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JlucepraliifHy poO0Ty IPHCBSIUYCHO PO3po0IIl eHepro3depiraroyoi TeXHOJIOTIT
HarpiBy MeTajy MpU BUKOPUCTaHHI IpaiTOBAHOIO MOPOKHUCTOTO €JIEKTPOAa Mijl
yac TMo3aliyHoi OOpOoOKM cTall Ha WIANPHUEMCTBAX YKpaiHW Ta CBITY, IO
3a0€3MeUnTh MOKPALIEHHS! TEXHIKO-€KOHOMIYHHMX IMOKa3HUKIB POOOTHU yCTaHOBKH
«xiBur-mw» (YKIT).

B po6oTi mpoBeneHo aHANITUYHUN OIJIAJl TEXHOJIOTIA MOo3anmiyHoi 00poOKH
CTaJll Ha yCTaHOBII «KIBLI-T14», 32 PE3yJIbTATaAMH SKOT0 OyJ0 BU3HAYEHO 00’ €KT Ta
npeaMeT aociimkenns. [lokazano, 1o 3acTocyBaHHs TpadiTOBAaHUX MOPOKHUCTUX
enektpoaiB (I'TIE) y mopiBHsiHHI 31 3BuuaiiHuMu rpaditoBanumu enexkrpogamu (I'E)
Ha YCTaHOBIIl «KIBLI-TI1Y» Ma€ MO3UTUBHUM BIUIMB Ha MOKa3HUKU POOOTH arperary.
OpnHak BU3HaY€HO MEBHUI Opak JaHUX B HAYKOBIM JIITEpaTypi, MO0 BIUIMBY MO1a4l
razy kaHaioM ITIE Ha: QopMyBaHHA peakuiiHOI 30HU IMiJI EJIEKTPOJOM Ha
YCTaHOBII «KIBII-TIW»; 3MIHY TPaJI€HTy TEeMIIepaTyp MOPOKHUCTOTO E€IEKTPO/Ia;
terioBy podoty YKII B uiomy.

Cnupatounch Ha MPOBEACHUN aHali3 JITEPATYypHUX JHKEpel, po3poOJIeHO
METOJIMKY €KCIIEPUMEHTY Ta CTBOPEHO JIa0OpaTOpPHY YCTAHOBKY JJISi IPOBEJICHHS
(GI13UYHOTO MOJICTIIOBAaHHS Ha XOJIOAHIA Mojesi. 3ajadelo MOJCIIOBaHHS €
BU3HAYECHHS BIUIMBY BIyBaHHsS Tra3y kaHajioMm [TIE Ha 3MiHy reoMeTpHUYHUX
napameTpiB JYHKH C(OPMOBAHOI B MIJACICKTPOIHINA 30HI MiA €0 EICKTPHUUHOT
IyTH, a TaKOX BHBYCHHS MOBEMIHKM METajeBOi BaHHU 1 IIJIAKOBOTO IOKPOBY.

Po3paxoBaHi 3Ha4eHHsS T€OMETPUUYHHMX MapaMeTpiB JYHKH YTBOPEHOI MiJa €0
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€JIEKTPOAYTOBOTO PO3pSIAYy B IIJCICKTPOJIHIM 30HI YCTAaHOBKHM «KIBII-TIY» 3a
0a30BUM pEXUMOM poOoTH arperaTy (06e3 momadi razy). 30Kpema, IUIoIIa
KPMBOJIIHINHOI MoBepxHi aynku popiBrioe 0,19-0,21 M* npu BHCOTI HIIAKOBOTO
nokpoBy 100-200 mm.

3a pesynbpTaTaMu MPOBEAEHOTO (Pi3MIHOTO MOJICTIOBAHHS TPOIECY BIyBaHHS
ra3y KaHajJoM MOPOXKHUCTOTO €JIEKTPO/ia OTPUMaHi 1aHi TEOMETPUYHUX ITapaMeTpiB
yTBOPEHO1 JYHKM B METaJeBIi BaHHI Ha YCTAHOBIN «KiBHI-TIu». Tak, s
JOCHIIKYBaHOTO iama3oHy BHUTpAar rasy 3—20 M°/rog IpH BHCOTI IIAKOBOTO
nokpoBy 100-200 mm mnoma nayrku cknana 0,19-0,46 Mm%, npu npoMy riMOHHA
JYHKH CTaHOBHJIA BiJl 4 ¢M /10 16,5 cM BianoBigHO. Bu3HadeHi palioHalbHI BUTPATH
razy, IO TOJAEThCA KaHAIOM TrpadiTOBAHOTO TOPOKHUCTOTO EJIEKTPOIa.
BcranoBneHo, 1mo HaaMipHe 301IbIIEHHS IHTEHCUBHOCTI MOJja4l ra3y MpPU3BOJUTH
JI0 3HAYHOTO 3POCTAHHS TIMOWHU JTYHKH METajy, IO MOKE MPU3BECTH JO MPOIIECY
il «3axJMHAHHS» METAJIEBOI0 BaHHOIO. TakoXX BIIMIYEHO, 110 MIJAKOBUU MOKPOB,
KWW 30CEepEeIHPKEHO HABKOJIO €JIeKTpoa, Oyjae po3pUBATHCS BIIKPUBAIOYU JYHKY,
yepe3 10 3pPOCTYTh BTpaTH TEIUIOTH B aTMocdepy arperaty. BinmoBigHo miis
IIIAKOBOTO MOKpoBY 100 MM BUTpaTH ra3y CKIagaloTh 3—6 M/Tof, a UIsl IUIAKY 3
Bucotoro 200 MM — 6-10 M%/rom Ui BHUTpPaTH YHEMOXKIMBIIOIOTH MHPOLEC
«3axJIMHAHHS» JIYHKH 1 MPOPHB IIJIAKOBOTO Mapy. Bu3HaueHO Moy JIyHKH, SKa
bopMy€ETBCS 3a IIUX BUTPAT Ta3y. 30kpema, Jis uraky Bucotoro 100 mm 1 200 mm
noma JyHku cranosuiaa Big 0,21 1o 0,23 m? ta Bix 0,29 1o 0,35 M2 BianosigHo.

Ha ocHOB1 oTprMaHKX TaHUX pO3pOOJIEHO METOAMKY Ta MPOBEICHO YHCEIbHE
MOJICTIOBaHHS: TEPMOJMHAMIKH TPOIECIB AUCOIialii 1 BITHOBIECHHS OKCHJIIB
METaJgiB B TMIAENCKTPOAHIA 30HI 3a TeMmIeparyp TOpIHHS JAyrd; 3MIiHU
TeMIIepaTypHOTO 1moJjisi B pobouiii 30H1 ['TIE B pi3ui mepioan 06podxu crami Ha YKII;
TEIJIOBOI poOOTH TpadiTOBAHOTO MOPOKHUCTOTO €JIEKTPOJia 3a YMOB IMOJiayl razy
M1]1 yac mo3amvHoi o0poOku ctani Ha YKII.

OtpuMaHo naHi, o0 3MiHK eHeprii ['100ca mpoTikaHHS peakIlii Jucortiamii
Ta BIJIHOBJIEHHS 32 BUCOKHX TEMIEPATYyp B MIAEIEKTPOIHIN 30HI MiJl Yac TOPIHHS

JOYTU TIPU TOJa4l MOPOIIKOMOAIOHUX OKCHJIB METalliB KaHaJIOM MOPOXHHCTOTO
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enekTpoja. BuzHaueHo Aiama3zoH TeMiepaTyp, 3a SKUX Oepe MoyaTOK MpOoLEec
JYcoItiaiii Ta BiAHOBJICHHS (IIPM BUKOPUCTAHHI Yy SIKOCTI BiJJHOBHHMKA BYTJICITIO)
oOpaHMX OKCHIIB MeTanmiB. Tak, [iama3oH TeMmmeparyp TMOYaTKy IMpoLecy
MPOTIKaHHSA peakii aucomiarii koauBaeThes Big 4050 °C mo 7000 °C, a peakiriit
BimHOBIeHH: ByrieneM Big 800 °C mo 3000 °C. BuzHaueHno 3miHy eHeprii ['100ca B
mporeci MPOTIKAHHS pEeakKIliii BITHOBJICHHS MOHOOKCHIY 3aji3a TaKUMH
BI/IHOBHUKAMH, SK ByIJellb 1 alioMiHIA. BcraHoBieHo, 110  BYyTJelb
BUKOPHCTOBYBATH [OIUIBbHINIE 3a Temmeparyp ropiaHs ayru 3000-7000 °C,
OCKiTbkM  3MiHa eHeprii [100ca 'y 1poMy BHUIAAKYy CKJIaJa€  Bij
—270 no —690 k/[>x/mMoas Me. Y Toif yac sIKk IpHU BIIHOBJIEHHI MOHOOKCH]IY 3ajIi3a
atoMiHieEM y 30H1 ropinHs Ayru AG® csrae 3Hadens Bia —130 1o —75 kJ>x/monb Me.

BukonaHo aHaii3 nmpoiiecy HarpiBy rpaditoBaHOrO MOPOKHUCTOTO EIEKTPOIa
py 00poOLIl CTalll HA YCTaHOBLI «KiBII-TIiW». OTpUMaHI J1aHl TEMIIEPATYPHOTO MO
eJICKTpOJa MpHU TMOoAaul €JIEKTPOCHEPrii 1 B mepiofax 0e3 eNeKTPOHABAHTAKCHHS.
Po3paxoBani 3HaueHHs J[»KOyJIE€BO1 TEIJIOTH, IO BUAUISIETHCA B IMpolieci poOOTH
€JIEKTpOJa B MEPIOU HATPIBY METATy Ha YCTAaHOBIII «KIBII-TiW», K1 ckiamu 1,11-
1,15 MB1/Mm3. BukoHaHumii po3paxyHOK Koe(il[icHTiB TEIIOBI a4 KOHBEKITICIO IS
BHYTPIIIHBOI 1 30BHIIHBOI ToBepxH1 ['TIE, 3HauenHs sikoro BianoBiaHo cknanu 1,60
i 1,80 ta 5-17 Br/(M? °C). OTpumaHi 3Ha4€HHS TEMIIEPATYPHOTO TPATiCHTY
CJIEKTPOJIa B BUCOKOTEMIEpATYpHIA 30HI, SKI JJs TEPIIOTO TEPIoNy HArpiBy
nocsranu 8,29 °C/mMm, a Tpetboro a0 6,57 °C/mMM. BctaHOBIIEHO, 110 B TIEPi0IH HOTO
OXOJIO/DKCHHS (APYTHil 1 4YeTBEpTUH TMEpIOAM) TPATIEHT TEMIIEPATyp CYTTEBO
3HIDKYETBCS 1 CTAHOBUTH B CMIEHTPY TOpa: 10 BHYTPINIHBOI TOBEPXHI
0,38 °C/mMM; no 30BHIiIHKOT ToBepxHi 3,61 °C/MM; 1 BepTUKaIBHIA TUIOUIUHI 10
topirst enekrpona 1,47 °C/mm. BuzHaueH1 HanpsIMKY TOKpAIIEHHS TEIIOBOI poO0TH
YCTaHOBKH 1 3HMKEHHSI PECYpPCOBUTPAT IIPH No3amiyHii 06po6ui crani. [Togaya razy
kaHasoM ['TIE 3MeHmye ioro remneparypy, 3aBASKA YOMY 3MEHILY€E€ThCS [IMTOMUN
Omip, IO B CBOIO 4YEpPry IMOKpallye YMOBU TOpiHHS Oyrd. Takok i1MOBipHE
YIOBUTBHEHHSI TIPOIECY OKHCICHHS €JIEKTpoAa IUIIXOM HOTo eKpaHyBaHHS

1HEPTHUM T'a30M B 30HI BUCOKUX TEMIIEPATyp.
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OTpumaHni AaHi MO0 BIUIMBY MOJayi ra3y yepe3 MOPOKHUCTUIN eJIEKTPO/I Ha
napameTpu popmyBaHHs BUcOoKoTeMIiepaTypHux obnacteii ['TIE. Buznaueno, 1o B
NepioAN eKCIUTyaTallil eJIeKTpoJa 3 IMOAAauei0 CTPyMy BIA3HAYAIOTHCS I1CTOTHI
3HAYCHHS IPaJi€eHTy TEMIIEpaTyp, K1 30CepeKEHH1 B TopiieBii yacTuHi. [TokazaHo,
10 TMoJa4ya HEUTpanbHOTrO ra3zy 4depe3 rpadiToBaHul MOPOKHUCTUI ENEKTPOI 3
BUTpaTaMu 3 M%/Toj 3Milllye BUCOKOTEMIIEPATyPHY 30HY 110 mepudepii, 1o cnpuse
O1TBII PIBHOMIPHOMY PO3MOBCIOJDKEHHIO TeMIepaTypu Horo o6’emoM. B mepionu
eKCIUTyaTallii 0e3 rmojaayi CTpyMy CIIOCTEPIra€EThCsl yTBOPEHHS JIOKAIBHO MEPerpiToi
30HU, 10 Mae (GopMy CIUTIOIICHOTO Y370BXK OCl Topa, sika chopmyBanacs B
pe3ybpTaTl aKyMYJIAIIiT Teria MONepeIHbOro Mepioay.

Bukonanuii ananiz epeKTUBHOCTI mepeaayl TEIUIOTH BiJl €JIEKTPOIYTOBOTO
po3psIy, chOpMOBAHOTO B MiACICKTPOAHIN 30H1, 10 METaJIECBOi BAHHU Ha yCTaHOBIII
«KIBII-MIIY» TpPU BUKOPUCTAHHI 3BUYAWHOIO €JEKTPOJa 1 IOPOKHUCTOTO.
BcTaHOB/IEHO YacTHHY TEIUIOTH, SKa [EpPEJAEThCS BUIPOMIHIOBAHHAM 1
koHBekwicro. Tak, npu Bucoti mutaky 100-200 MM Ta Butparax rasy 3—10 m%/ron
BUTIPOMIHIOBaHHSAM Tiepenaetbes Bim 86,99% mo 92,97%, a xonBekmiero — 7,03—
13,01 %. BwuznayeHo 1m0, TSI BHUCOTH IIUIAKOBOTO IMOkKpoBy 100 MM 1ipm
BUKOPHCTAaHHI 3BUYAHHOTO €JIEKTPOJa YacTHHA KOPHCHOI TEIUIOTH OTPUMAHOI
meTaniom ckianae 81,17%, mrakom — 18,83%, a mpu BUKOpUCTaHHI TOPOKHUCTOTO
€JIEKTPOJIa KUIbKICTh TEIUIOTH IO mepenaeThes metany Ha 1,83% Oinbiie. s
BUIMAJIKY 3 BHCOTOI0 MIJAKOBOrOo MOKpoBYy 200 MM KUIBKICTh TEIUIOTH IO
nepeaeTbesi MeTainy 301Ibinyerbes Ha 7,25% y mopiBHsSHHI 31 3BuuaiinuM [E.
BusnaueHo BIIMB mapaMeTpiB peakiiitHoi 30HU, 1o dopmyetses mig ['TIE 3
nojayvero ra3y, Ha rnepejady TeIUIOTH BiJl €JIEKTPUYHOI AYTH 0 METaJIeBOi BaHHH,
TaK PO3PaxyHKOBI MAaKCUMaJIbH1 3HAUCHHS IPUPOCTY TEMIIEPATYPH METATy CKJIaIN
0,6°C/xB.

Pe3ynbratv AOCHKEHHS CBiIYaTh MNpPO €(PEKTUBHICTh BUKOPUCTAHHS
rpadiTOBaHUX MOPOKHUCTHUX €IIEKTPOAIB. 3a paXyHOK 301TIBIIICHHS IUIOII KOHTAKTY
JyTH 3 METAJIOM ITOKPAITYIOTHCS YMOBH Iepeadi TeIIOTH, IO MIO3UTHBHO BILTMBAE

Ha 3HIKEHHS BUTPAT €HepropecypciB mpu no3amniunii oopomi crani Ha YKII. Takum
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yuHoM, BukopucTtanHs [TIE 3 BayBaHHSM HEWTpadbHUX Ta3iB Ta MOKJIUBICTIO
1HXKEKI[li TOPOIIKOIOAIOHUX MaTepialiB MOXKE BUSBUTHCS BaXKIUBUM KPOKOM Y
HAnpsSIMKy PO3BUTKY €HEpPro30epiralouumx TEXHOJIOTI HarpiBy MeTaily MiJ dac
o3ariyHoi 0OpoOKHU B KOBIIII.

KarouoBi cjioBa: ycTaHOBKa «KIiBUI-TY», TpadiTOBAaHUN MOPOKHUCTUN
eNeKTpos, (i3uvuHEe MOJENIOBaHHS, 4YHMCENTbHE MojenoBaHHA, 3D Mopens,
r€OMETPUYHI MapaMeTpu JIyHKH, TEPMOJIMHAMIKa, TpAJIEHT TeMIIepaTyp,

TCILIONCPCAadad, 'yCTUHA TCIINIOBOI'O ITIOTOKY.

ABSTRACT

Ruban V.O. Development of an energy-saving technology of liquid metal
processing in a "ladle-furnace” using a graphitized hollow electrode. — Qualifying
scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy PhD
on specialty 136 — "Metallurgy". — Ukrainian State University of Science and
Technology. Dnipro, 2023.

The dissertation focuses on creating an energy-efficient technology for
heating metal by means of a graphitized hollow electrode during out-of-furnace steel
processing at Ukrainian and international enterprises, which will improve the
technical and economic performance of the ladle-furnace (LF).

The work presents an analytical overview of out-of-furnace steel treatment
methods in the LF, which helped to establish the research focus. It is shown that the
use of Graphitised Hollow Electrodes (GHE) in the LF has a positive effect on its
performance compared to conventional graphitized electrodes (GE). There is a lack
of information in the scientific literature regarding the impact of gas supply through
the GHE channel on three main factors: the creation of a reaction zone beneath the
electrode in the LF, alterations in the temperature gradient of the HE, and the overall
thermal performance of the LF.

Based on the analysis of literary sources, an experimental methodology was
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developed and a laboratory facility was created for physical modeling on a “water”

model. The goal of modeling was to determine the impact of gas injection through
the GHE channel on the change in the geometric parameters of the cavity formed in
the sub-electrode zone under the action of an electric arc, as well as to study the
behavior of the metal bath and the slag layer. Calculated values of the geometric
parameters of the cavity formed under the action of the electric arc discharge in the
sub-electrode zone of the LF under the basic operating mode of the unit (without gas
supply). In particular, the area of the curved surface of the cavity is 0.19-0.21 m?
with a slag layer thickness of 100-200 mm.

According to the results of the physical modeling of the gas blowing through
the channel of the GHE, the data of the geometric parameters of the formed cavity
in the LF bath were obtained. Thus, for the studied range of gas consumption of 3—
20 m*/h with a slag layer thickness of 100-200 mm, the area of the cavity was 0.19—
0.46 m?, while the depth of the cavity was from 4 cm to 16.5 cm, respectively. The
rational consumption of the gas supplied through the GHE channel is determined. It
was established that an excessive increase in the intensity of gas supply leads to a
significant increase in the depth of the metal cavity, which can lead to the process of
its "clogging” with a metal bath. It was also noted that the slag layer, which is
concentrated around the electrode, will break open opening the cavity, causing
increase of heat loss to the LF atmosphere. Accordingly, for a slag layer of 100 mm,
the gas consumption is 3-6 m®/h, and for slag of a thickness of 200 mm is 6-10 m?/h,
these costs make the process of "clogging™ of the cavity and breaking of the slag
layer impossible. The area of the cavity, which is formed with these gas flows, is
determined. In particular, for slag thickness of 100 mm and 200 mm, the area of the
cavity was from 0.21 to 0.23 m? and from 0.29 to 0.35 m?, respectively.

On the basis of the obtained data, a methodology was developed and
numerical modeling was carried out: thermodynamics of the processes of
dissociation and reduction of metal oxides in the sub-electrode zone at arc
temperatures; changes in the temperature field in the working area of the GHE in

different periods of steel processing at the LF; thermal performance of a GHE with



the gas supply during the out-of-furnace processing of steel at the LF.

Data were obtained on the change in the Gibbs energy for the reactions of the
dissociation and reduction at high temperatures in the sub-electrode zone during arc
burning when powdered metal oxides are supplied through the GHE channel. The
range of temperatures at which the process of dissociation and reduction (when a
carbon used as reducer) of selected metal oxides begins is determined. Thus, the
temperature range of the beginning of the process of dissociation reactions varies
from 4050 °C to 7000 °C, and the carbon reduction reactions from 800 °C to 3000
°C. The change in Gibbs energy in the course of iron monoxide reduction reactions
with reducing agents such as carbon and aluminum was determined. It was
established that it is more appropriate to use carbon at arc combustion temperatures
of 3000-7000 °C, since the change in Gibbs energy in this case is from
—270 to —690 kJ/mol metal. While in the reduction of iron monoxide with aluminum
in the arc burning zone, AG® reaches values from —130 to —75 kJ/mol metal .

An analysis of the process of the GHE heating during steel processing in the
LF was performed. The obtained data of the temperature field of the electrode during
the supply of electricity and in periods without an electrical supply. The calculated
values of the Joule heat released during the operation of the electrode during periods
of metal heating in the LF, which amounted to 1.11-1.15 MW/m?3. The coefficients
of heat transfer by convection were calculated for the inner and outer surface of the
GHE, the values of which were 1.60 and 1.80 and 5-17 W/(m?-°C), respectively.
The obtained values of the temperature gradient of the electrode in the high-
temperature zone reached 8.29 °C/mm for the first heating period, and up to 6.57
°C/mm for the third. It was established that during the periods of its cooling (the
second and fourth periods), the temperature gradient significantly decreases and is
from the epicenter of the torus: to the inner surface of 0.38 °C/mm; to the outer
surface 3.61 °C/mm; and the vertical plane to the end of the electrode 1.47 °C/mm.
The directions for improving the LF thermal performance and reducing resource
consumption during out-of-furnace processing of steel have been determined. Gas

supply through the GHE channel reduces its temperature, due to which the specific
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resistance decreases, which in turn improves the arc burning conditions. It is also

possible to slow down the oxidation process of the electrode by shielding it with an
inert gas in the high temperature zone.

Obtained data on the influence of gas supply through a GHE on the parameters
of the formation of its high-temperature regions. It was determined that during the
periods of operation of the electrode with current supply, significant values of the
temperature gradient are noted, which are concentrated in the end part. It is shown
that the supply of neutral gas through a GHE with a flow rate of 3 m3/h shifts the
high-temperature zone to the periphery, which contributes to a more even
distribution of temperature throughout its volume. During periods of operation
without current supply, the formation of a locally overheated zone, which has the
shape of a flattened along the axis of the torus, is observed, which was formed as a
result of the accumulation of heat in the previous period.

The analysis of the efficiency of heat transfer from the electric arc discharge
formed in the sub-electrode zone to the metal bath in the LF when using a
conventional electrode and a hollow one was performed. Part of the heat transferred
by radiation and convection is determined. Thus, with a slag thickness of 100-200
mm and gas consumption of 3-10 m3h, 86.99% to 92.97% is transmitted by
radiation, and 7.03-13.01% by convection. It was determined that, for the thickness
of the slag layer of 100 mm, when using a conventional electrode, a part of useful
heat received by the metal is 81.17%, by slag - 18.83%, and when using the GHE,
the value of heat transferred to the metal is 1.83% more. For the case with a slag
layer thickness of 200 mm, the amount of heat transferred to the metal increases by
7.25% compared to the conventional GE. The influence of the parameters of the
reaction zone, which is formed under the GHE with gas supply, on the transfer of
heat from the electric arc to the metal bath was determined, so the calculated
maximum values of the metal temperature increase were 0.6°C/min.

The results of the study testify to the effectiveness of the GHE use. Due to the
increase in the contact area of the arc with the metal, the conditions of heat transfer

are improved, which has a positive effect on the reduction of energy consumption
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during out-of-furnace steel processing at the LF. Thus, the use of GPE with the

injection of neutral gases and the possibility of injecting powdered materials can be
an important step in the direction of the development of energy-saving technologies
for heating metal during out-of-furnace processing in a ladle.

Key words: ladle-furnace, graphitized hollow electrode, physical modeling,
numerical modeling, 3D model, geometric parameters of the cavity,

thermodynamics, temperature gradient, heat transfer, heat flow density
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