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Pedepar:

1. Incepraniiiny po60Ty IPUCBSIYEHO PO3poOLii eHEPro306epiratodoi TEXHOIIOr i HarpiBy MeTasy Ipy BUKOPUCTaHHi
rpa¢iTOBaHOro NOPOXHUCTOTO €JIEKTPOAA Iifl 4ac no3amniyHoi 06po6Ku cTajli Ha MiAnprueMcTBax YKpainu Ta CBiTy,
110 326€3I1eYnTh [IOKPallleHHS TEXHIKO-€eKOHOMIYHUX NTOKa3HUKIB pOOOTH yCTaHOBKY «KiBHI-11iuy» (YKIT).
Cnupalounch Ha IPOBEIEHMI aHali3 JTiTepaTypHUX [Kepesl, pO3p0o0IeHO METOAMKY €KCIIEPUMEHTY Ta CTBOPEHO
JIabOpaTOPHY YCTAaHOBKY [J1s1 IPOBEeHHS (Pi3MYHOTO MOJEII0BAHHS Ha XOJIOAHIN Mozei. 3afadelo MOJesII0BaHHS
€ BU3HAYEHHS BIIJIMBY BIIyBaHHS rady KaHajioM rpagiroBaHoro nopoxxuucroro eaekrpoza (I'TIE) Ha 3miny
reoOMeTPUYHUX [1apaMeTpPiB JIyHKHA cPOPMOBAHOI B MifieIeKTPOIHIN 30Hi Mif, lielo eJIeKTPUYHOI AyrH, a TaK0X
BMBYEHHS [IOBEJIiHKMA METaJIEBOi BAaHHU i 1JIAKOBOTO IIOKPOBY. Po3paxoBaHi 3HaU€HHSI TeOMETPUYHUX NTAapaMETpiB
JIYHKJ YTBOPEHOI MiJl Ai€l0 €JIeKTPOLYrOBOro PO3psly B MifleJIeKTPOIHIN 30Hi yCTaHOBKY «KiBLI-Mi4» 32 6a30BUM
pekuMmoM poboTtu arperaty (6e3 rogadi rasy). 3okpema, IJI01a KpMBOJIiHIMHOI ToBepxHi JIyHKU nopisHIoe 0,19-0,21



M2 I[IpY BMCOTI UIJIAKOBOro NOKpoBy 100--200 mMm. 3a pe3ysibTaTaMy NPOBELEHOro (i3sMYHOrO MOJEIIOBAHHS
MIpOLEeCY BAYBaHHS ra3y KaHaJIOM IIOPO>KHUCTOTO €JIEKTPOia OTPUMaHi aHi FeOMETPUYHUX NTapaMETPiB yTBOPEHOI
JIVHKY B METaJIEBill BAHHI Ha YCTAHOBLI «KiBII-TIi4». BU3Ha4yeHi palioHasbHi BUTPATH rasy, 10 [IOJAEThCS KaHAJIOM
rpaiToBaHOro NOPOXHUCTOTO €JIEKTPOA. BCTaHOBIIEHO, 10 HagMipHE 301/IbII€HHS iIHTEHCMBHOCTI I0Javi rasy
IIPU3BOJUTS [I0 3HAUHOT'O 3pOCTaHHS [NIMOUHU JIYHKM METaJly, 0 MOXKe NPU3BECTU [0 MpoLecy ii «3axIMHAHHI»
MeTasIeBOI0 BaHHO. TaKoX BiIMi4€HO, 110 IJIAKOBUI IIOKPOB, SIKUI 30CEPEIKEHO HAaBKOJIO €JIEKTPOJa, Oye
PO3PHUBATHUCS BiIKPUBAIOUH JIYHKY, Y€pe3 110 3pOCTYTh BTPATU TEIJIOTU B aTMOc(epy arperary. BinnosigHo 1
IIJIAKOBOTO NMOKPOBYy 100 MM BUTpATH rasy CKIafamTb 3—6 M3 /rog, a A miaKky 3 Bucoror 200 mm - 6-10 m3 /rog,
Li BUTPATH YHEMOSKJIMBJIIOIOTH [IPOLEC «3aXJIMHAHHS» JIYHKM i IIPOPUB MIJIAKOBOTO 1apy. Bu3HauyeHo oy JIyHKH,
ska GOPMYEThCS 3a LIUX BUTPAT rasdy. 3okpema, [jisl maKky BucoTtoo 100 mm i 200 MM Mj1o1a JIyHKM CTaHOBUJIA Bif,
0,21 o 0,23 m2 ta Bix 0,29 1o 0,35 M2 BignoOBigHO. BUKOHAHO aHasi3 npolecy HarpiBy rpagiToBaHOro
IIOPO>XKHUCTOTO €JIEKTPOIa IpX 06pOO6L CTasli Ha yCTaHOBL] «KiBHI-Miu». OTpHUMaHi 3HaU€HHS TEMIIEPATYPHOTO
rpajiieHTy eJeKTpoja B BUCOKOTEMIIepaTypHil 30Hi, sIKi 17151 epiioro nepiony HarpiBy gocsranu 8,29 °C/mM, a
TpeThoro 1o 6,57 °C/MM. BcTaHOBIIEHO, 1110 B IEPiofyM 1Or0 0XOJIOKEHHS (IpYruil i yeTBepTUil repionu) rpaiieHT
TEeMIIEPATYypP CYTTEBO 3HWKYETBCS i CTAaHOBUTB BiJl €MiLEHTPY TOPa: 10 BHYTPilHbOiI noBepxHi 0,38 °C/MM; o
30BHIIIHBOI IOBepxHi 3,61 °C /MM; i BepTHUKaJIbHIl IJIOMKHI 10 Topus enektpona 1,47 °C/mm. [lokazaHo, 1o nogaya
HEeNTpasbHOTrO razy yepes rpadiToBaHuil IOPOXKHUCTUHN €JIeKTPO, 3 BUTpatamu 3 M3 /Tof, 3milye
BHCOKOTEMIIEPATYPHY 30HY 10 nepudepii, o crpuse 6iy1b piBHOMIpPHOMY PO3IOBCIOJKEHHIO TEMIIEPATypU HOTO
o6’emoM. B nepionu excrutyaranii 6e3 rnogayi CTpymy CoCTepiraeTbCsi yTBOPEHHS JIOKAJIbHO TIEPETPiTOi 30HU, M0
Mae (popMy CILIIOLIEHOTO Y3[O0BX OCi TOpa, siIka cpopmyBasacs B pe3ysbTaTi akyMyJislii Tersia nonepesHb0ro
nepiony. BukonaHuii aHasniz epeKTUBHOCTI Iepeadi TEMJIOTU Bif] €JIEKTPOLYTOBOrO PO3psLy, CGOPMOBAHOTO B
MifgesIeKTPOAHIN 30Hi, 0 METalIeBOI BAHHY Ha YCTaHOBL «KiBII-TIiY4» [P BUKOPUCTAHHI 3BUYalHOTO €JIEKTPOZA i
IIOPOKHMCTOr0. BCTaHOBJIEHO YaCTHHY TEIUIOTH, SIKa [1ePEJAEThCSI BUITPOMIHIOBAHHSM i KOHBEKLi€. Tak, mpu
BUcoTi miaky 100--200 MM Ta BuTparax rasy 3-10 M3 /roJ BUNIpOMiHIOBaHHSM IlepenaeTbesl Bin 86,99% no 92,97%,
a KoHBekuieo — 7,03-13,01 %. BusHayeHo 110, 11 BUCOTH 1IJIAaKOBOTO IMOKPOBY 100 MM IIpM BUKOPUCTAHHI
3BMYANHOrO €JIEKTPOJa YaCTUHA KOPUCHOI TEIJIOTU OTPUMAHOI MeTasioM ckianae 81,17%, makom - 18,83%, a nipu
BHUKOPHCTaHHI IOPOXXHUCTOTO €JIeKTPOia KiJIbKiCTh TEIJIOTH 110 IlepefaeThesl MeTainy Ha 1,83% 6Ginbuie. s
BUIIAJIKy 3 BUCOTOIO LIJIAKOBOTO NMOKPOBY 200 MM KiJIbKICTb TEIJIOTU 110 NIE€PENAETHCS METAY 30ibIIYEThCS HA
7,25% y NOpiBHSIHHI 31 3BUYAlTHMM €JIEKTPOOM. B3HAu€HO BIIJIMB IapaMeTpiB peakuiiiHoi 30HU, 10 (POPMYETHCS
nig I'TIE 3 nomadero rasdy, Ha nepenavy TEIJIOTH Bifi €JIEKTPUYHOI AyTH IO METaNeBOI BAHHU, TaK PO3PaxyHKOBI
MaKCHMaJlbHi 3HaY€HHS [IPUPOCTY TeMreparypu MmeTtainy ckiuanu 0,6°C/xB. Pe3yabTaty JOCTIIKEHHS CBif4aTh IIpo
e(EeKTUBHICTb BUKOPUCTAHHS IPaiTOBAaHMX MOPOKHUCTUX €JIEKTPOJIiB. 3a paxyHOK 30iIbII€HHS IJIOMIi KOHTAKTy
IyTY 3 METAJIOM MOKPAILyIOThCSI yMOBHU I1epefadi TeIIOTH, M0 O3UTHUBHO BIUIMBAE HA 3HVKEHHS BUTPAT
eHepropecypcis pu nosaniyHiii oo6poui crani Ha YKII. Takum unHOM, BukopuctaHHs ['TIE 3 BoyBaHHSIM
HEeWTpaJbHUX ra3iB Ta MOXJIMBICTIO iH)KEKLii OPOMKONOAiOHUX MaTepiasliB MOKe BUSIBUTUCS BAXXJIMBUM KPOKOM Y

HaIpsIMKy PO3BUTKY €HEPro36epiralounx TEXHOJIOTIN HarpiBy MeTaJly Iif 4yac no3aniyHoi 06poOKU B KOBIIII.

2. 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). Based on the analysis of literary
sources, an experimental methodology was 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 Graphitised
Hollow Electrodes (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 m2 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. 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 m3/h, and for slag of a thickness of 200 mm is 6-10 m3 /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 m2 and from 0.29 to 0.35 m2, respectively. An analysis of the process of the GHE
heating during steel processing in the LF was performed. 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. 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 m3/h, 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 electrode. 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 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.
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