Ipoilecy TBep0(ha3HOTO BIJHOBICHHS OKCHUJIB 3alli3a Ta MOAAIBIIOTO
BUPOOHUIITBA BHUCOKOSIKICHOI CTajll 3 TEPBOPOJAHOI 3alli3HOT PYyIU B OJHOMY
MeTaypriiHoMy arperari — IHAYKLIHHIA medl. (s peamizamii Takoro mpouecy
3alpONIOHOBAHO HOBHUM CKJIaJ OpHKETIB 10 MalTh y CBOEMY CKJIAJl NEPBUHHY
3a1130PYIHY CKJIAJ0BY, BYT1JUIS Ta CKJIaJIOBY 3 METAJII30BaHOTIO 3aji3a. Taki OpukeTu
€ CaMO-BIJHOBIIIOBAJbHUMHU OCKIIBKM MAalOTh B CBOEMY CKJIaJl BIAHOBHHK Y
CTEX1IOMETPUYHOMY CIIBBIJTHOIIEHHI 0 KUCHIO OKCHJIB 3aJli3a PYIHOI CKJIaI0BO1
yChOTO OPUKETY Ta CaMO-pO3IrpiBalOYMMHU B YMOBaX 3MIHHOTO €JIEKTPOMArHiTHOTO

TOJISI OCKIJIBKU MICTSATh Y CBOEMY CKJIaJl METaJIEBY CKJIAJ0BY, T€OMETPUYHI PO3MIpHU



KO MIIOMPaOThCs Yy BIJAMOBIAHOCTI 0 HapaMEeTpiB €IEeKTPOMArHiTHOIO TMOJIS
IHIYKIIIMHOT Tedi Ta 3a0e31euyoTh €(DeKTUBHUI PO3IrPiB yCHOTO OPUKETY.

VY 3anponoHOBaHOMY OpHKETI BHUKIIIOYAIOTHCS OOMEXEHHS IO MPHUCYTHI Y
CydYaCHUX TEXHOJIOTIAX NpsIMOro BiaHOBIEeHHS. [lo-mepie, TemioBa eHepris
BUBLIBHSETHCS Y BCbOMY 00’ €Mi BceperHl OpUKETY dyepe3 piBHOMIPHUN PO3MO/LI
MeTaJieBO1 (HarpiBajabHO1) CKJIAJIOBOI y IIUXTI TaKUM YHUHOM IO BCbOMY 00’€My
OpHKETY CTBOPIOETHCA PIBHOMIpHE TemIepaTrypHe mnosie 0e3 hopMyBaHHS 3HAUHHX
rpanaieHTiB. Lle miaBuIIy€e piBHOMIPHICTh HArpiBY HIUXTH Ta IHTEHCUBHICTD IIPOILIECY.

[To-gpyre, piBHOMIpHUNM PO3NOALT JPIOHOAMCIEPCHUMHU YaCTUHKAMU
BIJIHOBHUKA (BYTUJUIs), 1 OKCU/IB 3alli3HOT PyAH (3ali30pyJHOTO KOHIEHTPATY) Y
IIMJIBHOMY IIapi B 00’ €M1 OpUKETY, @ TAKOXK 13 IHTEHCUBHUM Ta I0CTATHIM PUTOKOM
TEIUIOTH BiJl METAJIEBO1 HArpiBajIbHOI CKJIaJI0BOI, (HOPMY€E YMOBH JiJisi IHTEHCUBHOTO
MPOTIKAHHS EHJOTEPMIYHUX XIMIYHUX peakiiid rasudikaiii BYIIEII0 BYTUJUIS Ta
B1IHOBJICHHSI OKCHUJIIB 3a/113a OPUKETY.

[To-Tpere, HAasABHICTh METAJIEBOI CKJIaJ0BOI y CKJIaal OpPUKETIB 1a€ 3MOTY IS
MOKPUTTA Je(PIUUTIB TEIUIOBUX OajaHCIB €HAOTEPMIYHUX PEaKIii ycCiX JaHOK
nporiecy rasudikaiii ByIJICHI0 Ta BIJIHOBIEHHS 3aii3a, 10 BIJKPUBAE HIUPOKI
MOXJIMBOCTI 70 301IbIIEHHS BHUKOPHUCTAaHHS BOJHIO Y TIpoOIecax MPsSMOro
B1IHOBJICHHS 3aJ113a.

BaxinBo BIA3HAYUTH 110 BHUKOPUCTAHHS BOAHIO Yy TMO€JHAHHI 13
3aMpONOHOBAHUMU OPUKETAMU Ja€ 3MOTY BUKOPHMCTOBYBATH BOJACHB JIUIIE B SIKOCTI
BIJIHOBHUKA OCKIUJIbKM TOKPUTTA TEIUIOBUX TMOTPEO EHAOTEPMIUHHUX peaKIii
BIJIHOBJICHHSI BIJOYBAa€ThCSl 3a PAXyHOK €(EKTUBHOIO TMEPETBOPEHHS EHeprii
€JIEKTPOMArHiTHOrO MOJds 1HAYKUIAHOI INe4l Ha JKOYJEBY TEIUIOTY BCEpEauH1
MaTepialy 110 BiIHOBIIOETHCS.

[IpoBeneHo aHaii3 MEXaHI3MIB HarpiBy METaJIE€BUX YAaCTUHOK Y 3MIHHOMY
€JIEKTPOMArHiTHOMY TIOJIi, BCTAHOBJEHO 3aKOHOMIPDHOCTI Ta TpaHUYHI YMOBHU
e(DeKTUBHOTO HarpiBy MeETaJeBUX YacToK cdepuunoi ¢opmMu B yMoOBax
IHIYKIIMHOTO BIUIKMBY, PO3PaxoBaHO MapaMeTpU reOMETPUYHUX PO3MIPIB YACTHHOK

Ta HaBEJICHO 3aJIEKHOCTI YaCTKU 3aJli3a B IIUXTI B1J 4aCTOTH 3MIHHOTO CTPYMY B



IHAYKTOP1 IHIYKUIMHOI nedl s marepiany okarumis DRI, 3okpema mokazaHo mo
BOXJIMBUM YWHHUKOM €(EKTHUBHOTO HarpiBy METajJeBOro Tiuila MPOBIAHUKA
chepuuHoi GpopMH € BIAMOBIIHICTH MOTO JIIAMETPY 0 YACTOTH 3MIHHOTO CTPyMY
IHAYKTOpA Meyl.

Buxonsun 3 aHamizy JITEpaTypHUX JOKEpEJT BHU3HAYEHO IO YyMOBaM
e(DeKTUBHOTO HArpiBy METAJNEBUX YacTOK cPepudHoi (GopMH BIAMNOBIIATUMYTh
CHIBBIAHOLIEHHS AlaMeTpy TaKMX YaCTOK O TOBLUIMHU CKIH-IIapy Y MeXxax Bija 2 10
4. BcTaHOBIEHO IO AJIs IHAYKIIMHUX Ne4eld CepeIHbOl YaCTOTU 3MIHHOTO CTPYMY
Bix 0,5 mo 10 k'l € AOLIBHUM BHKOpPUCTAHHSI MeTani3oBaHux okatumiie DRI 3
paziycoM Bil 5 10 8§ MM y SIKOCTI HarpiBadiB y CKJaJl 3aJ1i30-pyIHO-BYTUIbHUX
OpUKETIB.

Buxonsum 13 cpopMOBaHUX YsBIEHb Ta BHCHOBKIB I0J0 MaKCHUMAaJIbHOI
e(heKTUBHOCTI MPOIIECY MPSMOTO BiTHOBIICHHS OKCHU/IIB 3ajii3a y AP1OHOANCTIEPCHIN
¢dopmi B O6e3m0cepeIHbOMY KOHTAKTI 13 BIZHOBHUKOM (BYIJIELIEM BYTLLIS TAKOX Y
npioHOMUCTIEpCHIN GopMi) Y HIIIBHOMY IIApl Yy CKJAAl OPUKETIB 13 OJHOYACHUM
IHTEHCUBHUM JDKEPEJIOM TEIUIOTH BcepeAuHl Opukery Oyno moOy1oBaHO
MaTeMaTH4Hy MOJEJb Ta MPOBEJEHO YUCEIbHE MOAEIIOBAHHS MPOLECy HArpiBy Ta
BIJIHOBJICHHS! OKCHJIB 3ajli3a Y CKJIaJl PyIHO-BYT'UIbHOI cyMilll OpUKeTy c(heprUuHOi
dhopMH 13 METAJICBUM SIAPOM.

Y MaremaruyHOMYy MOJEIIOBaHHI Oyj0 BpaxoBaHO I1HAYKLIMHUN Harpis
METaJIEBOTO si/ipa OpUKETY B yMOBaX 1HAYKIIHHOTO HArpiBy Ta pO3MOALI TEIUIOTH SIK
BCEpPE/IMHI I[HOTO s/ipa TaK 1 HA30BHI y MPOIIEC] HArpiBy Ta PO3MOJLTY TEIJIOTH B
mapl pyAaHO-BYTUIbHOI cyMilni OpukeTy. BpaxoBaHO HEpIBHOMIPHICTh HarpiBy
BCEPE/IMHI METaJEeBOTO sipa BHACHIOK HEPIBHOMIPHOTO PO3MOALLY MILIBHOCTI
BUXPOBUX CTPYMIB y IIapax cPepuyHOro mpoBigHUKA (s11pa). Y pyaHO-BYTUIBHUX
1apax BpaxoBaHO KIHETUYHI Ta TEPMOAMHAMIYHI YMOBHU MOCII1IOBHOTO MPOTIKAHHS
XIMIYHHX peaKiliil BIITHOBICHHS OKCHUIIB 3aji3a Ta razudikaiii Bymieito. BpaxoBaHo
BIUIUB TEIUIOBUX €(EKTIB XIMIUHUX PEaKI[Ii Ta KIHETUKY PEaKIiil BITHOBJICHS.

AJIeKBaTHICTh MaTEMaTUYHOT MOJieNl OyJIo MepeBipeHO Ha OCHOBI BIIPUTUX

CKCIICPUMCHTAJIbHUX JaHHUX Ta 6}0’[0 AOCATHYTO MaKCHUMaJbHOI TMOXHOKH



pPO3paxyHKOBHX 3HAue€Hb Temmeparyp Ha piBHI 5-8% i TeMmeparypHOro
nianazony 500-1200°C. Pe3ynbratu 4MCEIBHOTO MOCIIOBAHHS TO3BOJIUIU 3pOOUTH
BHCHOBKH MPO HEOOX1IHICTh KOHTPOJIIO TEMIIEPATypH sAJIpa OCKUIBKA caMe B HbOMY
CHOCTEPIraeThCs HAWIIBUAIIE 3POCTAaHHA TEMIIEpaTypyd B yMOBaX IHIYKUIAHOTO
HarpiBy. TpHuBaliCcTh HarpiBy BCbOro 00’€My PYIHO-BYT1IbHOI CyMmilll OpUKETY Bij
METajJeBoro sapa Moke aopiBHOBaTH Big 10 mo 30 XBWJIMH B 3aJI€KHOCTI Bij
JOKJIAJIEHOT €NEKTPUYHOI MOTYKHOCTI 1HAYKIIHHOI edi, TEOMETPUUYHHUX PO3MIpPIB
METaJIEBOTO sipa Ta BCboro opukeTy. [Ipu npomy IiMiTyr04uM (HaKTOPOM IIBUAKOCTI
HarpiBaHHs OpHUKETy 1 $K HACHiIOK IIBHAKOCTI TMpolecy TBepaodazHoro
BIIHOBJICHHSI Oy/le caMme TemIeparypa LEHTpy MeTajeBoro sapa. HaseneHo
pe3y/bTaTd MaTeMaTUYHOTO MOJENIOBAHHS 3HAYEHHSI TEIJIOBOI IMOTYXKHOCTI
IHIYKIIIHOTO TOJIS eyl MPOTATOM 4Yacy HarpiBy OpUKETY 3 METaJEeBUM SIJIPOM 3a
yMOBU 30epiraHHs TBepA0da3HOTO CTaHy VYCIX KOMIIOHEHTIB 3alli30-pyJaHO-
BYT'JIbHOTO OpUKETY.

JlaHi MOJIeNtOBaHHS MOKa3ylOTh, 110 y MPOIeci HarpiBy Ta TBepA0¢ha3HOTOo
BIJIHOBJICHHS HAWOMMXK4l O METAJIEBOIO SApa IIApH PYAHO-BYTUIBHOI CYMIIII
OpukeTy OylyTh BITHOBIIOBATUCH 10 METAJIYHOIO CTaHy LIBHUJIIE Yepe3 OUIbIly
IIBUJIKICTh HArpiBy Iux IapiB. CBIXKEBIJHOBJICHE 3aji30 TaKUM YHUHOM Oylie
YTBOPIOBAaTH HOBI1 30BHIIIHI IIapXU METAJIEBOTO si/ipa 30UIBIIYIOUM HOTO JIIaMETpP Ta
TEIUIOBY MOTYXHicTb. Ile poOuth mpolec HarpiBy B TakoMy OpHUKETi
ABTOKATOJIITUYHUM Ta BUMAarae 3MEHIIEHHs TEIIOBOI MOTYKHOCTI 1HAYKTOpa meuvl
yepes 3MiHy a00 HampyKeHHsI MarHiTHO1 1HAyKIiT Ha 0-30% a0 4acToTH 3MIHHOTO
ctpymy Ha 0-50% BiJ TOYaTKOBOTO 3HAYEHHSI.

Hageneni B poOOTI IaHH1 CTOCYIOTHCS MIPOIIECY BIAHOBJICHHS OKCHUJIB 3aji3a
y CKJIaJl OpPUKETIB 110 MPOXOJUTh B YMOBax BIUIUBY €JIEKTPOMArHITHOTO MOJIS
IHIYKIIIHOT meul. byno mpoBeaeHo aHami3 JITepaTypHUX JKEPeNl Ta pe3yabTaTiB
EKCIIEpUMEHTAIbHUX  JIOCHI/PKEHHb  IIOJI0 BUBYEHHS  BIUIUBY  3MIHHOTO
€JIEKTPOMArHiTHOTO MOoJisi TPOMHUCIIOBOi Ta cepeanboi yactotu (0,05-50 xI'm) Ha
MpoIleC BIJHOBIEHHS OKCH[IB 3ajli3a B YMOBaxX ra3oBOro Ta KapOOTEpMIUHOIO

TBepaoda3HOro  BIAHOBIEHHS. HasBHI  miTepaTypHi JaHi CBiA4arh IMpo



1HTeHCU(IKYIOUMI BIUIMB Ha MPOLIECU ra30BOTO Ta KapOOTEPMIYHOTO BiJHOBICHHS
OKCHUJIIB 3aJli3a 3MIHHOTO €JICKTPOMArHITHOTO Mojist BUCOKOT yactotu (>100 k'),
OJTHAK BIUIMB €JEKTPOMArHITHOTO TOJISI MPOMHUCIOBUX Ta CEPE/IHIX YacTOT Ha
CBOTOJIH1 JOCIIIJIKEHO JTOBOJII OOMEKEHO.

Ha 06a3i aHamizy KIHETUYHUX JaHUX PeE3YJIbTATIB EKCIEPUMEHTAIbHUX
JIOCHIIKeHb, CIUPAIOYKNCh Ha TMOJOXKEHHS (I3UKKM TBEpPAOro Tija Ta Teopli
MarHeTu3My, BHCYHYTO  YSBIIGHHS MpPO  MEXaHI3M  BIUIUBY  3MIHHOIO
€JIEKTPOMArHiTHOTO MOJisi Ha IIBUIKICTh TBEpPAO(PA3HOrO BiJHOBICHHS OKCHUJIB
3aji3a rasamMud Ta BYyIVIEIIEM: BIUIUB €JIEKTPOMArHITHOTO TOJSl IEPEBAXKHO
oOymoByieHUH (pepOMarHiTHUMHU BIACTUBOCTSIMU KPUCTATIYHUX (a3, BUAHUKHEHHSIM
KOHTAKTHOI PI3HUIII MOTEHIIaJIIB M)XK OKCHJIaMU 3alli3a, Ta iH. B pe3ynbrari nporo
(dopcyeTbCsl  30BHIIIHBO- Ta BHYTPIIHBO-AU(Y31MHUA ra3000MiH y X0l
BIIHOBJICHHSI, 1110 BUILJIMBAE 3 PE3YJbTaTIB OKpEMHX eKcrepuMeHTiB. [1i1 BrmuBoM
€JIEKTPOMArHITHOTO MOJisl BiIOYBAETHCA «PO3XUTYBAHHS» KPUCTAIIYHOI PEIIITKU
TBEPJIUX PEAreHTIB, YTBOPIOIOTHCA JOJATKOBI CTPYKTYpHI A€(EKTH, IO Yy CBOIO
yepry nociabmroe 3B's13ku Fe—O, moneriryoun 3apoKeHHsI HOBUX (pa3 Ta pO3BUTOK
peakuiinoi  audysii. CykynHICTh 3a3Ha4eHUX e€(EeKTiB MPU3BOIUTH 1O
JUCTIEpTyBaHHS TBEPJUX MPOIYKTIB BITHOBIECHHS, YTBOPEHHSI PO3BUHEHOI MEpPEexi
TPAHCTIOPTHUX KaHAIIB 1 30UIbIIIEHHS TOBEPXHI, JOCTYITHOI ra3am.

Bukonano excrnepuMeHTadbHE JIOCHIJKEHHS TPOILIECIB HArpiBy Ta
TBepAO(a3HOrO  BIJHOBJIEHHS  OKCHAIB  3ali3a ByDIeNeM y  CHIYyYld
npioHOMUCTIEpCHIM GopMi Ta y hopmi 3aT130-pyAHO-BYTLILHOTO OpuKeTy. JloBeneHo
SAKICHY MOKJIMBICTh OTPMMAHHS BIJHOBJIEHOTO 3ajii3a B 1HAYKLINHINA medi B 000X
dbopmax. OTpuMaHi €KCIIEpUMEHTAJIbHI JaHHI CBiJ4aTh MPO BIUIUB BMICTY
METaJIEBO1 CKJIAI0BO1 Y 3a/1130-pyJHO-BYTJIBHOMY OpHKET1 Ha IIBUAKICTh HarpiBy Ta
IHTEHCUBHICTh MPOLIECY TBEPAO(}A3HOrO BIAHOBICHHS. 3aCBITUEHO 3MEHIICHHS
TeMIEpaTypyu TMOYaTKy peakiiid BIJHOBICHHS OKCHJAIB 3adi3a Yy MPUCYTHOCTI
TBepAoro Byniento Ha 100-120°C B ymoBax 3HM)KE€HHS TUCKY Y TUIVI 1HIYKIIHHOI
nedi 710 5-107-3-10"2 m6ap. ExcriepuMeHTaIbHO MT0Ka3aHa MOKIIMBICTh IPOBEICHHS

IHTEHCUBHOTI'O HarpiBy Ta TBep10(a3HOTO BIAHOBJICHHS PYyTHOTO Marepialy y CKIal



3aJ1130-pyIHO-BYTJIBHOTO OPUKETY 3 METAJIEBUM SIAPOM Maca sikoro ckiaaana 5-10%
BiJI 3arajibHOT Macu OpUKETY.

Cnuparounch Ha EKCIEPUMEHTANIbHI JaHHI, PEe3yJbTaTh aHATTHYHUX Ta
MaTeMaTUYHUX JOCHIIIKEeHb B POOOTI 3alpOMOHOBAHO PsiJl TEXHOJIOTIYHUX PIIIEHb
Juisi  iHTeHcu@ikamii ICHYIUHMX TMPOIECiB Tra3oBOr0 Ta KapOOTEpMIUHOIO
TBEpAO(]A3HOTO BIJTHOBJIEHHS OKCUIIB 3ali3a 13 3aCTOCYBaHHSAM 1HAYKIIIHOTO
HarpiBy IIMXTOBHUX MaTepialliB, a TAKOX OPUKETU NJii BUKOPUCTAHHS y TaKHUX
pILIEHHSX.

Takox 3ampONOHOBAHO TEXHOJIOTIYHI CXEMH TMPOIECy BUIUIABJISHHS
BHCOKOSIKICHO1 CTaJl, sSIkuil 00’€1Hy€e TBepAo(a3He BIAHOBICHHS Ta PO3IUIABICHHS
CBI)KOBIJHOBJIEHHOT'O 3aJli3a, MOro JieryBaHHS Ta MOAW(DIKyBaHHS B IHAYKIIHHIN
neyi. [lepeBaramu Takoro mnpoecy e:

- BUKOPHUCTaHHS NEPBUHHOI PYAHOI CUPOBUHU,

- MOXJIUBICTh MTOBHOTO BUKOPUCTAHHS G13uyHOT  TEIIOTH
CBIKEBIJTHOBJIEHOTO 3aji3a (B1MOBa BijJ MPOMIXKHOTO OXOJOKEHHS
MPOJYKTIB BIJHOBIEHHS), (DI3UYHOI Ta XIMIYHOI €HEprii rasiB ImIo
YTBOPIOIOTBCA Yy TMPOIECT BIJHOBIEHHS a TaKOX 3aJIHMIIKOBOTO
B1IHOBJIFOBAJILHOTO MOTEHIIATY IIUX Ta3iB;

- BHCOKa IIBUJAKICTH Ta OO0 €MHMI XapakTep HarpiBy 3a1i30-pyIHO-
BYTUJIbHUX OpHUKETIB B 3MIHHOMY €JIEKTPOMAarHiTHOMy  HOJi
IHIYKIIIHOT medi, 110 3a0e3neuye IHTeHCU(DIKAIlII0 TPOLIECY 3araaoM;

- 3MEHIIEHHS 00’eMIB OOJaJgHaHHS SK 13 TPUYUH, HAIPHUKIA,
BIJICyTHOCTI MOTPeOU y 30BHIIIHBOMY HArpiBl Ia3iB-B1IHOBHHUKIB ILIO
BUKOPUCTOBYIOTHCSI Y MpOIECi Tak 1 3 ONISIAYy Ha T€ IO MPOIEeCU
HarpiBy, TBEpAO(a3HOTO B1THOBJICHHS Ta TJIABJICHHS
CBIXKEBIJTHOBJIEHOTO 3aJli3a BII0YBaIOTHCS B €IMHOMY METAITYPIrifHOMY
arperari.

Pe3ynbraty 4MCIOBUX Ta EKCIEPUMEHTAIBHHUX JIOCIIKEHb HABEIEHUX Y
poOOTI CBIiTYaTh PO BUCOKUI MOTEHIIIA 3aITPOTIOHOBAHMX TE€XHOJIOTTYHUX PIIIECHb

Ta MPOIECIB.
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ABSTRACT

Grek O.S. Development of a technology for obtaining iron by solid-phase
reduction of iron-ore-coal briquettes under induction heating conditions. —
Qualification scientific work on the rights of the manuscript.

Thesis for the degree of Doctor of Philosophy PhD in the specialty 136 —
‘Metallurgy’. — Ukrainian State University of Science and Technology. — Dnipro,
2026.

The thesis is devoted to a comprehensive study of thermal processes and
kinetics of iron-ore-coal briquette reduction under induction heating conditions, as
well as the development of a technological scheme for obtaining reduced iron and
smelting steel in an induction furnace.

The analytical part of the work provides an overview of modern technologies
for direct iron reduction, showing their advantages and limitations, in particular:
limitations on the intensity of reduction processes due to the resistance of diffusion
and heat flows in charge materials; limitations on gas temperatures in the reaction
zone of shaft reactors, as well as the lack of effective solutions for covering the heat
deficits of endothermic reactions in reactors in the event of an increase in the
proportion of hydrogen in the flow of reducing gases.

Based on the analysis of literature sources, a new scheme for the solid-phase
reduction of iron oxides and the subsequent production of high-quality steel from
primary iron ore in a single metallurgical unit — an induction furnace — has been
proposed. To implement this process, a new composition of briquettes has been
proposed, consisting of primary iron ore, coal and metallised iron. Such briquettes
are self-reducing because they contain a reducing agent in a stoichiometric ratio to
the oxygen of iron oxides of the ore component of the entire briquette, and are self-
heating in conditions of an alternating electromagnetic field because they contain a
metal component, whose geometric dimensions are selected in accordance with the
parameters of the electromagnetic field of the induction furnace and ensure effective

heating of the entire briquette.



The proposed briquette eliminates the limitations present in modern direct
reduction technologies. Firstly, thermal energy is released throughout the entire
volume inside the briquette due to the uniform distribution of the metal (heating)
component in the charge, thus creating a uniform temperature field throughout the
entire volume of the briquette without the formation of significant gradients. This
increases the uniformity of charge heating and the intensity of the process.

Secondly, the uniform distribution of finely dispersed particles of the reducing
agent (coal) and iron ore oxides (iron ore concentrate) in the core layer within the
volume of the briquette, as well as the intense and sufficient heat flow from the metal
heating component, creates conditions for the intensive flow of endothermic
chemical reactions of coal gasification and reduction of iron oxides in the briquette.

Thirdly, the presence of a metal component in the composition of briquettes
makes it possible to cover the heat balance deficits of endothermic reactions of all
stages of the carbon gasification and iron reduction process, which opens wide
opportunities for increasing the use of hydrogen in direct iron reduction processes.

It is important to note that the use of hydrogen in combination with the
proposed briquettes allows hydrogen to be used only as a reducing agent, since the
thermal requirements of endothermic reduction reactions are covered by the efficient
conversion of the electromagnetic field energy of the induction furnace into Joule
heat inside the material being reduced.

An analysis of the mechanisms of heating metal particles in an alternating
electromagnetic field was carried out, the regularities and boundary conditions for
the effective heating of spherical metal particles under the influence of induction
were established, calculated the parameters of the geometric dimensions of the
particles, and presented the dependence of the iron content in the charge on the
frequency of the alternating current in the inductor of the induction furnace for DRI
pellets. It is shown that an important factor in the effective heating of a spherical
metal conductor is the correspondence of its diameter to the frequency of the

alternating current of the furnace inductor.



Based on an analysis of the literature, it has been determined that the
conditions for effective heating of spherical metal particles will correspond to a ratio
of the diameter of such particles to the thickness of the skin layer in the range from
2 to 4. It has been established that for induction furnaces with an average alternating
current frequency of 0.5 to 10 kHz, it is advisable to use metallised DRI pellets with
a radius of 5 to 8 mm as heaters in iron-ore-coal briquettes.

Based on the formed ideas and conclusions regarding the maximum efficiency
of the process of direct reduction of iron oxides in a finely dispersed form in direct
contact with the reducing agent (coal carbon also in a finely dispersed form) in a
dense layer in briquettes with a simultaneous intense heat source inside the briquette,
a mathematical model was constructed and numerical modelling of the process of
heating and reduction of iron oxides in an ore-coal mixture briquette of spherical
shape with a metal core was carried out.

The mathematical modelling considered the induction heating of the metal
core of the briquette under induction heating conditions and the distribution of heat
both inside this core and outside during the process of heating and heat distribution
in the layer of the ore-coal mixture of the briquette. The unevenness of heating inside
the metal core due to the uneven distribution of eddy current density in the layers of
the spherical conductor (core) was considered. In the ore-coal layers, the kinetic and
thermodynamic conditions of the sequential flow of chemical reactions of iron oxide
reduction and carbon gasification are considered. The influence of the thermal
effects of chemical reactions and the kinetics of reduction reactions is considered.

The adequacy of the mathematical model was verified based on open
experimental data, and a maximum error of 5-8% was achieved for the calculated
temperature values in the temperature range of 500-1200°C. The results of numerical
modelling allowed conclusions to be drawn about the need to control the temperature
of the core, since it is there that the fastest temperature rise is observed under
induction heating conditions. The duration of heating of the entire volume of the ore-
coal mixture of the briquette from the metal core can be from 10 to 30 minutes,

depending on the applied electrical power of the induction furnace.



geometric dimensions of the metal core and the entire briquette. In this case,
the limiting factor for the briquette heating rate and, as a result, the rate of the solid-
phase reduction process will be the temperature at the centre of the metal core. The
results of mathematical modelling of the thermal power of the induction field of the
furnace during the heating of the briquette with a metal core are presented, assuming
that all components of the iron-ore-coal briquette remain in a solid state.

The modelling data show that during the heating and solid-phase reduction
process, the layers of the ore-coal mixture of the briquette closest to the metal core
will be reduced to a metallic state faster due to the higher heating rate of these layers.
Freshly reduced iron will thus form new outer layers of the metal core, increasing
its diameter and thermal power. This makes the heating process in such a briquette
autocatalytic and requires a reduction in the thermal power of the furnace inductor
by changing the magnetic induction voltage by 0-30% or the alternating current
frequency by 0-50% from the initial value.

The data presented in the work relate to the process of iron oxide reduction in
briquettes under the influence of the electromagnetic field of an induction furnace.
An analysis of literature sources and the results of experimental studies on the
influence of an alternating electromagnetic field of industrial and medium frequency
(0.05-50 kHz) on the process of iron oxide reduction under conditions of gas and
carbothermic solid-phase reduction was carried out. The available literature data
indicate an intensifying effect on the processes of gas and carbothermic reduction of
iron oxides by a high-frequency alternating electromagnetic field (>100 kHz), but
the effect of industrial and medium-frequency electromagnetic fields has been
studied rather limitedly to date.

Based on the analysis of kinetic data from experimental studies and relying
on the principles of solid-state physics and magnetism theory, a hypothesis has been
put forward regarding the mechanism of the effect of an alternating electromagnetic
field on the rate of solid-phase reduction of iron oxides by gases and carbon: the
influence of the electromagnetic field is mainly due to the ferromagnetic properties

of crystalline phases, the emergence of a contact potential difference between iron



oxides, etc. As a result, external and internal diffusion gas exchange is forced during
reduction, as evidenced by the results of individual experiments. Under the influence
of an electromagnetic field, the crystal lattice of solid reagents is ‘shaken up,’
additional structural defects are formed, which in turn weakens the Fe—O bonds,
facilitating the nucleation of new phases and the development of reaction diffusion.
The combination of these effects leads to the dispersion of solid reduction products,
the formation of a developed network of transport channels, and an increase in the
surface area accessible to gases.

An experimental study of the processes of heating and solid-phase reduction
of iron oxides with carbon in a loose, finely dispersed form and in the form of iron-
ore-coal briquettes has been carried out. The qualitative possibility of obtaining
reduced iron in an induction furnace in both forms has been proven. The
experimental data obtained indicate the influence of the metal content in the iron-
ore-coal briquette on the heating rate and intensity of the solid-phase reduction
process. A decrease in the temperature at which the reduction of iron oxides begins
in the presence of solid carbon by 100-120°C has been confirmed under conditions
of reduced pressure in the crucible of the induction furnace to 5-107-3-10"2 mbar.
The possibility of intensive heating and solid-phase reduction of ore material in the
composition of iron-ore-coal briquettes with a metal core weighing 5-10% of the
total weight of the briquette has been experimentally demonstrated.

Based on experimental data and the results of analytical and mathematical
studies, the paper proposes several technological solutions for intensifying existing
processes of gas and carbothermic solid-phase reduction of iron oxides using
induction heating of charge materials, as well as briquettes for use in such solutions.

Technological schemes for the smelting of high-quality steel are also
proposed, combining solid-phase reduction and melting of freshly reduced iron, its
alloying and modification in an induction furnace. The advantages of this process
are:

- use of primary ore raw materials;



- possibility of full utilisation of the physical heat of freshly reduced iron
(no intermediate cooling of reduction products), the physical and
chemical energy of gases formed during the reduction process, and the
residual reduction potential of these gases;

- high speed and volumetric nature of heating iron-ore-coal briquettes in
the alternating electromagnetic field of an induction furnace, which
ensures the intensification of the process as a whole;

- reduction in the volume of equipment, both because there is no need for
external heating of the reducing gases used in the process and because
the processes of heating, solid-phase reduction and melting of freshly
reduced iron take place in a single metallurgical unit.

The results of numerical and experimental studies presented in the paper
indicate the high potential of the proposed technological solutions and processes.

Keywords: ecology, CO: emissions, sponge iron, gas-based reduction,
carbothermal reduction, solid-phase reduction of iron oxides, pellets, metallisation,
composite ore-coal briquette, iron ore raw materials, electromagnetic field, electrical
mode, ore-thermal induction furnace, mathematical model, heat transfer, carbon

gasification.



