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1. Po3po6ka TexHOJI0rii ofiep>kaHHs 3aj1i3a TBEPA0(Pa3HUM BiTHOBJIEHHSM 3aJ1i30-PyAHO-BYTi/IbHUX OPUKETIB B
YMOBax iHIYKUiAHOTO HarpiBy

2. Development of technology for obtaining iron by solid-phase reduction of metal-ore-coal briquettes under
induction heating conditions

Pedepar:

1. Cnuparounch Ha IPOBEAEHUI aHaJIi3 JliTepaTypHUX IPKEPEJI 3alIPOIIOHOBAHO HOBY CXEMY IIpoLecy TBepHo(da3HOTo
BiJHOBJIEHHS OKCHIB 3aJ1i3a Ta OAAIbLIIOr0 BUPOOHUIITBA BUCOKOSIKICHOI CcTaJii 3 mepBOponHOi 3a1i3HOI pyAu B
OJIHOMY MeTaslypriliHoMy arperari — iHAyKLilHil nedi. 3alIporIoHOBAaHO HOBUI CKJIal, OPUKETIB 1[0 MAlOTh Y CBOEMY
CKJIaJli IEPBUHHY 3aJli30pyJHY CKJIaJOBY, BYTiyjIsl Ta CKJIa0OBY 3 METa/li30BaHOro 3aii3a. Taki 6puKkeTy €
CaMOBIJTHOBJIIOBAJIbBHUMU OCKIJIbKM MAIOTh Y CBOEMY CKJIaJli BillHOBHUK y CTEXIOMETPUYHOMY CIIiBBiJHOILIEHH] 0
KUCHIO OKCHJIB 3aJ1i3a PyIHOI CKJIa/0BOi yChOTO OPUKETY Ta CAaMOPO3irpiBaloYMMyU B yMOBAaX 3MiHHOTO
€JIEKTPOMarHiTHOIO I10JISI OCKIJIBKY MICTSATb Y CBOEMY CKJIaJli METaJIeBY CKJIAJOBY. Y 3alIpOIIOHOBAaHOMY OPUKETI
BUKJIIOYAIOThCSI OOMEKEHHS 10 IIPUCYTHI Y Cy4aCHUX TEXHOJIOTISX NIPSIMOTro BifHOBJIEHHS. [IpoBeieHO aHali3
MEXaHi3MiB HarpiBy MeTajleBUX YaCTUHOK Y 3MiHHOMY €JIEKTPOMAarHiTHOMY I10J1i, BCTAHOBJIEHO 3aKOHOMIPHOCTI Ta

rpaHrYHi yMOBU e(EeKTUBHOTO HArpiBy MeTajleBUX 4acTOK cpepruyHoi GopmMU B yMOBaX iHAYKIiTHOTO BIJIMBY,



PO3paxoBaHO NapaMeTPU FreOMETPUYHUX PO3MiPiB YACTMHOK Ta HABEEHO 3aJI€5KHOCTI YaCTKU 3aJ1i3a B LIMXTI Bifl
4aCTOTHY 3MiHHOTO CTPYMY B iHAYKTOPIi iHAyKLifHOI nedi 1y maTtepiany okatumis DRI. BctaHOBEHO 1O 11714
IHOYKUIAHMX [1eYeil cepeHboi YaCTOTH 3MiHHOTO cTpyMy Bif 0,5 1o 10 KI'11 € ZOLiIbHUM BUKOPUCTaHHS
MeTasizoBaHMx okatuuiB DRI 3 paziycom Bif 5 10 8 MM y SIKOCTi HarpiBaya y cKJa/ii 3a1i30-py/IHO-BYTiJIbHUX
opukeTiB. [I06y0BaHO MaTeMaTUYHy MOZEJIb Ta IPOBEIEHO YMCeJIbHE MOJIEIIOBAaHHS IPOLECY HAarpiBy Ta
BiJHOBJIEHHS OKCHUJiB 3a1i3a y CKJIa/ii py4HO-BYTiIbHOI cyMilli 6pukeTy cpeprnyHoi GopMH i3 MeTareBUM SAPOM.
JaHi Moie/1I0BaHHS II0Ka3yloTh, 10 CBDKE BiJHOBJIEHE 3aJ1i30 Oyie yTBOPIOBATH HOBIi 30BHIlIIHI IIapX METAJIEBOTO
s1pa 30611bIIyI049M HOTO AiaMeTp Ta TEIIOBY MOTYXXHICTb, 1je pOOUTH IIPOLIEC HArPiBy B TAKOMY OPUKETi
aBTOKAaTaJIITUMHMUM Ta BUMarae 3MeHIIeHHs TeIJIOBOI MOTY)KHOCTI iHAyKTOpa Ieyi yepe3 3MiHy a60 Hanpy>KeHHS
marHiTHOI iHpykuii Ha 0-30% a6o yactoTu 3MiHHOrO cTpyMy Ha 0-50% Bif noyaTkoBoro 3HayeHHs. Ha 6a3i aHanizy
KiHETUYHUX JAHVX Pe3yJbTaTiB €KCIIEPUMEHTAIBHUX JOCIiIKEHb, CIIMPAIOUNCh HA MI0JIOKEHHS (Pi3MKU TBEPIOro
Tijla Ta TEOPii MarHEeTU3My, BUCYHYTO YSBJIEHHS IIPO MEXaHi3M BIUIMBY 3MIiHHOT'O €JIEKTPOMAarHiTHOIO I10JIS Ha
IIBUJIKICTb TBEPA0(A3HOTrO BiTHOBJIEHHSI OKCUIiB 3aJ1i3a razamMu Ta Byryelem: GOpCyeThCs 30BHIIIHbO- Ta
BHYTPIlIHbO-11(Y3iliHUI ra3000MiH Y XO/Ii BilHOBJIEHHS, 110 BUIIJIMBAE 3 PE3YJIbTATiB OKPEMUX €KCIIEPUMEHTIB. I1if
BIIJINBOM €JIEKTPOMArHiTHOTO N0JIS Bif0yBA€ThCS «PO3XUTYBAHHS» KPUCTAJIIUHOI PELIiTKY TBEPIUX PEareHTiB,
YTBOPIOIOTHCS JOJATKOBI CTPYKTYPHI ledeKTH, 1[0 CBO€I0 YEProlo 110cadoe 3B's13ku Fe—0, nosermyoyn
3apOJKEHHS HOBUX (pa3 Ta pO3BUTOK peakuiiiHoi audysii. CykynHicTb 3a3HaueHUX e(eKTiB IPU3BOAUTD 1O
IVCIIePryBaHHS TBEPIUX MPOAYKTIB BilHOBJIEHHS, YTBOPEHHS PO3BMHEHOI MEPEeXi TPAaHCIIOPTHUX KaHAJIB i
30ibIIEHHS [TOBEPXHI, TOCTYITHOI ra3aM. BUKOHaHO eKcIleprMeHTaIbHE JOCIiIPKeHHS IIPOoLeCiB HarpiBy Ta
TBep0(a3HOr0 BiIHOBJIEHHS OKCHU/IB 3aJli3a ByIjleleM y CUIlyyill ipibHoaucnepcHiit popmi Ta y popmi 3amizo-
PYILHO-BYTiIbHOrO OpUKeTY. JJoBEJEHO SIKiICHY MOXJIMBICTb OTPUMAHHS BiZJHOBJIEHOTO 3aJ1i3a B iHAYKLIMHIN 1IeYi B
060x ¢popmax. OTpMMaHi €KCIIEPUMEHTAJIbHI JaHHi CBiYaTh PO BILJIMB BMICTY METAJIE€BOI CKJIAIOBOI y 3a1i30-
PYIHO-BYTiJIbHOMY OpPHKeTi Ha MIBUAKICTh HAarpiBy Ta iIHTEHCHBHICTb IIPOLiECY TBEPAOQPA3HOTO BiJHOBIEHHSI.
3acBiyY€HO 3MEHIIEHHS TEMIIEPATYPH [I0YATKY PEaKLiil BiIHOBJIEHHS OKCUIIB 3aJ1i3a Y IIPUCYTHOCTI TBEPLOTO
Byrzenio Ha 100-120°C B ymoBax 3HM>KEHHS TUCKY Y TUITI iHAyKLiiHOI nedi 7o 5-100%-3-100% m6ap.
ExcriepuMeHTasIbHO 0Ka3aHa MOXKJIMBICTb TPOBELEHHS iIHTEHCUBHOI'O HArpiBy Ta TBEPAO(A3HOTrO BiTHOBJIEHHS
PYILHOro MaTepiay y ckiafi 3a1i30-pyIHO-BYTiJIbHOTO 6PUKETY 3 METAJIEBUM SIIPOM Maca sIKOoro ckiazaana 5-10%
Bif 3arasipHOi Macu 6pukeTy. CMpayuch Ha eKCIIEPUMEHTAJIbHI JaHHI, pe3y/bTaT aHAJITUYHUX Ta
MaTeMaTU4HUX JOCIIiIKEeHb B PpOOOTI 3alIpONIOHOBAHO Psif, TEXHOJIOTTYHUX pillleHb 17151 iHTeHcudikauii icHyl0unx
IIPOLIECiB ra30BOro Ta Kap6oTepMiyHOTO TBepi0(a3HOro BiIHOBJIEHHS OKCHUIB 3aJ1i3a i3 3aCTOCYBaHHSIM
iHOYKLiMHOrO HarpiBy LIMXTOBUX MaTepiajiB, 6pUKeTU IJ1s1 BAKOPUCTAHHS Y TaKMX PillleHHSX, TEXHOJIOTIUHI cXxeMu
IIPOLIECY BUILJIABJISIHHS BUCOKOSIKICHOI CTaJli, IKMI 00’eIHy€e TBepaodasHe BifHOBIEHHS Ta PO3IJIABJIEHHS
CBDKOBIJJHOBJIEHHOTO 3aJ1i3a, I0T0 JIEryBaHHS Ta MOOU(IKyBaHHS B iHAYKUiHIN [1edi. Pe3ybTaT YMCI0BUX Ta
€KCIIEpMMEHTAJIbHUX JIOCTIi/I)KeHb HaBeleHUX Y poOOTi CBil4aTh PO BUCOKUI IIOTEHIiaJl 3aIpONIOHOBAHUX
TEXHOJIOTIYHUX pillleHb Ta Npolecis. Kio4osi cioBa: ekosoris, Bukuau COn, ryéyacTte 3aii3o, ra30Be BiJHOBJIEHHS,
Kap6oTepMiyHe BiZHOBJIEHHS, TBepoda3He BifHOBIEHHS OKCUIIB 3aJ1i3a, OKAaTHUIIIi, METaIi3alisl, KOMIIO3UTHUI
PYIHO-BYTiIbHUI OpPUKET, 3aJ1i30py4Ha CUPOBUHA, €JIEKTPOMarHiTHe I10J1e, eJIeKTPUYHUN PEKUM, PyHOTepMIiYHA
iHOyKUifiHa i, MaTeMaTU4YHa MOJieJib, Telyionepenaya, razudikallis Byryento.

2. Based on the analysis of literary 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. A new composition of briquettes has been proposed, consisting of primary iron ore,
coal, and metallized iron. Such briquettes are self-reducing because they contain a reducing agent in a
stoichiometric ratio to the oxygen of the iron oxides of the ore component of the entire briquette and are self-
heating in an alternating electromagnetic field because they contain a metal component. The proposed briquette
eliminates the limitations present in modern direct reduction technologies. 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,
the parameters of the geometric dimensions of the particles were calculated, and 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 was presented. It has been established that for induction furnaces with an alternating current frequency of
0.5 to 10 kHz, it is advisable to use metallized DRI pellets with a radius of 5 to 8 mm as heaters in iron-ore-coal
briquettes. A mathematical model was constructed, and numerical modeling of the process of heating and
reduction of iron oxides in the composition of a spherical briquette with a metal core made of an ore and coal
mixture was carried out. The simulation data show that freshly reduced iron will 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. Based on the
analysis of kinetic data from experimental studies, relying on the principles of solid-state physics and magnetism
theory, a concept has been put forward regarding the mechanism of the influence of an alternating
electromagnetic field on the rate of solid-phase reduction of iron oxides by gases and carbon: 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 5-1003-3-1002 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 a number of technological
solutions for intensifying existing processes of gas and carbothermic solid-phase reduction of iron oxides using
induction heating of charge materials, briquettes for use in such solutions, technological schemes for the smelting
of high-quality steel, which combines solid-phase reduction and melting of freshly reduced iron, its alloying and
modification in an induction furnace. The results of numerical and experimental studies presented in the paper
indicate the high potential of the proposed technological solutions and processes. Keywords: ecology, COn
emissions, sponge iron, gas reduction, carbothermal reduction, solid-phase reduction of iron oxides, pellets,
metallization, composite ore-coal briquette, iron ore raw materials, electromagnetic field, electrical mode, ore-
thermal induction furnace, mathematical model, heat transfer, carbon gasification.
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