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1. Po3po6ka eHepro36epirarodoi TeXHOJIOrii 06pOOKM MEeTaly Ha yCTAHOBLIi «KiBII-MiY» [TPX BUKOPUCTAHHI
rpadiToBaHOTO MOPOKHUCTOTO €JIeKTPOAA

2. Development of an Energy-Efficient Metal Treatment Technology in a Ladle-Furnace Using Graphitized Hollow
Electrodes

Pedepar:

1. Inceprauiiiny po60Ty IPUCBSIYE€HO pO3po6Li eHepro3bepiraloyoi TEXHOJIOTIi HarpiBy MeTasy Ipy BUKOPHCTaHHI
rpadiToBaHOro NOPOXHUCTOTO €JIEKTPOia IIifl yac rnosaniyHoi 06pobKu cTasi Ha nignpueMcTBax YKpaiHu Ta CBiTYy,
110 320€3I1eYNTh IIOKPALEHHS TEXHIKO-€KOHOMIYHUX NTOKa3HUKIB pOOOTH YCTAaHOBKU «KiBHI-Miuy» (YKII).
Cnmparoudrch Ha IPOBENEHNI aHAJIi3 JITePaTypPHUX IKepesl, pO3p00JIEHO METOAMKY €KCIIEPUMEHTY Ta CTBOPEHO
J1a60PaTOPHY YCTAHOBKY [1JIs1 IPOBEJEHHS (Pi3MYHOTO MOJIEJIIOBAHHS Ha XOJIOHI Mozei. 3afadero MO esII0BaHHS
€ BU3HAUEHHs BIUIUBY ByBaHHs ra3y KaHajioM rpagitroBaHoro rnopoxxHucroro ejgexkrpoga (I'TIE) na 3Miny

reOMETPUYHUX [IAPAMETPIB JIYyHKMA COPMOBAHOI B MiJIeIEKTPOIHIN 30Hi Mif, Ii€lo €JIEKTPUYHOI AyTH, a TAKOX



BMBUYEHHS [OBEJiHKM METAJI€BOi BAHHM i IIJIAKOBOTO ITIOKPOBY. PO3paxoBaHi 3HaU€HHS FT€OMETPUYHUX NTapaMeTpiB
JIyHKM YTBOPEHOI IIi[] Ai€l0 e1IeKTPOLyroBOro po3psiay B IiflesIeKTPOIHIM 30Hi YCTAHOBKU «KiBLI-TIiY» 32 6230BUM
pexuMmoM poboTu arperarty (6e3 rogadi rasy). 3okpema, 012 KpMBOJIiHINHOI IOBepxHi JIyHKU fopisHIoe 0,19-0,21
M2 IpY BUCOTI M1J1IaKOBOro NokpoBy 100--200 mMm. 3a peaysibTaTaMy NPOBEIEHOro (i3sMYHOrO MOJEIOBAHHS
[IPOLLECY BAYBAaHHSA rady KaHaJIO0M IIOPOKHUCTOIO €JIEKTPOJA OTPYMMaHi JaHi reOMETPUYHUX ITapaMETPIB YyTBOPEHOI
JIVHKY B METaJIEBill BAHHI Ha YCTAHOBL «KiBII-TIi4». BU3Ha4yeHi palioHabHi BUTPATHU rasy, 10 [OJAEThCS KaHAJTIOM
rpadiToBaHOro NOPOXHUCTOTO €J1IEKTPoa. BcTaHOBIEHO, 10 HagMipHE 30i/IbII€HHS iIHTEHCMBHOCTI 110Ja4i rasy
MIPU3BOIUTH 4O 3HAYHOTO 3pOCTAHHS IMUOVHU JIYHKYA METAJY, 10 MOKE IPU3BECTHU [0 NPOLIECY ii «3aXJIMHAHHS»
MeTaJIeBOI0 BaHHO!0. TaKkoX BiiMiueHo, 110 IJIaKOBUI IIOKPOB, SIKUI 30CepeIsKeHO HaBKOJIO eJIeKTpoa, oyze
PO3pHUBATHUCS BiIKPUBAIOUH JIYHKY, Y€pe3 1110 3pOCTYTh BTPATU TEIJIOTU B aTMOocdepy arperary. BinnosigHo s
IIJIAKOBOTO NMOKPoBY 100 MM BUTpATH rady CKIafamoTb 3—6 M3 /rog, a A miaKky 3 Bucotoro 200 mm — 6-10 m3 /rog,
1i BATPaTH YHEMOXKJIMBIIIOIOTH MIPOLIEC «3aXJIMHAHHS» JIYHKH i IPOPUB LIIJIAKOBOTO Mapy. BU3HaYeHO IOy JIYHKH,
sika GOPMYETBCSI 32 LIUX BUTPAT rasdy. 3okpema, 1jisl msaKky BucoTtoo 100 mm i 200 MM Mj101Ia JIYHKM CTaHOBUJIA Bi
0,21 go 0,23 M2 Ta Bif, 0,29 o 0,35 M2 BiANOBinHO. BUKOHAHO aHasi3 npolecy HarpiBy rpagiToBaHOro
IIOPOKHMCTOTO €JIEKTPOAA MTPY 06POOLi CTajli Ha YCTAHOBL «KiBII-TIiY». OTPMMaHi 3Ha4Y€HHS TEMIIEPATYPHOTO
rpajiieHTy eJeKTpo/a B BUCOKOTEMIIEPaTyPHil 30Hi, IKi 117151 epiuoro nepiony HarpiBy mocsranu 8,29 °C/mM, a
TpeThoro 1o 6,57 °C/MM. BcTaHOBIIEHO, 1110 B IEPiofy Oro 0X0JI0KeHHS (Ipyruil i yeTBepTuil repiofu) rpaiieHT
TEeMIIEPATyp CYTTEBO 3HWKYETHCS | CTAaHOBUTB Bifl €MiLEHTPY TOpa: 10 BHYTPilHbOI oBepxHi 0,38 °C/MM; o
30BHIIHBOI TOBepxHi 3,61 °C /MM; i BepTHKabHil II0mKHI 7o Topus enekrpoaa 1,47 °C/mm. IlokazaHo, mo nogaya
HEeWUTpasbHOTrO razy yepes rpadiToBaHuil IOPOXKHUCTUHN €JIeKTPOo, 3 BUTpatamu 3 M3 /Tof, 3milye
BHCOKOTEMIIEPATYPHY 30HY 10 iepudepii, o crpuse 6isb piBHOMIpHOMY PO3IIOBCIOJKEHHIO TEMIIEPATypy HOT0
o6'emoM. B nepionu ekcryaTanii 63 oyadi CTpyMy CIIOCTepiraeTbCsl yTBOPEHHS JIOKAIBHO IIePerpiToi 301U, 110
Mae popMy CIUTIOLIEHOTO Y3OBX OCi TOpa, sSIKa cpopmyBajacs B pe3ysbTaTi akyMyJIslLii Tersa rnomnepesHboro
nepiony. BukonaHuii aHasniz epeKTUBHOCTI Ilepeadi TENJIOTU Bif] €JIeKTPOLYTrOBOro po3psny, CGOPMOBAHOTO B
ifeIeKTPOAHIN 30Hi, 0 METalIeBOI BAHHY Ha YCTaHOBLi «KiBLI-T1iY4» [P BUKOPUCTAHHI 3BUYaHOTO €JIEKTPOZA i
MTOPO>KHUCTOTO. BCTAHOB/IEHO YaCTUHY TEIJIOTH, SIKA NTePEIAETHCS BUIIPOMIHIOBAaHHAM i KOHBeKIj€to. Tak, npu
BucoTi niaky 100--200 MM Ta BuTparax rasy 3-10 M3 /roJ BUIIpOMIHIOBaHHSM IepenaeThes Bin 86,99% 1o 92,97%,
a KoHBeKuiew — 7,03-13,01 %. BusHa4yeHo 110, 1719 BUCOTH IIJIAKOBOTO ITOKPOBY 100 MM IIPM BUKOPUCTAHHI
3BUYANHOrO €JIEKTPOJa YaCTUHA KOPUCHOI TEIJIOTU OTPUMAHOI MeTasioM ckianae 81,17%, minakom - 18,83%, a npu
BHMKOPHCTaHHI IOPOKHUCTOTO €JIeKTPOia KiJIbKiCTh TEIJIOTH IO ITepefaeThesl MeTainy Ha 1,83% 6Ginbuie. s
BUIIAJIKy 3 BUCOTOIO IIJIAKOBOTO MOKPOBY 200 MM KiJIbKICTb TEIJIOTU 110 NI€PEAEThCS METaly 30ibIIYy€eThCS Ha
7,25% y IOpiBHSHHI 31 3BUYAaHUM €JIEKTPOIOM. BU3HaYeHO BIJIMB IapaMeTpiB PeaKLifHOi 30HHU, 10 (OPMYETHCS
nipg I'TIE 3 nomavero rasy, Ha repegayvy TEIJIOTH Bifl €JIEKTPUYHOI AyTY [0 METaleBOI BAHHY, TaK PO3PaXyHKOBI
MaKCHMaJIbHi 3HaUeHHsI IPUPOCTY TeMnepaTypu meTtany ckianu 0,6°C/xB. PesynbTaTy JOCIIIPKEHHS CBijuaTh IIpo
e(eKTUBHICTb BUKOPUCTAHHS rpaiTOBaHUX NOPOKHUCTUX €JIEKTPOIiB. 3a paxyHOK 30iJIbII€HHS IJIONLi KOHTAKTy
IyTU 3 METAJIOM TTOKPALIYIOThCS YMOBU Nepeayi TeJIOTY, 10 TO3UTUBHO BIIJIMBA€E HA 3HIDKEHHS BUTPAT
eHepropecypcis npu nozamnivyHiii o6poui crani Ha YKII. Takum uynHOM, Bukopuctanss ['TIE 3 BoyBaHHSIM
HeWTpasbHUX ra3iB Ta MOXKJIMBICTIO iH)KeKLii TOPOLKONOLiOHUX MaTepiasliB MOKe BUSIBUTUCS BAXXJIMBUM KPOKOM Y

HaMpsIMKY PO3BUTKY €HEPro3depiralourx TEXHOJIOTIM HarpiBy MeTaily Iif, yac M03amnidyHoi 0OOpOOKY B KOBIII.

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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